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Abstract

To achieve a satisfactory removal efficiency of heavy metal ions from wastewater, silane-func-
tionalized montmorillonite with abundant ligand-binding sites (-NH.,) was synthesized as an
efficient adsorbent. Ca-montmorillonite (Ca-Mt) was functionalized with 3-aminopropyl triethox-
ysilane (APTES) to obtain the APTES-Mt products (APTES; gocec-Mt, APTES, gcec-Mt,
APTES; ocec-Mt, APTES, ocec-Mt) with enhanced adsorption capacity for Co®*. The physico-
chemical properties of the synthesized adsorbents were characterized by spectroscopic and
microscopic methods, and the results demonstrated that APTES was successfully intercalated
into the gallery of Ca-Mt or grafted onto the surface of Ca-Mt through Si-O bonds. The effect of
solution pH, ionic strength, temperature, initial concentrations and contact time on adsorption
of Co?* by APTES-Mt was evaluated. The results indicated that adsorption of Co®* onto Ca-
Mt, APTES; gocec-Mt and APTES; ocec-Mt can be considered to be a pseudo-second-order
process. In contrast, adsorption of Co?* onto APTES; gcec-Mt and APTES gcec-Mt fitted well
with the pseudo-first-order kinetics. The adsorption isotherms were described by the Langmuir
model, and the maximum adsorption capacities of APTES gcec-Mt, APTES; gcec-Mt,
APTES; ocec-Mt and APTES, gcec-Mt were 25.1, 33.8,61.6, and 61.9 mg-g", respectively. In
addition, reaction temperature had no impact on the adsorption capacity, while both the pH
and ionic strength significantly affected the adsorption process. A synergistic effect of ion
exchange and coordination interactions on adsorption was observed, thereby leading to a
significant enhancement of Co®* adsorption by the composites. Thus, APTES-Mt could be a
cost-effective and environmental-friendly adsorbent, with potential for treating Co®*-rich
wastewater.
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Introduction

Industries such as mining, electronics, metallurgy, electroplating and painting discharge large
amounts of heavy metals and other hazardous substances daily into the soil and water environ-
ment. Heavy metal ions from industrial wastewater have attracted broad attention due to their
toxicity and non-degradability, posing a huge threat to the ecological environment and human
health. Cobalt is an essential trace element for the human body [1], but excessive amount of
this element, which can cause paralysis, lung irritations, low blood pressure, and bone defects
[2], is harmful to human health. Thus, treatment of cobalt-rich wastewater before it is dis-
charged into the water environment is crucial.

Up till now, various methods have been developed and used to remove metal ions from waste-
water, such as chemical precipitation, coagulation, electrochemical, and adsorption treatments
[3-5]. Among these methods, adsorption is a widely applied and promising technology due to its
high-efficiency and cost-effectiveness. Many literatures have reported different kinds of materials
that could be used as adsorbents for heavy metal adsorption such as Co** adsorption, including
bentonite, sepiolite, palygorskite, bagasse pith, cation exchange resin, and activated carbon.
Among these materials and methods, cation exchange resin is quite effective [6, 7, 8], but the cost
is expensive; activated carbon is inefficient for treating the wastewater with moderate and low
concentrations of heavy metal 7, 9]. Low cost adsorbents including clay minerals, zeolites, chito-
san, industrial waste products, and other agricultural wastes are efficient and have great potential
for heavy metal adsorption [10-12]. Clay minerals with a large surface area and exchange capac-
ity are an important constituent of soil and can efficiently adsorb metal ions. One of the clay min-
erals, montmorillonite, has been widely used for the treatment of heavy metal-contaminated
wastewater [13], and many researchers have taken efforts to improve the adsorption of montmo-
rillonite through various kinds of modification. Malakul et al. [14] and Krishna et al. [15] used
surfactants to improve the adsorption of heavy metals onto montmorillonite. Inorganic modifi-
cation were also extensively studied through the pillaring of montmorillonite by polyhydroxoca-
tions such as hydroxyl Al, hydroxyl Fe-, hydroxyl Zr and so on[16-18].

