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ABSTRACT

The new adsorbents ((n% of zeolite X precursor) X-MCM-41) were prepared to remove tetracycline
(TC) from water. The TC adsorption capacities of (n)X-MCM-41 increased as the weight percentages
of zeolite X precursor increased. Compared with other (n)X-MCM-41 adsorbents, the TC adsorption
capacity of (3)X-MCM-41 was maximum and reached 503.7 mg g™'. The TC adsorption capacity of (n)
X-MCM-41 in acidic and neutral conditions was more than that in alkaline condition. The Langmuir
isotherm models described the TC adsorption isotherms of (n)X-MCM-41 very well. The adsorp-
tion kinetics behavior of (n)X-MCM-41 was well described by both pseudo-second order and the
intra-particle diffusion models. The TC adsorption behavior of (n)X-MCM-41 was ion exchange reac-

tion and electrostatic adsorption.

Keywords: MCM-41; Tetracycline; Isotherms; Mesoporous sieve; Zeolite

1. Introduction

The TC antibiotics are harmful to human health. The
high TC application in aquatic environments could increase
the number of antibiotics resistance bacteria among micro-
bial populations [1]. Thus, it is necessary to develop effi-
cient methods for TC removal from water. Many methods
are available for TC removal such as advanced oxidation
and biodegradation processes [2—4]. Especially, the adsorp-
tion method is practical and effective for TC removal from
water in situ.

There were many adsorbents studied for TC removal
from water such as activated carbon, clay minerals, multi-
walled carbon nanotubes, modified nanoscale zero valent
iron, hydrous manganese oxide aluminum and iron hydrous
oxides [5-7]. The TC was removed by adsorbents from water
through different mechanisms such as surface complexation
and electrostatic adsorption. Among these adsorbents, the
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mesoporous materials with ordered pore structure and
large surface area were suitable for water purification [8].
For example, MCM-41 was applied to remove nitroben-
zene, phenol, o-chlorophenol and divalent metal cations
from water [9-12]. Modified mesoporous silica was good
adsorbent for heavy metal ions removal from aqueous solu-
tions [13]. In addition, MCM-41 materials were modified to
adsorb anionic dyes and mercury [14,15]. The adsorption
capacities of the heavy metal ions by mesoporous adsor-
bents were enhanced through the combination of MCM-41
with the cation exchange capacity of the zeolite [16].

In the study, the novel (n)X-MCM-41 adsorbents were
prepared through the impregnation of various weight
percentages of zeolite X precursors into MCM-41. The TC
adsorption process of (n)X-MCM-41 was described by the
adsorption isotherms and kinetics models. The effects of
various parameters on the TC adsorption were studied and
the mechanisms were proposed.
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2. Materials and methods

2.1. Materials and chemicals

Hydrochloride salt of tetracycline (MW: 480.90) was
purchased from Sigma Co. Cetyltrimethylammonium bro-
mide (CTAB) and tetraethyl orthosilicate (TEOS) were sup-
plied by Aldrich (U.K.). Sodium silicate, sodium aluminate,
sodium hydroxide, and hydrochloric acid were provided by
Fisher Scientific.

2.2. Synthesis procedures

The chemicals with the molar ratio of Na,0: ALO.: SiO;;:
H,O being 7.15: 1: 2.2: 122 were mixed in the solution. Then
the mixture was heated to the boiling state and stirred for
1 h. Then the mixed solution was aged at 298 K in a static
state for 24 h to form the zeolite X precursors.

The chemicals were mixed in the solution with the
molar ratio of (SiO, + Al O,):NaOH:C, TMABr:H,0 being
1:0.24:0.12:100. Especially, the molar ratio of SiO,:Al,O, was
20:1. Then various weight percentages of zeolite X precur-
sors (1, 2, 3 and 4%) were added to the solution. Then the
pH of the solution was adjusted to 10.5 with hydrochloric
acid and the white gel was formed under the condition of
continuous stirring for 1 h. The gel was transferred into a
200 mL Teflon-lined stainless autoclave. Subsequently, it
was crystallized at 378 K for 48 h. After crystallization, the
autoclave was cooled to room temperature naturally. Then
the white gel was calcined in air at 823 K for 4 h. Finally,
the white powder (n)X-MCM-41 was obtained. The n rep-
resents the weight percentage of zeolite X precursors. The
values of n were 1, 2, 3 and 4.

