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HIGHLIGHTS

» Fe incorporation signi cantly accelerated the adsorptimm of CPX on MCM-41.
» Fe leaching can be ignored when pH was higher than 4.0.

* pH played an important role in CPX adsorption on Fe-MCM-41.

» Co-effect of CPX and metal cations on Fe-MCM-41 was invesgjated.

Fe-MCM-41s with various molar ratios of silicon to iron (2040, 80, and 160)

were prepared to investigate adsorption properties of ciproxacin hydrochloride

(CPX) in aqueous solutions. Fe-MCM-41s were characterizely transmission electron
microscope (TEM), X-ray diffraction (XRD), X-ray photoeteon spectroscopy (XPS),
nitrogen adsorption/desorption isotherms, and infrared pectroscopy (FT-IR). Effects of
silicon-iron ratio, adsorbent dosage, pH, and temperaturavere conducted to explore the

adsorption mechanism of CPX on Fe-MCM-41. The results showethat the introduction

of iron facilitated the absorption quantity for CPX from 204 to 83.33mgg * at 120 min

of reaction time, which was mainly attributed to surface corplexation. The promotion
of hydrophobic effect, electrostatic interactions, andp-p electron donor-acceptor

interaction also played coordinate roles in the adsorptiorprocess. The experimental
kinetic data followed both the pseudo-second-order and inta-particle diffusion models,
while the adsorption isotherm data t well to Freundlich moel at high temperature.

Thermodynamic study showed that the adsorption was spontaeous. Under the effect
of electrostatic interaction, pH of the solution strongly tiected CPX adsorption. Five
representative metal cations (Ca, Cu, Ni, Pb, and Cd) were dsen to study the effects

on CPX adsorption and their complexation. The inhibiting &fct of metal cations on CPX
adsorption was sequenced in the order of Cu> Ni> Pb > Cd > Ca, which followed

the same order as the complexation stability constants bet@en CPX and cations. The
Fe-MCM-41 adsorbent possessed excellent reusability for 4ycles use, suggesting a
potential applicability of Fe-MCM-41 to remove CPX in water

Keywords: cipro oxacin hydrochloride, Fe-MCM-41, adsorp tion capacity, pH, complexation, metal cations
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Graphical Abstract | Schematic diagram of adsorption process of CPX by Fe-doped MM-41 catalyst.

INTRODUCTION As a member of the M41S family, MCM-41 applied to

] ] adsorption area has attracted more awareness because of its
During the last decades, pharmaceuticals and personal caf@yaqonal arrays of uniform channels, high surface areaarel
products (PPCPs) among the emerging contaminants haug, me and hydrothermal stability_€e et al., 2007: Jiang et al.,
caused more concern of enwronmentall research than thepqy However, hydrophobicity of CPX limits the adsorption
convt_antlonal priority poIIutants_ Arp, 2012} Liu and Wong, capacity by highly hydrophilic MCM-41. Therefore, functional
2013; Hayat and Marty, 2014; Montes-Grajales et al., 2017404 cations are desired to improve its performance. In the
With abusive use of various antibiotics, large quantity Ofqrmer research, CPX adsorption process can be in uenced
pharmaceutical wastewateiCgrdoso et al., 20)4 hospital metal cations which has been demonstrated that many
e uents (Ory et al., 2016; Verlicchi and Zambello, 2918nd  c4tions have complexation ability to CPX(rel et al., 1995
excreta-urine theng et al., in prejscontaining antibiotics |t has been reported that the environmental fate of CPX can
have been discharged into environment and regarded as 3 4 ected by coexisting cations such as Ca and Cei(
emerging issue around the world. As a high-use second; 5| 2010: Chen et al., 201#ence, on the one hand, the
generation uoroquinolone, cipro oxacin hydrochloride ®X)  jnroduction of metal ingredient to MCM-41 leads to cation
has the strongest antimicrobial activity and has the highes,jqging and hydrophobic enhancement, which is bene cial to
water concentration in Pearl River of GuangzhoBu(et al.,  aterial for better absorbability. On the other hand, thare few
2019. Similar to other antibiotics, CPX can transfer in natural investigations dealing with the di erent impacts of variouséd
environments either as the parent compound or its hydrolysis*heavy metals on CPX adsorption by comparison.
products, conjugates,oxide§whenexcretefrom atargeh@ga The main objectives of this paper are to prepare an
(Sarmah et al., 209@nd bring great threats to the ecosysteMgqsarhent which can enhance the adsorption capacity of CPX
and hL_Jman health by inducing proliferation of drug-resistan by modifying the pure MCM-41 with Fe, to evaluate the e ects
bacteria ohnson et al., 2015; Wang et al., 2Q17herefore, 4t /arigus factors including silicon-iron ratio, adsorkietosage,
the.removal of CPX from water has become a pressing problerBH, contact time, temperature, and to study the adsorption
Various methods have been attempted for the removal ofyechanisms. Speci cally, when CPX coexists with heavy metals
CPX from water, such as ultrasound decompositiaKia0 i, the aqueous phase, the relationship of the formation of Meta
et al, 2013 photocatalytic degradationBpjer et al., 2007 cations/CPX complex and the adsorption abilities of CPX is