Recently, our group has developed a series of low-cost adsorbents or catalysts based on
modified montmorillonite [16, 17, 19-25]. To develop an efficient adsorbent with plenty of
ligand-binding sites (-NH,) for the treatment of Co?"-rich wastewater, a series of APTES-func-
tionalized montmorillonites with different cation exchange capacities were prepared and their
physicochemical properties were analyzed by XRD, FTIR, SEM and N, adsorption-desorption.
The adsorption kinetics and equilibrium of Co®* onto APTES-functionalized montmorillonite
were studied and the effects of pH, temperature and ionic strength on the adsorption were also
investigated. Based on the above results, possible mechanisms of Co** adsorption onto
APTES-functionalized montmorillonite were deciphered.

Materials and Methods
Materials and apparatus

Ca-montmorillonite (Ca-Mt) with a basal spacing of 1.59 nm and a cation exchange capacity
(CEC) of 78 mmol 100 g™* was used in this study. It consists of 32.4% of Si, 50.8% of O, 1.86%
of Mg, 6.75% of Al, 0.09% of K, 1.7% of Ca, 2.07% of Fe, and 0.72% of Na [16].

All chemicals adopted in the study including HCI, NaOH, CoCl,-6H,0, and KNO; are of
analytical grade, and are purchased from Guangzhou Chemical Reagent Factory, Guangdong
province, China. APTES was obtained from Aladdin Industrial, Shanghai.

Powder X-ray diffraction (XRD) of the materials was recorded using a powder diffractome-
ter Bruker D8 ADVANCE at 40 kV and 20 mA with Cu Ko radiation. The Fourier-transform
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infrared (FTIR) spectroscopy of the products was measured by a FTIR spectrometer from 4000
to 400 cm™' (American Thermo-electron Corporation). The measurement was carried out with a
KBr pellet method (0.2% to 1% of the sample in KBr). The scanning electron microscopy (SEM)
images of the obtained products were recorded by a S-3200N scanner, with accelerating current
of 80 pA and voltage of 20 kV. Specific surface areas were determined by adsorption-desorption
of nitrogen at 77 K using a Micromeritics ASAP 2020 surface area and porosity analyzer.

Preparation of APTES-montmorillonites

Synthesis of APTES-montmorillonites was carried out by dispersing dried montmorillonite in
cyclohexane at a ratio of 1:20 (w/v), with APTES further added. The suspension was mixed, then
was heated and refluxed for 20 h at 60°C. APTES will hydrolyze with the surface of montmorillon-
ite which is full of -OH groups. This process can also be called “grafting”, in which silanes are
grafted on montmorillonite though hydrolyzation. The obtained products were separated by centri-
fugation at 4000 r-m ™' and then washed 7 times with anhydrous ethanol. The obtained samples
were dried at 60°C overnight, ground to pass through a 200-mesh sieve. By adding different
amounts of APTES during the synthetic procedure, APTES-montmorillonites with different cation
exchange capacities were obtained, which were designated as APTES,; ocgc-Mt, APTES; gcpc-Mt,
APTES; ocec-Mt and APTES, ocec-Mt. The chemical stablilty of APTES-Mt is shown in S1 Fig.

Batch adsorption experiments

Stock Co** solution was prepared by dissolving appropriate amount of CoCl,-6H,O in distilled
water. Batch adsorption experiments were conducted under different conditions: neutral pH
(6.8-7.5), room temperatures, initial Co?" concentrations (10-300 mg~L’1), and contact time
(0.5-36 h). The pH of Co’* containing solution was adjusted by HCI (aq) and NaOH (aq). 0.05
g of the adsorbent was added into a 50 mL flask containing 25 mL of Co®* containing solution,
and the flask was agitated in water bath for a period of time. After that the mixture was centri-
fuged and atomic adsorption spectrometry (AAS) (Japan, Z-2000) was used to determine the
concentration of Co”" in the supernatant. To prevent any risk of metal contamination, all the
flasks and tubes were presoaked in HNOj for 24 h, washed strongly with distilled water and
then dried in an oven. The desorption of Co** from Mt and APTES-Mt were determined. Mt
and APTES-Mt after the adsorption experiment were mixed with 25.0 mL deionized water and
agitated for 36 h to allow desorption of Co®* to occur.

The adsorption capacity g, (mg-g ') is calculated according to the following equation.