2.3. Characterization and analysis

The small-angle X-ray scattering (SAXS) measurements
of samples were carried out with a Philips X" pert powder
diffractometer system with Cu-Ko. (A = 1.541 A) radiation.
The Brunauer-Emmett-Teller (BET) specific surface areas of
adsorbents were examined by the N, sorption-desorption
isotherms method. The contents of the Si, Al and Na in the
sample was determined using energy dispersive X-ray flu-
orescence (XRF) (Oxford ED2000). The ATI Mattson FTIR
spectrophotometer was used to detect the infrared spec-
tra of all samples. The Transmission electron microscopy
(TEM) images were taken by the H-8100 transmission
electron microscopy at 200 kV. The TC concentration was
determined by high performance liquid chromatography
(Agilent, USA). Column: Agilent HC-C18, 5 um, 4.6 x
250 mm?; the mobile phase: the mixture of 0.01 M disodium
hydrogen phosphate-acetonitrile; flow rate: 1 mL min™ and
the detector: UV at 355 nm. The pH,,. values of samples
were determined by the batch equilibrium experiments [17].

2.4. Adsorption batch experiments

The 1g L adsorbent was added to the solutions of vari-
ous TC concentrations. The pH of TC solutions was adjusted
by 0.01 M NaOH or HCl solution. All of the vials were stirred
in the shaker at 298 K for 48 h in the dark. At selected time
intervals, the 1 mL of the solution was taken out and filtered
through the 0.45 pm membrane filter. Then the TC concentra-

tion was measured by HPLC. During the period, there was no
apparent TC degradation in the solution without adsorbents.

2.5. Adsorption isotherms

The equation of Freundlich model is presented as
follows [18]:

log(q,) =logks +1/ nlog(c,) (1)

where k, and 1/n are Freundlich constants which refers to
adsorption capacity and adsorption intensity, respectively [19].

The Langmuir model is shown as the following equation
[18]:

1 1 1 1
- o« +
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where g, represents the amount of TC adsorbed on adsor-
bents at equilibrium. C, is the TC equilibrium concentration.
q,.. is the TC adsorption capacity. The parameter K, is the
Langmuir adsorption equilibrium constant.

The Dubnin-Radushkevich (D-R) isotherm can also
describe the TC adsorption process. The equation is as follows:

Ing, =Ing, — Ke? ®)

where K is the constant which refers to the mean free energy
of TC adsorption process. The g, is the theoretical satura-
tion capacity of TC (mg g), and ¢ is the Polanyi potential

1
(e=RTIn(1+ C_) ). The D-R constant can supply the valu-
e

able information on the mean energy of adsorption by the
following equation:

E=(2K)V/?
2.6. Adsorption kinetics
The equations of adsorption kinetics models are pre-

sented as follows [19]:

The pseudo-first-order model In(g, —q(t;)) =1Ing, kit (4)

t 1 t
- = 5 + —

©)

The pseudo-second-order model

The intra-particle diffusion model q(t;) = k3t1/ 2ic (6)

where k, (min™), k, (g mg™ min™) and k, (mg g™ min'/?)
are the adsorption rate constants of pseudo-first-order
equation, pseudo-second-order equation and the intra-par-
ticle diffusion model, respectively. The C is related with the
thickness of the boundary layer. The g, and 4(t) (mg g™) are
the amount of TC adsorbed on (n)X-MCM-41 at equilibrium
and time ¢, respectively.
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3. Results and discussion
3.1. Samples characterizations
3.1.1. X-ray diffraction

As shown in Fig. 1A, (n =1, 2, 3) X-MCM-41 exhibited the
typical diffraction peaks except (4)X-MCM-41 in the low 26
region. It demonstrated that the (n=1, 2, 3) X-MCM-41 might
have the uniform pores. However, the (4) X-MCM-41 did not
have the diffraction peak. It indicated the (4) X-MCM-41 did
not have pores structure due to the overload of zeolite X. Fig.
1B presents the diffraction peak of zeolite X was not detected
in the wide angle XRD patterns of (n)X-MCM-41.