membrane bioreactot{amjinda etal., 201)7ozonation GOMes  hresented to estimate the optimal condition of Fe-MCM-41
etal., 201), and adsorption on bamboo-based activated carbon,ysorhent in practical use.

(Carabineiro et al., 2012; Peng et al., 2015; Wang et al.),2015

goethite Gu et al., 201f graphene oxide(hen et al., 2015;

Fei et al., 2006 Aluminum and Iron hydrous oxidesGu and EXPERIMENTAL SECTION

Karthikeyan, 2005 and palygorskite-montmorilloniteEerhane

et al., 2015 Adsorption technique is widely applied to remove Materials

antibiotics from wastewater as a promising method due to itShese reagents were used to synthesize and modify MCM-
simple theoretical design, ease of operability, relatielydosts 41: cetyltrimethyl ammonium bromide (CTAB), sodium
and lower amounts of toxic byproducts. silicate (NaSi@9H,0) and ferric nitrate (Fe(N@)3 9H.0)
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were obtained from Sinopharm Chemical Reagent Co. Ltdrom adsorption to asks. All experiments were run in triplieat
(Shanghai, China). For the adsorption experiments, cipro@ra under the same conditions.

hydrochloride (CPX) was obtained from Macklin Biochemical A series of adsorbent doses from 30 to 60 mg were selected
Co. Ltd. (Shanghai, China). Acetonitrile was chromatogsaphto discuss the e ect of dosage. The pH e ects experiments were
grade and was purchased from Tianjin Kemiou Chemicatonducted by adjusting the pH between 3 and 11. To study the
Reagent Co. Ltd. (Tianjin, China). All the other metals were@mpact of various metal cations on the adsorption behavior of
nitrate salt species and analytical grades. Deionized wedsr CPX, predetermined amounts of Ca(ll), Cu(ll), Ni(ll), PbyJI
used throughout the study. pH value of the solution was adjdst Cd(ll) were added to obtain 0.01M ionic strength solutions
with 0.1 M hydrochloric acid (HCI) and sodium hydroxide at 303K, respectively. The isotherms were obtained by batch

(NaOH). experiments performed at 293 0.5, 303 0.5, 313 0.5K,
respectively. The initial concentrations of CPX (varyingnfirg0
Synthesis of Adsorbent to 80mg L 1) were chosen based on preliminary experiments,

thiCh controlled the adsorbed amount of CPX between 30 and

MCM-41 was prepared via a hydrothermal treatment usin s I ;
Na,SiO; 9H,0 as silicon source and CTAB as the structure-20% of the initial amounts. A study of reusability was catoeit
by adsorption/desorption for four times.

directing group. Brie y, dissolved sodium silicate (0.1 inafas
stirred at 313 K for 15 min. BSQ, (2 M) was added dropwise to
form a gel. After adding CTAB (7.28 g dissolved in 25 ml water aBRESULTS AND DISCUSSION
338K) to the gel, the mixed solution was stirring for 30 mingda L .
then aged at 418K for 48 h. The product gotten was ltered afteph_araCte”Zatlon of Adsorbents Used in

natural cooling, washed with deionized water and driedafliy T his Work

the sample was calcined for 6h at 823K to obtain MCM-41Figure 1 showed the low angle XRD patterns of all absorbents
Fe-MCM-41 was prepared from the same route besides addirgj di erent molar ratios of Si to Fe and pure sample. All
Fe(NQGs)3 9H,0 as iron modi cation to the solution before pH absorbents had three well-resolved peaks indexed to (100),
adjustment. The samples were designated as Fe-MCM-41(x) (%¥10), and (200) di raction planes, indicating a highly oréer