_ V(CU B Ce)

— 1
== 1000 m (1)

Where V (mL) is the volume of Co** solution, Cyand C, (mg-L’l) are the initial and equilib-
rium concentrations, respectively. m (g) is the mass of the adsorbent. All experiments were
conducted in duplicate.

Results and Discussion
X-ray diffraction (XRD) and FTIR spectra of materials

XRD patterns of the pristine Ca-montmorillonite and APTES-Mts (Fig 1) showed that the
(001) reflection intensity of Ca-montmorillonite was decreased after modification with APTES
(APTES, ocec-Mt, APTES; gcpc-Mt, APTES, ocgc-Mt), demonstrating that disordered pillar-
ing structure was formed. When a small amount of APTES molecules are intercalated between
the layers of Mt, the basal spacing of the intercalated Mt were increased or even slightly
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reduced (APTES, ycgc-Mt) due to interaction between the APTES molecules and the Mt back-
bone. But the d-spacing will eventually be increased when the intercalation amount is larger. It
can be observed that the d-spacing is increased by 0.15 nm, 0.41 nm, and 0.40 nm for

APTES, gcec-Mt, APTES; gcrc-Mt, and APTES, gcrc-Mt, respectively, which demonstrated
that APTES was intercalated into the interlayer space of montmorillonite [20, 26].
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f
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APTES2.0cEC-Mt

F
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Fig 1. X-ray diffraction patterns of Ca-Mt, APTES; ocgc-Mt, APTES, gcec-Mt, APTES; ocec- Mt and
APTES, ocec-Mt.

doi:10.1371/journal.pone.0159802.g001
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Fig 2. FTIR of Ca-Mt, APTES; gcec-Mt, APTES; ocec-Mt, APTES; ocec- Mt and APTES, ocec-Mt.
doi:10.1371/journal.pone.0159802.9002

The FTIR spectra of Ca-Mt and APTES-Mts are presented in Fig 2, and the wavenumbers
and assignment of peaks were listed in S1 Table. The bands of montmorillonite remained
unchanged after modification, demonstrating that the basic crystal structure of Ca-Mt was not
damaged. New bands appeared at 2925 cm ™, 2932 cm™, and 2933 cm™ could be ascribed to
CH, asymmetric stretching, indicating the existence of APTES in the obtained materials. The
intensities of the bands increased from APTES; ocpc-Mt to APTES, ocec-Mt, implying more
APTES content on the modified montmorillonite with increased addition of APTES. Other
new peaks exhibited at 1507 em,1509 cm™, 1512 em™, and 1513 cm™ (N-H symmetric flex-
ing), 1448 cm™and 1450 cm™ (CH; asymmetric flexing), 1414 cm™and 1419 cm™ (C-H flex-
ing), 694 cm’!, 695 cm™, and 697 cm™ (0-Si-O asymmetric flexing) [27], 2316 cm ™ and 2317
cm! (N-H stretching), 2042 cm™ and 2088 cm™ (NH;* asymmetric stretching), 1562 cm’!
(-NH;" symmetric flexing) indicated that APTES has been grafted on Ca-Mt. Similarly, the
intensity of these bands also increased with increased addition of APTES.
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Fig 3. SEM images of Ca-Mt and APTES; ocec-Mt.
doi:10.1371/journal.pone.0159802.g003
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Table 1. Point of zero charge, basal spacing and porosity of Ca-Mt and APTES-Mts.

Samples doo1 (NM)
Ca-Mt 1.59
APTES; ocec-Mt 1.55
APTES; ocec-Mt 1.74
APTES; ocec-Mt 2.00
APTES, ocec-Mt 1.99

szpc SBET (m2'9-1) Sext (mz'g_1) Da (nm) vt (cma'g-1)
<1.0 71.15 51.90 13.629 0.1414
2.2 81.54 33.62 196.22 0.1056
6.0 16.48 14.17 290.56 0.0656
7.8 17.59 15.07 264.43 0.0643
8.3 11.91 9.94 341.42 0.0521

Sext = external surface area, V, = total porous volume, Vpicro = microporous volume

doi:10.1371/journal.pone.0159802.t001

~_
&
~

Surface and pore structure properties

It can be observed in the SEM images that Ca-Mt was characterized with layered structure and
smooth surface (Fig 3A). After APTES functionalization the layered structure was still appar-
ent and unaltered, however, the surface was decorated with cracked lines and became rather
uneven,which probably reflected surface functionalization with APTES (Fig 3B).