3.1.2. N, adsorption-desorption isotherm and element content

From Fig. 2, the N, adsorption-desorption isotherms
for (n)X-MCM-41 display hysteresis loop which is con-

A

—— (1)X-MCM-41

(2)X-MCM-41
—— (3)X-MCM-41
—— (4)X-MCM-41

—— (1) X-MCM-41
(2) X-MCM-41
—— (3) X-MCM-41
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20

Fig. 1. (A) The small angle XRD; (B) the wide angle XRD of (n)
X-MCM-41.

tributed to slit-shaped pores [20]. The addition of zeolite X
precursor to the synthesis gel could cause defects in the (n)
X-MCM-41 [20].

As shown in Table 1, the Si/ Al atom mole ratios of the
solid samples were higher than those of the gel. It indicated
Al atoms were incorporated into the structure of MCM-41.
If an Al atom incorporation makes the [AlO,] unit instead
of [SiO,] unit, a cation will be needed to make charge bal-
ance. Thus, the ideal Na/ Al mole ratio is one [21]. The Na/
Al mole ratio of the sample (3)X-MCM-41 was about 1. For
other samples, the additional Na cations might be bonded
to the surface.

3.1.3. Fourier Transform Infrared (FTIR) spectroscopy

From Fig. 3A, the vibrational bands at 465 cm™ and 1087
cm™ are assigned to the structural characteristics of silica
framework similar with MCM-41 [22]. The bands at 1634
cm™ and 3445 cm™ are attributed to water molecules in the
samples [22]. It indicates the samples are hydrophilic. The
vibration band of 550 cm™ is similar with that of zeolite X
and as the amount of zeolite X increases, the vibration band
of 550 cm™ was increased. It illustrated zeolite X structure
formed in the framework of samples [23].

TC contains three functional groups such as tricarbon-
ylamide, phenolic diketone, and dimethylamine [24]. From
Fig. 3B, the spectrum between 1200 and 1750 cm™ denotes
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Fig. 2. N, adsorption-desorption isotherms.

Table 1
Elements atom mole ratios of (n)X-MCM-41

Sample GelSi/ Si/Almole GelNa/ Na/Al
Almole ratio from Almole mole ratio
ratio XRF ratio from XRF

(HOX-MCM-41 9.85 12.32 2.63 1.56

(2)X-MCM-41 9.74 11.84 241 1.35

(B)X-MCM-41 9.56 10.95 2.18 0.98
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Fig. 3. (A) FTIR; (B) FTIR spectra of TC (a), (1)X-MCM-41 after TC
adsorption (b), and (3)X-MCM-41 after TC adsorption (c).

the most characteristic region of the TC spectrum. The
bands at 1537 and 1673 cm™ were attributed to the amino
and carbonyl groups of TC, respectively [25]. The bands at
1619 and 1586 cm™ were assigned to the carbonyl groups of
TC. The bands at 1537 and 1673 cm™ of (1)X-MCM-41 and
(3)X-MCM-41 almost disappeared. It demonstrated that the
carbonyl and amino groups of TC reacted with the adsor-
bents. From Fig. 5, the pH, _of (n)X-MCM-41 was below pH
7. Therefore, the surface of (n)X-MCM-41 was negatively
charged at pH 7. Thus, the (n)X-MCM-41 could react with
the positive charged nitrogen of TC.

3.1.4. The TEM image

The Fig.4 shows the TEM image of the (3)X-MCM-41.
It presents that the sample has the structure of pores after
impregnation with zeolite X precursor.