D 20, 40, 80, and 160), where x was denoted as di erent moldrexagonal mesostructuréi(et al., 201Y. When the silicon-iron
ratios of Si to Fe for as-synthesized materials. ratio decreased, iron content became higher, the intensfty
the peaks diminished and the peak width increased. This meant
the introduction of excess iron could reduce ordering of the

Analytical Procedures structure. The result of the segment was consistent with tHd TE

The low-angle XRD measurements (D8 ADVANCE, BRUKERé hibited in Fiaure S1
German) were carried out in the"2ranges of 1.0-8.0 The xhibited in Figu ;

N> adsorption/desorption isotherms (ASAP2020, Micromeritics,a Cfglr dli?lOt?c?:S; A"(; (I::I:Ssusriecititz) ilogg(:: ;(r)eéyv?/i?h It\éelz?r::?:‘:)nu
USA) was used to calculate the surface area. The,pH 9 ) P

. o . _absorbents, the BET curve and the BJH pore size distribution
value was measured by potentiometric titration. The IeaghmC e of Fe-MCM-41(20) exhibited obviouslvy di erent. The
iron content of the solution was determined by atomic urv ) -41(20) exhibi vioustly dl '

absorption Spectrophotometer (AA-7020, EWAI, China). Theoosition C'OS?O' top/pD 0.9 shoyved a distincF region of steep
FT-IR absorption spectra (6700, Nicolet, USA) was obtained ovdcrease, W.h'Ch was corresponding to_the capillary condeman
the range 4,000-400 crh in the pristine silica gel poresKplesnikov et al., 20)7 This

The concentration of CPX was quantied using HPLC
(LC10A, Shimadzu) consisting of a UV detector (SPD-10AV
at 278 nm and a Diamonsil C18 column (2504.6 mm, 5mm,
Dikmate technologies). The mobile phase used for detectfon 0
CPX was acetonitrile/0.01 M potassium dihydrogen phosphat
(23:77, v/v) and the ow rate was 1.0 mL mih
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Batch Adsorption Experiments 30000 -
For adsorption experiments, 0.04g of adsorbent was mixe
with 200mL of CPX solution (20 mg L, initial pH D 5.40)

in asks and the mixture stirred at 303K up to beyond the
equilibrium time. The rotating speed was set to 175 rpm 1"“"“'%
Additional experiments were also performed to study the e ects

of equilibrium time, dosage, pH, temperature and metal cation
on the adsorption properties. To study the impact of various 3 A 6 s
metal cations on the adsorption behavior of CPX, predetermhine 20/°

amounts of Ca(ll), Cu(ll), Ni(ll), Pb(ll), Cd(ll) were intoduced

to obtain 0.01 M ionic strength solutions at 303 K, respetyive
Controls without Fe-MCM-41 were considered to explain losse

o
Intensity

20000 4

FIGURE 1 | The XRD pattern of Fe-MCM-41(x) (© 20, 40, 80, and 160, x
was denoted as molar ratio of Si to Fe).

Frontiers in Chemistry | www.frontiersin.org 3 February 2018 | Volume 6 | Article 17


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wau et al.

The Correlation of Adsorption Behavior

600

A 10 . B
500 | S eI ]
» ;"E!:!—-tf il 84
= st /
@ 4
«2® 400 - -/ ~ 6
5 /. ce0
=1 /4 g
2 e <
S 300+ e—e—e—" g 4 —+— Fe-MCM-41(20)
ﬁ = —— Fe-MCM-41(40)
> s+ Fe- -
2 200 —— FeMCM-4120) | s, FF N 1\1/}451\1)[/14411((11{3)
= o 1 e Fe- &
= Fe-MCM-41(40) | 2 —— MCM-41
& —=— Fe-MCM-41(80)
_e——
100 4 —e— Fe-MCM-41(160) o] ® e e S
—e— MCM-41
T T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 2 4 6 8 10 12 40 80 120 160
Relative Pressure(P/Po) Pore Width (nm)

ratio of Si to Fe).