As was shown in Table 1, the BET surface area, exterior surface area and total volume of
micropores of montmorillonite were reduced after functionalization with APTES, which prob-
ably resulted from APTES entering the interlayer space or micropores of montmorillonite. The
pHzpc value of Ca-Mt was less than that of APTES, ycrc-Mt, and the pHzpc values of
APTES-Mt was increased with increased APTES content. The increase of pHzpc values of
APTES-Mt compared with Mt further confirmed that positive charges have been introduced
into Mt. And the gradual increase of the pHzpc values from APTES; ycec-Mt to APTES, ocg-
Mt reflected increased APTES amounts in the composites.

The nitrogen adsorption-desorption measurement was carried out and the results were pre-
sented in Fig 4. The hysteresis loops of all the APTES-Mts composites displayed steep adsorption
and desorption branches at high P/P, values and can be classified as type H3 loop. The compos-
ites were of IV adsorption-desorption isotherms, which indicated the mesoporous structure of
the materials. The pore-size distribution of APTES-Mts composites showed that the mesoporous
volumes were decreased after increasing the extent of functionalization. The nitrogen adsorp-
tion-desorption isotherms of APTES, gcgc-Mt and APTES; gcpc-Mt were similar compared with
APTES; ocec-Mt, suggesting similar mesoporous structure except for APTES; ocpc-Mt.
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Fig 4. Nitrogen adsorption-desorption isotherms of Ca-Mt (a) and APTES-Mits (c); BJH pore size distribution of Ca-Mt (b) and APTES-Mts (d).

doi:10.1371/journal.pone.0159802.9004
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Fig 5. Effect of contact time on Co®* adsorption by Ca-Mt and APTES-Mts: (w) Ca-Mt, () APTES; gcec-Mt, (4) APTES; gcec-Mt, ()
APTES; ocec- Mt, (¢) APTES, ocec-Mt.

doi:10.1371/journal.pone.0159802.9005

Kinetic studies

As was shown in Fig 5, the kinetic models revealed that the equilibrium was achieved after 8 h
for APTES; gcpc-Mt and APTES, ocpc-Mt, while that for APTES; ocpc-Mt and APTES, gcgc-
Mt was achieved after 30 h at pH 7, and the initial Co®" consentration is 100 mg-L™" (pH is con-
trolled to make sure that Co>* exists in ionic form in the aqueous solution). Generally, chemi-
sorption or inner-sphere complexation of metal ions is fast while ion exchange or physical
adsorption needs a longer time [6]. Accordingly, the adsorption of Co** onto APTES, gcpc-Mt
and APTES; ocpc-Mt might be attributed to ion exchange or physical adsorption, and adsorp-
tion onto APTES; gcgc-Mt and APTES, gcgc-Mt was probably due to chemisorption or inner-
sphere complexation. The synthetic procedure for APTES-Mt composite and the cartoon illus-
tration of the coordination bond between APTES-Mt and Co(II) was displayed in Fig 6 [7].

To better understand the adsorption kinetics, the adsorption data were analyzed using the
pseudo-first-order (Eq (2)) and pseudo-second-order (Eq (3)) kinetic models. Table 2 summa-
rized the corresponding models fitting the parameters. As was shown in Table 2, the simulating
data of Co(II) adsorption on Ca-Mt, APTES; ycrc-Mt and APTES, ocpc-Mt followed the
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Fig 6. The synthetic procedure for APTES-Mt composite (a) and the cartoon illustration the coordination bond between Co(ll) and
APTES-Mt (b).

doi:10.1371/journal.pone.0159802.9006

pseudo-second-order kinetic expression, while adsorption by APTES; gcpc-Mt and APTES, o
cec-Mt fitted pseudo-first-order model well. The theoretical g, values for Ca-Mt and APTES-Mts
in the corresponding kinetic models are in good agreement with the experimental g, values.

In(q,—q,) =Ing, — kit (2)
t 1 t
— = 3
9, kg q ®)

Where g, (mg: g'l) and g, (mg-g’l) are the amounts of Co(II) adsorbed at time ¢ (min) and at
equilibrium, respectively; k; (min~') and k, (g-mg ™ min~") are the adsorption rate constants of
the pseudo-first-order model and pseudo-second-order model, respectively.