3.1.5. The pH

zpe

From Fig.5, the pH__ of (n)X-MCM-41 was decreased
from 2.5 for (1)X—MCM-Af1 to 1 for (3)X-MCM-41. If the pH
of the solution is lower than the pH__, the adsorbent surface
will be positively charged. If the p}fis above pHZPC, the sur-
face of the sample will be negatively charged. It 1llustrated
the negative charge of adsorbent surface was increased
as the content of zeolite X precursors increased. Since the

Fig. 4. TEM image of (3)X-MCM-41.

(n)X-MCM-41 reacted with the positive charged nitrogen
of TC, the TC adsorption efficiency of (n)X-MCM-41 was
enhanced as the content of zeolite X precursors increased
due to the electrostatic adsorption.

3.2. Effect of pH

From Fig. 6A, the cation (TCH*), zwitterion (TCH,?)
and anion (TCH- or TC*) are formed by the protona-
tion-deprotonation transition of functional groups of TC
due to the pH variation [27]. Thus, the pH of TC solution
is one of the most important parameters affecting the TC
adsorption on (n)X-MCM-41. From Fig. 6B, the TC adsorp-
tion capacity of (3)X-MCM-41 was 457 mg g™ at pH 3. The
adsorption capacity of TC was increased to 492 mg g™ as
the pH increased to 7. The adsorption capacity of TC was
decreased to 316.2 mg g™ at pH 8.0. Therefore, the adsorp-
tion of TC on (3)X-MCM-41 was efficient in the acidic or
neutral solution.

As shown in Fig. 5, as pH is above the pH, of (n)
X-MCM-41, TCH* and TCH,’ are the predominant TC
species at pH between 2 and 7 and could be adsorbed on
negatively charged surface of (n)X-MCM-41. When pH is
above 7.7, TCH-and TC?* are the main TC species and could
not be adsorbed on the adsorbent due to the electrostatic
repulsion. From Fig. 6C, after the zeolite X precursors were
introduced into the framework of MCM-41, the unsaturated
negative charge surface environment was generated. The
ion exchange reaction between (n)X-MCM-41 and TCH,*
can be expressed by the following equation.

(n=1, 2, 3)X-MCM-41-Na‘+ TCH; <
(n=1,2,3)X-MCM-41-TCH, + Na*
As pH is below 3.3, TCH," is the main TC species and
the surface of (n)X-MCM-41 is negatively charged. The TC

was removed by (n)X-MCM-41 from water through ion
exchange reaction and electrostatic adsorption.

3.3. Adsorption isotherms

The adsorption isotherms of (n)X-MCM-41 were
described by Langmuir, Freundlich and D-R isotherms
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Fig. 5. pH___plots of adsorbents (A) (1)X-MCM-41; (B) (2)X-MCM-41; (C) (3)X-MCM-41.
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models. From Table 2 and Fig. 7, the correlation coefficients
R? of Langmuir isotherms model were much closer to 1. It
indicated the TC adsorption behavior of (n)X-MCM-41 fol-
lowed monolayer adsorption. In addition, the TC adsorp-
tion capacities of (n)X-MCM-41 were increased as the
content of zeolite X precursors increased. The maximum TC
adsorption capacity of (3)X-MCM-41 was 503.7 mg g™'. As
shown in Table 3, the (3)X-MCM-41 was the effective adsor-
bent for TC removal compared with other adsorbents.
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Fig. 6A. The fraction of cationic, neutral and anionic forms of TC
at different pHs.

3.4. Adsorption kinetics

From Fig. 8 and Table 4, the TC adsorption process of (n)
X-MCM-41 fitted the pseudo-second order kinetics model.
It indicated the TC adsorption kinetics was linearly related
with the square of the number of adsorption sites [26]. It
also suggested chemical adsorption was the rate controlling
process of TC adsorption.