FIGURE 2 | (A) The nitrogen adsorption/desorption isotherms, andB) pore size distributions of Fe-MCM-41(x) ( 20, 40, 80, and 160, x was denoted as molar

was similar to the above discussion of XRD that the pores

size increased after iron-doping during aging process griua
Except for tiny amounts of macroporous structures, the vast
majority of pore widths were below 5nm. It could be seen
from the structural properties of all absorbents in Table Sie T
pore diameters increased from 3.15 to 4.33nm and the BE
surface area decreased from 1002.1 to 625.¢) . Note that
by replacing $f (0.40 A) with FE® (0.63 A) in the structure
of material, the extension of radius enlarged the pore sinéls a
decreased surface area. Moreover, XPS was provided to therify
chemical phase of Fe species in the synthesized Fe-MCM-41. XP
spectrum inFigure 3gave a description that the peaks at 712 and

_|

CPS

3
Fe*
1

s v |
725eV for the binding energies of Fe2pand Fe2p-, re ecting | | = i, M—
iron species existed as¥en Fe-MCM-41 (ie et al., 2015 T
- . 740 735 730 725 720 715 710 705 700
Effect of Silicon-Iron Ratio .
Binding Energy (eV)

In Figure 4, the removal e ciency for CPX decreased with the
increasing surface area of Fe-MCM-41. Hydrophobic compound ¢iguge 3 | xps spectrum of Fe-MCM-41.
was dicult to be adsorbed on the surface of mesoporou
MCM-41 silica which contained large amounts of Si—-OH
(Hu et al., 201} and iron doping strengthened the surface
hydrophobicity. More importantly, CPX with the numerous of intramolecular hydrogen bond between the ortho subsétl
reactive functional groups like carboxyl, keto, and piperazin carboxylate group and Fe-MCM-41 which was an indirect
could form complexes with majority of metal cation$ufel, evidence for ferric-cipro oxacin interactions. Meanwhilejet
2002; Sun et al., 20).4As seen inFigure 5 the interactions intensity of this peak was much weaker, suggesting that the
between CPX and Fe-MCM-41 were investigated by comparinfyaction of pyridine-keto group interacted with Fe-MCM-41h&

the FT-IR spectra of CPX, fresh and used Fe-MCM-41 in thenost signi cant feature of CPX adsorbed on Fe-MCM-41 was
range of 12501800 cr, which included the main characteristic the complete disappearance of the peak at 1698.7-cmhich
peaks (Full scale FT-IR curve could be found in Figure Skhdicated that all the carboxyl groups participated in the bingl

in Supplementary Information). The band positions and theirreaction with Fe-MCM-41. The band shifting from 1382.8 to
corresponding band assignments were listedable 1(Gu and  1384.2 cm! demonstrated that electrostatic interactions were
Karthikeyan, 2005; Trivedi and Vasudevan, 2007; Wang et abccurred between the negative sites on the absorbent surfac
2011; Pengetal., 201 The position of © O stretching vibration and the protonated amine group. The shift exhibited by the
of pyridine-keto upshifted slightly to a higher frequency ofband between 1445.8 to 1474.6 chmmeant the C—N bond of
1631.4 cm? after adsorption and the 9.4 cm shift indicated amine group also supported this assumption. Overall, it was
reinforcement of the ©O bond. That was ascribed to the releasealmost certain that iron doping added the sites of adsorption
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TABLE 1 | FT-IR band positions (cm 1) and suggested assignments for CPX and

100 CPX-adsorbed samples.
90 4 /E—/I
_ ./i CPX CPX-adsorbed samples Band assignment
80 /{ e 1 {
_ -
4 % . . u (pyridine-keto
70 ! ¥ E/E 1621.85 1631.24 (pyridine-keto D O)
6 ﬁ /I/l//t 1698.69 - u (carboxylic acid MO)
¢ j;r/’/* 1445.81 1474.64 u (Stretching of C-N)
501 1382.75 1384.16 Protonation of amine group in

& i/_T
@%AC_,{&/E/—-—’F&MCM-MQ&

Removal Efficiency of CPX %

404 2 —— Fe-MCM-41(40) the piperazine moiety
—+— Fe-MCM-41(80)
301 —v— Fe-MCM-41(160) , stretching; d, bending.
20 /| \EII\E/‘\H\"/— MCM-41 *
10 100
’//;’;—‘K
0] e
.
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t (min
(min) ™ e
U /I
FIGURE 4 | Adsorption of CPX on Fe-MCM-41(x) (© 20, 40, 80, and 160, x kS
was denoted as molar ratio of Si to Fe; volume of CPX solutior200 mL; 2‘
rotating speed: 175 rpm/min; initial pH value: 5.40; equilibum time: 120 min). 2
=3
E —=— 30mg
T; —e— 40mg
100 ] —— 50mg
—cpx g —v— 60mg
90 Fe-MCM-41 I~
—— CPX-adsorbed-Fe-MCM-41

T
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)
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> 60—

=

E 50 FIGURE 6 | In uence of adsorbent dosage (volume of CPX solution: 200 mL;
§ initial concentrationD 20 mg L 1. rotating speed: 175 rpm/min; temperature:
g 1 303K; initial pH-value: 5.40).