The desorption results were presented in Fig 7. It was found that more than 60% of Co** was
desorbed from Ca-Mt within 36 h. However, Co>* adsorbed on APTES-Mt was less likely to be
desorbed. As the content of APTES increased, less Co”* was desorbed from APTES-Mt. The
adsorption of Co”" on Ca-Mt is mainly attributed to ion exchange and coordination interaction.
It will be more difficult to desorb heavy metals complexed with adsorbents in deionized water.

Table 2. The kinetic parameters of adsorption by Ca-Mt and APTES-Mts.

Pseudo-first-order model Pseudo-second-order model
Samples Ge(experiment) (Mg-g™") K1 (min™") 9. (mg-g™) R? K> (g'mg™ min™") 9. (mg-g™) R?
Ca-Mt 12.02 0.88 9.82 0.65 0.18 10.24 0.89
APTES; ocec-Mt 16.67 1.27 15.71 0.38 0.11 16.72 0.65
APTES; ocec-Mt 29.82 0.41 26.65 0.78 0.02 29.53 0.90
APTES; ocec-Mt 40.84 0.40 40.94 0.98 0.01 45.34 0.94
APTES, ocec-Mt 41.37 0.41 41.73 0.98 0.01 46.07 0.94

doi:10.1371/journal.pone.0159802.1002
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Fig 7. Desorption of Co?* as related to their adsorption by Ca-Mt or APTES-Mts.

doi:10.1371/journal.pone.0159802.9007

Isotherm studies

40

S0

Desorption (%)

60

Freundlich (Eq (4)) and Langmuir (Eq (5)) equations were used to analyze the adsorption data,
and the fitting results were listed in Table 3. As evidenced by the correction coefficient R, the
Langmuir model could describe the adsorption process better than Freundlich model with R*
> 0.90, which was also the case with adsorption of heavy metals by organic montmorillonite in
our previous study [23]. The adsorption isotherm of Co(II) by Ca-Mt and APTES-Mts and
their corresponding Langmuir fitting curves were depicted in Fig 8. This isotherm fitting result

Table 3. Equilibrium isotherm model parameters for Co?%* adsorption onto APTES-Mts.

Freundlich Langmuir
Samples Kr(mg' "™ L' g™) n R? K. (L'mg™) 9m (Mmg-g™) R?
Ca-Mt 2.36 0.44 0.98 0.15 13.07 0.99
APTES; gcec-Mt 9.22 0.27 0.98 0.29 25.91 0.98
APTES; ocec-Mt 19.68 0.16 0.81 1.16 33.76 0.99
APTES; gcec-Mt 36.85 0.22 0.82 5.22 61.35 0.99
APTES, ocec-Mt 41.16 0.19 0.73 7.25 61.88 0.99
doi:10.1371/journal.pone.0159802.1003
PLOS ONE | DOI:10.1371/journal.pone.0159802 July 22,2016 10/18
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Fig 8. The adsorption isotherm of Co?* by APTES-Mts.

doi:10.1371/journal.pone.0159802.g008

indicated that the adsorption of Co(II) is likely a monolayer adsorption process.

qe = IZFC: (4)
qu:LCe

= 5

9. =7 K,C, (5)

Where g, (mg-g™') is the adsorption capacity at equilibrium, g,, (mg-g™*) stands for the max-
imum adsorption capacity, Kz (mg' /™ L™ g'!) and n are Freundlich isotherm constants; K,
(L-mg") is the Langmuir isotherm constant.

The adsorption capacity g, (mg: g'l) increased in the following order: APTES, gcrc-

Mt < APTES, ycgc-Mt < APTES; gcec-Mt = APTES, gcgc-Mt. The increased adsorption
capacity could be explained as: For APTES; ocgc-Mt, the basal spacing (dgo;) is equal to that of
pristine montmorillonite and ion exchange is one important adsorption mechanism involved.
There is a slight increase in basal spacing of APTES; ocpc-Mt, although the physical adsorption
of Co®* onto the surface of montmorillonite is still the dominant mechanism. As for APTES; ;.
cec-Mt and APTES, gcpc-Mt, it’s apparent that APTES has entered into the layers, exchanged
with Ca** and weakened physical adsorption, whereas chemisorption complexation (mainly
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coordinating adsorption) led to an noticeable increase in adsorption capacity, which is consis-
tent with that reported for Sr** adsorption on APTES-Mts [20].