B
500-] A
A
A
450 o
[ o
o o
S 400+
=) o g
E a
= 350 e
o (1) X-MCM-41
0 (2) X-MCM-41 A
3004 A (3) X-MCM-41
o
=}
250 T T T T T . .
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Fig. 6B. The TC adsorption efficiency by (n)X-MCM-41 at var-
ious pHs (the initial concentration of TC, 200mg L; tempera-
ture, 298 K).
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Fig. 6C. The proposed mechanism of zeolite X impregnated into MCM-41 and TC adsorption by (n) X-MCM-41.
Table 2
The parameters of isotherm models of TC adsorption on (n)X-MCM-41
Adsorbents Freundlich Langmuir
k, n R? 9,er (M8 &) K, (Lmg™) R?
Zeolite X 568.2+1.2 15.64 + 0.06 0.836 384.6 +0.2 1.32 +0.15 0.934
(H)X-MCM-41 4521 +1.5 1.25+0.21 0.82 4145+ 1.6 0.57 £ 0.05 0.954
(2)X-MCM-41 5402 +1.3 1.75 £ 0.31 0.85 468.3 +2.2 0.68 + 0.07 0.969
(3)X-MCM-41 563.8 £ 0.6 1.89 £ 0.25 0.89 503.7 +3.1 0.73 £ 0.06 0.981
A 00029
A
00028 0 (3) X-MCM-41 Table 3
0.0027.] ¢ g; iﬁgxﬂ Maximum TC adsorption capacity (q,) of various adsorbents
<&
0.0026 Adsorbents g, (mgg")  Refs.
20,0025
L. montmorillonite 283 [24]
e a Multi-walled carbon nanotubes 269.54 [25]
= 0.0023
Magnetic microspheres 365 [26]
0.0022
Graphene oxide 313 [27]
0.0021
Smectite 462 [28]
0.0020 . . . : .
0.05 0.10 0.15 0.20 0.25 cryogels 108 [29]
1C, (L mg") organo-montmorillonites 434 [30]
Fig. 7. Langmuir isotherms model of TC adsorption on (n) (G)X-MCM-41 503.7 This study
X-MCM-41.
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Table 4

The kinetics and intra-particle diffusion model of TC adsorption onto (n) X-MCM-41

M. Liu et al. / Desalination and Water Treatment 59 (2017) 272-279

Kinetic models Parameters Adsorbents
()X-MCM-41 (2)X-MCM-41 (3)X-MCM-41

Pseudo-second-order q,(mg g™ 434 506 535
parameters K, (min™) 0.058 0.0468 0.0457

R? 0.997 0.996 0.999
Intra-particle diffusion K, (mg g min™/?) 21.96 27.56 28.15
parameters C 2.71 341 7.61

R? 0.998 0.996 0.992

From Fig. 8B, the values of K, were obtained from the
plots of g, vs t. As shown in Table 3, as the content of zeolite
Xincreased, the values of K, were increased. It suggested the
adsorption efficiency of (n)X-MCM-41 was increased as the
content of zeolite X increased. The C value of (3)X-MCM-41
was largest. It indicated the boundary layer made the great-
est influence on the TC adsorption by (3)X-MCM-41. In con-
trast, the C value of (1)X-MCM-41 was smallest. It indicated
the TC adsorption efficiency of (1)X-MCM-41 was mainly
controlled by intra-particle diffusion.

4. Conclusions

The TC adsorption efficiency of the modified MCM-
41 adsorbents was studied. The TC adsorption capacity
of (n)X-MCM-41 was enhanced as the weight percentage
of zeolite X precursors increased from 1 to 3% because the
ion exchange capacity and surface negative charge of (n)
X-MCM-41 increased. The maximum TC adsorption capaci-
ties of (1)X-MCM-41, (2)X-MCM-41 and (3)X-MCM-41 were
414.5, 468.3 and 503.7 mg g7', respectively. The TC adsorp-
tion capacity of (n)X-MCM-41 in acidic and neutral condi-
tions was more than that in alkaline condition. The TC was
removed by (n)X-MCM-41 through ion exchange reaction
and electrostatic adsorption.
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