=)

30

20
increased with adsorbent dose. This behavior could be e>gdain
by adsorption mainly occurring at active sites when the adsot
dose was large. The high removal e ciency for CPX re ected th
satisfactory textural and structural properties of the atiemt.
Therefore, 40 mg adsorbent dose was chosen for the following
study.

The kinetics could be employed to evaluate the performance
of the adsorbent and give the underlying adsorption mechasis
Three available kinetic models were examined as follows:

Pseudo- rst-order kinetic equation:

. 1 kp 11
(seeGraphical Abstrac). The complex was present through the D= ZCc=Z (1)
cation bridging of Fe(lll) with the adjacent carbonyl oxyge G Qe t G
and the oxygen from the deprotonated carboxylate group. Thppseydo-second-order kinetic equation:
other absent peaks after adsorption might show signs of other
adsorption a nity, for instance, hydrophobic e ect ang-p
interaction (discussed later). Fe-MCM-41 (20) was choséhes
adsorbent for the subsequent research.

10

0 T T T T T T T T T T
1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800

Wavenumber (cm™)

FIGURE 5 | FT-IR spectra of CPX, Fe-MCM-41 and CPX-adsorbed
Fe-MCM-41. The characteristic band positions of pure CPX we marked by
black lines. The distinctive band positions of CPX as a resubf adsorption on
Fe-MCM-41 were denoted by dashed lines.

t t 1
—D—-C—H (2)
G G ko 0¢
Where ge and ¢ were the adsorption amounts at equilibrium
and time t, respectivelk; and ks were de ned as reaction rate

In uence of Adsorbent Dose and Kinetics
of Adsorption

Figure 6 illustrated the inuence of adsorbent dose on the
uptake of CPX. It was displayed that the removal e ciency

constants.
Intra-particle di usion model:

q D ki tzc

G 3
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Where ki was de ned as rate constant at stage; could be The models discussed above were not able to describe the
obtained by plottingy; vs.t172. phenomena of intraparticle or pore di usion, which were often
The avidity of three kinetic models was analyzed by ttingthe rate-limiting steps in an adsorption process. With the @tr
straight lines in Figures 7A—C Table 2 listed the kinetics particle di usion model,Figure 7Cexhibited that the adsorption
parameters for three reaction orders. It was obvious thaplots of adsorbents were not linear and could be divided into
the experimental data of CPX adsorbed by Fe-MCM-41 werthree linear regions, denoting that the multi stages of the
more accurately simulated by pseudo-second-order modél witintraparticle adsorption Ghaedi et al., 20)2 The rst-stage
higher correlation coe cients R?) value. Also, based on the portion was sharper and did not pass through zero point, which
second-order model, the calculategt (e ca) Was a good was due to the di usion of adsorbents through the bulk solution
agreement with the experimentgk (de exp Vvalues, besidege  to the external surface. It demonstrated that particle di usio
(Qe,exp increased from 20.12 to 95.24 mglgwith Fe content. was not only the sole rate-limiting step, but also controllgd b
Compared the various adsorption capacities of CPX with thosboundary layer in the initial phase of the adsorption. These
reported adsorbents such as Graphene oxide/calcium alginatesults could be validated by further analyzing data witlydi®
(GO/CA) (Wu et al., 2018 Carbon nano bers (i et al., mode which was expressed as follows:
2015, Goethite MacKay and Seremet, 200&nd lllite (Wang

et al., 201), HaTi»Os HoO (Wu et al., 201) and FgO4/C Fp1 2 exp( BY) @)
(Shi et al., 20)3as showed inTable 3 Fe-MCM-41 showed 2
better adsorption property which required a shorter time to ED G (5)
reach adsorption equilibrium and possessed a higher adsarptio Qe
capacity. Bt D 0.4977 In(1 F) (6)
A 0.060 B
6 4
0.055 -
[ ] ] -
| | | |
0.050 - e %y ®* = 00 0000 u
faa® g 51
0.045 -
~ 44
0,040+ . o
‘Tbﬂ E
£ 0035 0 34
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FIGURE 7 | The adsorption Kinetics of CPX by MCM-41 and Fe-MCM-4XA) pseudo- rst-order model, (B) pseudo-second-order model, (C) intra-particle diffusion
model and (D) Boyd plots for CPX adsorption at different temperatures.
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TABLE 2 | Kinetic parameters for the adsorption of CPX on MCM-41 and pores, lower concentration of CPX and enhanced electrastati
Fe-MCM-41. repulsion (between CPX and the adsorbents surface). What's
Kinetic model Parameters values more, comparisons of the values of &lso proved that the

adsorption rate became slower during the adsorption process. |
concluded that the intraparticle di usion was present while som
other mechanisms might be involved.