Effect of solution pH and temperature

The removal of Co** under various pH conditions was determined. As was shown in Fig 9, the
removal of Co”* at pH values ranging from 2.0 to 10.0 revealed that the adsorption is signifi-
cantly pH-dependent and the uptake of Co®* increased with increased pH. Generally, the exist-
ing form of Co(II) and the surface charge of an adsorbent would be influenced by the solution
pH. The possible form of Co(II) at different pH values (100 mg-L ™!, 28°C) was calculated using
the program visual MINTEQ, and the results was shown in Fig 10. The results indicated that
the predominant Co(II) species is Co** (>95%) at pH < 7.5, while at pH > 7.5 the Co(II) spe-
cies are present as Co”*, Co(OH)*, Co(OH),(aq), Co(OH);™, Co4(OH),**, and CoNO5". At
pH > 8.5, precipitation of cobalt hydroxide would occur. Additionally, the content of CoOOH"
and Co(OH),(aq) would increase above pH 8.5 [28]. Therefore, the discrepancies of adsorption
capacities at pH 2~8 were attributed to adsorption, and the concentration of Co** would
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Fig 10. Distribution of Co(ll) species under different pH values.
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greatly decrease at pH > 8.5, which is mainly caused by cobalt hydroxide precipitation. At pH
values ranging from 2.0 to 8.5, the influence of H" on adsorption could be summarized as fol-
lows: At lower pH, excessive H' ions would successively occupy the binding sites and compete
with Co**, leading to a low adsorption capacity for Co>* [29]. Moreover, ligand-binding -NH,
groups of APTES on Ca-Mt would bond with H" to form -NH;" at acidic pH conditions, thus
the coordination of -NH, with Co** cations would be weakened. Under the experimental con-
ditions, the adsorption capacity of APTES; gcgc-Mt and APTES, gcpc-Mt were larger than that
of APTES, ycec-Mt and APTES; gcgc-Mt. The adsorption reactions in the solutions are shown
as follows:

Ca— Mt+2H" — H— Mt — H + Ca*" (6)
Ca — Mt + Co’" — Co — Mt + Ca*" (7)
Mt = 0,Si — O—(CH,),—NH, + H" — Mt = 0,Si — O—(CH,),—NH; (8)

Mt = O,Si — O—(CH,),—NH, + Co*" — Mt = 0,Si — O—(CH,),—NH,—Co’"  (9)

The effect of temperature on adsorption of Co”" onto APTES-Mts was also investigated.
Adsorption of Co*" onto APTES; gcpc-Mt (as a representative) at 30°C, 40°C, 50°C, and 60°C
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Fig 11. Effect of temperature on the adsorption of Co?* by APTES; gcgc-Mt.
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was determined. As presented in Fig 11, it was found that the effect of temperature on the
adsorption is negligible.

Effect of electrolyte ionic strength

Electrolyte ionic strength is one of the most critical factors that might influence the adsorption
process [17, 30]. The ionic strength of the adsorption reaction was set at 0.005 mol-L™*, 0.01
mol-L™, 0.03 mol-L™", 0.05 mol-L, 0.08 mol-L'}, and 0.1 mol-L ™" with KNOj3. As was presented
in Fig 12, ionic strength of the solution exhibited little influence on the adsorption of Co** by
APTES; gcec-Mt and APTES, ocrc-Mt. As the ionic strength increased, the adsorption capac-
ity increased at first and then showed a decrease for APTES, ocrc-Mt, while adsorption by
APTES; ocec-Mt actually decreased. These changes are related to the exchangeable ions in the
galleries of the materials. For APTES; gcpc-Mt, ion exchange is important for adsorption, and
Ca®* are the major cations that exchanged with Co>*. K" in the solution would compete with
Co”" to exchange with Ca** and cause a decrease of Co** uptake. For APTES, ycpc-Mt, the
influence of ionic strength is weakened with reduced reactive sites of Ca®" as a certain amount
of APTES has entered into the layers of montmorillonite and replaced the Ca** cations, which
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was evidenced by the XRD and FTIR results, As for APTES; gcec-Mt and APTES, gcrc-Mt,
adsorption of Co®* was mainly attributed to chemisorption or coordination, hence the solution
ionic strength exerted little influence on Co>" adsorption. The adsorption capacity and equilib-
rium time of APTES-Mt are compared with those of other adsorbents for removal of Co**
reported in previous literatures (S2 Table). It can be observed that APTES-Mt has a relatively
high capacities for the removal of Co”* and an acceptably short reaction time, suggesting
promising potential for the treatment of Co**-rich wastewater.

Conclusions

APTES functionalized montmorillonites with different cation exchange capacities were synthe-
sized and employed for the adsorption of Co®* from aqueous solution. Characterization of the
obtained products demonstrated that APTES could be successfully intercalated into the inter-
layer space of Ca-Mt and grafted onto Ca-Mt, and connected with Si-O bindings within the sil-
ica tetrahedron plates. A series of batch adsorption experiments showed that the adsorption of
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Co”* onto APTES-Mts was significantly influenced by the pH of the solution in the range of
2.0 to 8.0; however, the effect of pH was not significant if the pH value was higher than 8.0.
Adsorption kinetics of Co®* onto APTES; gcpc-Mt and APTES, gcpc-Mt could be well
described by pseudo-first-order model, while adsorption onto APTES, gcpc-Mt and APTES; .
cec-Mt fitted the pseudo-second-order model. Langmuir adsorption isotherms could provide a
well correlation for the adsorption of Co** onto APTES-Mts. The reaction temperature exhib-
its negligible influence on the adsorption process, and the adsorption of Co** on APTES, ocpc-
Mt and APTES, ycec-Mt was independent of the ionic strength of the solution. APTES could
affect the surface properties of Ca-Mt, and provide ligand-binding sites to enhance the adsorp-
tion of heavy metals. Furthermore, ion exchange is the primary mechanism for Co** adsorp-
tion onto the APTES; gcpc-Mt and APTES, ocec-Mt, while coordinate interaction was mainly
accountable for the adsorption of Co** onto APTES; gcpc-Mt and APTES, ocpc-Mt. These pre-
liminary results indicate that APTES functionalized montmorillonite should be a cost-effective,
chemically-stable and environmental-friendly adsorbent for the treatment of Co(II)-rich
wastewater.

Supporting Information

S1 Fig. (a) The absorbance as a function of molarconcentrations of APTES, (b) The dis-
solved total nitrogen concentration under different pH values. The chemical stability of
APTES-Mt in different pH values was test by analyzing of the dissolved N. The stability of
APTES-Mt is satisfied.
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$2 Table. Comparison of adsorption capacity of Co>" on various adsorbents.
(DOC)

$3 Table. The raw data of adsorption of Co>* in 30°C for better understanding of Fig 11.
(DOC)

Author Contributions

Conceived and designed the experiments: ZJH PXW BNG. Performed the experiments: YPD
BNG ZJH XLL GWY. Analyzed the data: ZJH PXW PCC BNG. Contributed reagents/materi-
als/analysis tools: PXW PCC. Wrote the paper: ZJH BNG YPD.

References

1. Smiciklas I, Dimovic S, Plecas |. Mitric M. Removal of Co®* from aqueous solutions by hydroxyapatite.
Water Res. 2006; 40(12):2267-74. doi: 10.1016/j.watres.2006.04.031 PMID:
WOS:000239196200003.

2. Lison D, De Boeck M, Verougstraete V, Kirsch-Volders M. Update on the genotoxicity and carcinoge-
nicity of cobalt compounds. Occup Environ Med. 2001; 58(10):619-25. doi: 10.1136/0em.58.10.619
PMID: WOS:000171161900002.

3. Dolenko TA, Burikov SA, Laptinskiy KA, Laptinskaya TV, Rosenholm JM, Shiryaev AA, et al. Study of
adsorption properties of functionalized nanodiamonds in aqueous solutions of metal salts using optical
spectroscopy. J Alloys Compd. 2014; 586, Supplement 1(0):S436-S9. http://dx.doi.org/10.1016/j.
jallcom.2013.01.055.