MCM-41 Fe-MCM-41

Pseudo- rst-order Je,cal (M3 9 ) 20.0361 83.3333

kq (min 1) 0.0175 0.8417

R? 0.0573 0.8950 Effect of the Temperature

L The adsorption isotherm irFigure 8 described the equilibrium

Pseudo-second-order k22 (gmg = min =) 0.2775 0.0043 relationships between the liquid-phase CPX concentratiod an

R . 0.9996 0.9993 the amount of CPX on the Fe-MCM-41. The adsorption

de.exp (mggl) 208354 937965 capacities of the CPX increased with temperature, indicating

de.cal (M3 7 201207 95.2381 that adsorption process on Fe-MCM-41 was favored at higher
Intra-particle diffusion K 11.9766 371644 temperatures. The phenomenon could be ascribed to promote

c 5 4231 3.3505 mobility of the CPX molecules in solution and increased new

R'2 0'7465 0'9408 active sites on the Fe-MCM-41 for adsorptioi{aedi et al.,

K, 0.4644 5 9203 2013. The results also suggested that it was an endothermic

process in nature.

Cy 21.8282 54.2310 - .

=2 0.0572 0.9603 For _further examining the |r_npact of temperature on

« 0'2410 1.6064 adsorption process, thermodynamic parameters was determined

i ' ' at three temperaturesiQ et al., 2000 As listed inTable 4 the

Cn 17.6776 76.6507 . i

5 adsorption parameters were tted by the most frequently méli

R 0.0625 0.9796

adsorption isotherms models named Langmuir and Freundlich
models at 293, 303, and 313 K. It was apparent that the Langmuir
isotherm better represented the experimental data with highe
TABLE 3 | Adsorption capacities of CPX on various adsorbents. value of the determination coe cient 2 D 0.9459) at 293K
while Freundlich model yielded the best t at temperature8 80

Adsorbents  Adsorption | Rate consian ol | References (R2 D 0.9544) and 313 KR D 0.9675). This implied monolayer
(mgg 1) kinetic equation adsorption with a value of 133.33mg jgobtained for ghax and
(@mg lmin 1) evenly distribution of the adsorption sites at low temperatur
However, as temperature rose, the Freundlich equation becam
Hlite 36.781 0.00449 Wang et al., 2011 even more accurate to assess the adsorption process. It was
Graphene 121124 0.1604 Wuetal.,, 2013 possible to deduce that the thermal treatments activated more

oxide/calcium

alginate (GO/CA) active sites for adsorption as described above. MoleculeBXf C

retained two monolayer adsorptions when the pore diameter

Carbon nano bers  639.602 0.00093 Li et al., 2015 .
. of Fe-MCM-41 was greater than molecule diameter of CPX,
Goethite 3.678 - MacKay and Seremet, . ; R
2008 and despite reversible adsorption occurred meanwh8enQ
H,ThOs Hy0 14.81 _ Wu et al., 2014 et al, 2013; Wang et al., 20)7ahis non-linear adsorption
Fe;04/C 38.61 _ Shi et al., 2013 also demonstrated that the adsorption process was the reult o
Fo-MCM-41 93.7965 0.0043 This work interaction of various forces. The increased values pfiith

temperature demonstrated the endothermic adsorption pracess

Then-values were more than 1, revealing a bene cial adsorption

system and heterogeneity of Fe-MCM-41 adsorption sitEs (
qetal, 201y

As listed in Table 5 the thermodynamic parameters, such

as enthalpy changel H), entropy changel(S), and the Gibb's
free energy 1 G), were evaluated to obtain insights into the
changes of adsorption processes using the Van't Ho equation
(Jiang et al., 20)3The value oKy, an equilibrium constant, was
obtained by dividingge and Ce. The thermodynamic parameters
f adsorption could be determined by using Equations (7) and

Whereq; and ge were the adsorption amounts at any time t an
equilibrium, F given by Equation (5) was the fraction at tirhé;
denoted a mathematical function &f

The linearity of the plot was applied to dierentiate the
controlled rates of adsorption between external transpord an
intra-particle di usion. The plot inFigure 7D were linear and
did not move toward the zero point, demonstrating that extern
transfer governed adsorption process at the start and then th
intra-particle di usion.

The second-stage portion became slower than rst stage due

to the weak adsorption between CPX and the surface atoms 1GD R T InKg (7)
of the solid. The third-stage portion tended to ease up and 1S 1H
reached nal equilibrium. It could be attributed to the snied NKe D = w7 (8)
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adsorption envelop was noticed. Initially, adsorption iresed
1404 with pH from 5 to 10 and reached to a maximum value. At pH
values> 10, adsorption decreased sharply with increasing pH.
130 The acid dissociation constants pKand pKg2 values of CPX
were 6.1 and 8.7, respectively. Most of CPX molecular were in
1201 cationic form with protonated amine group in the piperazine
-C,,”o_ o S moiety wh_en pH was Ie_ss than_6.1. Cationic CPX generated
g v - -~ 303K (F) electrostatic attraction with negatively charged Fe-MCIM20)
:-“,00_ _;;;EEB on the surface, accordingly promoting the adsorption. As
30K () displayed inFigure 9B, a great amount of Fe leached and the
90 - — 31K (L) structure of adsorbent collapsed at strong acidic environime
(pH < 4), which greatly reduced the adsorption ability. When
80 H A x pa A e ) 6.;< .pH < 8.7, CPX.renjov.aI e ciency increased with its
C (mgL?) zwitterion form. The zwitterionic CPX was least soluble at pH
‘ 7.5 in water for its neutral charg&(pca Jalil et al., 20).9n other
FIGURE 8 | The adsorption isotherm of CPX on Fe-MCM-41(20), solid lise word, it could be assumed that hydrophobic e ect had played
represent Langmuir model ts to the data, dotted lines repreent Freundlich an important role in the adsorption process. When pH value
model ts to the data (volume of CPX solution: 200 mL; rotatingspeed: 175 was above 8.7, the anionic form could induce the electrastati
rpm/min; initial pH-value: 5.40; equilibrium time: 120 min) repulsion between CPX and Fe-MCM-41. When 8.7pH <
10, another force might exist to balance the hydrophobic e ect
TABLE 4 | Adsorption isotherms constants and correlation coef ciens. and electrostatic repulsion which SUQQeSIEU adectron-donor—
acceptor (EDA) interaction between CPX and Fe-MCM-41(20).
TK) , . angmuir Freundiich | The aromatic ring could serve gs-electron acceptors due to
@ PamkceCan de DKp Ce " the strong electron-withdrawing ability of uorine grouprothe
KL am R2 Ke(mgg 1) n R2 benzene ring of CPX. In this, the hydroxyl groups on adsorbent
(tmg 1) (mgg 1) (mg L 1)tm) surface acting as electron-donors interacted stronglyn wlite
p-acceptor compound. When pk 10, a drastic decrease of
293 0701 133.333 0.9459 7141407513 09080 Ccpx adsorption amount was due to the strong electrostatic
803 074 135135 0.9497 70.8384 7337 09544 repulsion e ect. Therefore, strong chemical interactions evef
813 1177 136.986 0.9167 783907 8071 09675  yjtg| importance for CPX adsorption on Fe-MCM-41(20).
TABLE 5 | Thermodynamic parameters for the adsorption under differg The Effect Of Meta| Cations
femperature. Metal cations with relatively high concentration could impact
T (K) 1G (KImol 1) 1H (KImol 1) 1s(Imol 1k 1) CPXadsorption. The presence of Cu(ll) facilitated the adgorpt
of CPX on montmorillonite at pH> 6.0 (Pei et al., 2000Similar
203 7.5041 9.926 59.2 conclusion was also given on activated carbon at pH 3.4-5816 (
303 7.8718 etal., 2010t As depicted irFigure 1Q all metal cations suggested
313 8.6888 a signi cantly decline to the adsorption property of CPX, wheth

it be Carepresented alkaline earth element or those metatdwh
were common divalent metals (Cu, Ni, Pb, and Cd) in water.
The in uence of ve metal cations on removal e ciency follosd
The negativd G-values were obtained in the range of 293-313 Ka decreasing order of Cu (52.3%) Ni (49.0%)> Pb (28.3%)
revealing the feasible and spontaneous of adsorption processCd (21.9%) Ca (18.7%). This phenomenon could be assumed
The positivel H-value demonstrated an endothermic processhat metal cations screened negative charged sites of aeisor
while the positive value of Sindicated that the organization surface. Metal cations had a relatively strong a nity to CPX.
of the CPX molecular at the solid- liquid interface becameeno In order to make a thorough exploration about the complexing

random than low temperature. ability of ve metal ions, the complexation stability constan
) were listed inTable 6 (combined with the prior results). Some
Effect of pH on the Adsorption of CPX conclusions can be drawn from the values. On the basis of the

The pHy,c of Fe-MCM-41(20) was estimated to be around 5.4Jiberation degrees of CPX, which complexed with metal cation
the surface charge of Fe-MCM-41(20) remained negative ovenainly in three forms: [M(AH)EC, [M(AH) 2]%C, [M(AH)A] €.
the range of pH (5.4 pH < 11.0) in this study. Therefore, Because of the solution under neutral conditions, [M(AFP]
the speciation of CPX molecules were regarded as the mainlyas the main form. Compared to other divalent metals, the
factor to this pH range (5.4 pH < 11.0) inuence on the complexation ability of CPX with Cu was much stronger, and
adsorption levelFigure 9indicated the pH dependency of CPX the result agreed with the heavy metals which exhibited direr
adsorption on Fe-MCM-41(20). As seen there, a bell-shapesgmoval e ciency.

Frontiers in Chemistry | www.frontiersin.org 8 February 2018 | Volume 6 | Article 17


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wu et al. The Correlation of Adsorption Behavior

FIGURE 9 | (A) The relation of removal ef ciency of CPX to the pH values of FBCM-41 at 298 K (The dotted lines represented the fraction o€ationic, zwitterionic,
and anionic forms of CPX)(B) the leaching of Fe content at different pH-value.

TABLE 6 | Complexation constants of CPX with metals found in the liteture.

Equilibria Ca Cu Ni Cd Pb References

M2CCHA D [M(AH){® 275 6.19  4.39 Turel et al.,
1996

[M(AH)fCCHA D [M(AHY]2C 5.26 4.3

[M(AHYJ2C D [M(AH)AF CHC 6.6 7.35

M2CCHA D [M(AH){® 275 6.14 3.14 3.86 Tanetal,
2014

[M(AH)CCHA D [M(AH}]?¢ 10.49 501 7.51

[M(AH}T?® D [M(AH)AF CHC 3.32 1.12 0.38

to the damage of adsorption sites. Therefore, Fe-MCM-
41 could be recycled as an e cient absorbent for practical

FIGURE 10 | In uence of metal cations on removal ef ciency of CPX (volume appllcatlon.
of CPX solution: 200 mL; rotating speed: 175 rpm/min; initighH-value: 5.40;
equilibrium time: 120 min). CONCLUS'ONS

Fe-MCM-41s prepared from a hydrothermal process were

used as adsorbents to adsorb the CPX in aqueous solutions.
Regeneration of the Adsorbent Experimental results described that Fe-MCM-41 with SilFe
It was important for an adsorbent with good reuse performance0 exhibited the best CPX removal e ciency. The XRD and
in practical application. According to the investigation of TEM results con rmed that the hexagonal mesoporous struetur
pH inuence, the adsorption capacity of CPX on Fe-maintained after iron doping. A combination of multiple
MCM-41 was negligible when the pH was above 10. le ects including electrostatic interaction, surface conxgaléon,
indicated that of CPX could desorbed from the absorbentydrophobic e ect andp-p interaction on the adsorption
surface using 0.1 M NaOH solution as the desorption agentgrocess were conrmed under dierent reaction conditions.
possibly, then the adsorbent was Itered, washed and driedhe experimental kinetic data showed that the adsorption
at 358K. The regenerated adsorbent was tested by fowas a chemical-controlling and multi-step process, Fe-MCM-
cycles of adsorption/desorption process under the samél showed the better adsorption property. Strong acidic/aikal
conditions. Figure 11 presented the removal e ciency of environment was not conducive to the adsorption process. The
CPX on the recycled Fe-MCM-41, exhibiting slightly declineadsorption performed a higher adsorption anity at higher
with a loss of 23.6% after four cycles, which might dudemperature was a spontaneous exothermic process. Moreover,
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FIGURE 11 | Regenerated use of Fe-MCM-41 adsorbent for removal of CPX
(volume of CPX solution: 200 mL; rotating speed: 175 rpm/mininitial
pH-value: 5.40; equilibrium time: 120 min).

Cu impacted CPX adsorption most. Fe-MCM-41 exhibited
stable performances for 4 cycles use without deterioration
which could possibly applied to wastewater treatment including
POPs.
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