4. Hernandez-Montoya V, Pérez-Cruz MA, Mendoza-Castillo DI, Moreno-Virgen MR, Bonilla-Petriciolet
A. Competitive adsorption of dyes and heavy metals on zeolitic structures. J Environ Manage. 2013;
116(0):213-21. http://dx.doi.org/10.1016/j.jenvman.2012.12.010.

PLOS ONE | DOI:10.1371/journal.pone.0159802 July 22,2016 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159802.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159802.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159802.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159802.s004
http://dx.doi.org/10.1016/j.watres.2006.04.031
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000239196200003
http://dx.doi.org/10.1136/oem.58.10.619
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000171161900002
http://dx.doi.org/10.1016/j.jallcom.2013.01.055
http://dx.doi.org/10.1016/j.jallcom.2013.01.055
http://dx.doi.org/10.1016/j.jenvman.2012.12.010

@’PLOS ‘ ONE

Removal of Co(ll) by Functionalized Montmorillonite

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Khandanlou R, Ahmad MB, Masoumi HRF, Shameli K, Basri M, Kalantari K. Rapid Adsorption of Cop-
per(ll) and Lead(ll) by Rice Straw/Fe304 Nanocomposite: Optimization, Equilibrium Isotherms, and
Adsorption Kinetics Study. PLoS ONE. 2015; 10(3). doi: 10.1371/journal.pone.0120264 PMID:
1S1:000352133600032.

He MY, Zhu Y, Yang Y, Han BP, Zhang YM. Adsorption of cobalt(ll) ions from aqueous solutions by
palygorskite. Appl Clay Sci. 2011; 54(3—4):292-6. doi: 10.1016/j.clay.2011.09.013 PMID:
1S1:000298513500015.

SunJ, Yu GL, Liu LL, Li ZF, Kan QB, Huob QS, et al. Core-shell structured Fe;0, @ SiO, supported
cobalt(ll) or copper(ll) acetylacetonate complexes: magnetically recoverable nanocatalysts for aerobic
epoxidation of styrene. Catal Sci & Technol. 2014; 4(5):1246-52. doi: 10.1039/c4cy00017j PMID:
1S1:000335893200006.

Kang S-Y, Lee J-U, Moon S-H, Kim K-W. Competitive adsorption characteristics of Co?*, Ni?*, and Cr3*
by IRN-77 cation exchange resin in synthesized wastewater. Chemosphere. 2004; 56(2):141-7. http://
dx.doi.org/10.1016/j.chemosphere.2004.02.004. PMID: 15120560

Rossi AF, Amaral-Silva N, Martins RC, Quinta-Ferreira RM. Heterogeneous Fenton using ceria based
catalysts: effects of the calcination temperature in the process efficiency. Appl Catal B-Environ. 2012;
111-112:254-63. http://dx.doi.org/10.1016/j.apcatb.2011.10.006.

Nethaiji S, Sivasamy A, Kumar RV, Mandal AB. Preparation of char from lotus seed biomass and the
exploration of its dye removal capacity through batch and column adsorption studies. Environ Sci Pollut
Res. 2013; 20(6):3670-8. doi: 10.1007/s11356-012-1267-4 PMID: IS1:000318779200016.

Jain R, Sharma P, Sikarwar S. Kinetics and isotherm analysis of Tropaeoline 000 adsorption onto
unsaturated polyester resin (UPR): a non-carbon adsorbent. Environ Sci Pollut Res. 2013; 20
(3):1493-502. doi: 10.1007/s11356-012-0994-x PMID: IS1:000315442500027.

Li SQ, Zhou PJ, Zhang WS, Chen S, Peng H. Effective photocatalytic decolorization of methylene blue
utilizing ZnO/rectorite nanocomposite under simulated solar irradiation. J Alloys Compd. 2014;
616:227-34. doi: 10.1016/j.jallcom.2014.07.102 PMID: 1S1:000342654000034.

Ooka C, Yoshida H, Suzuki K, Hattori T. Highly hydrophobic TiO, pillared clay for photocatalytic degra-
dation of organic compounds in water. Microporous Mesoporous Mater. 2004; 67(2—3):143-50. doi:
10.1016/j.micromes0.2003.10.011 PMID: WOS:000188643100004.

Malakul P, Srinivasan KR, Wang HY. Metal adsorption and desorption characteristics of surfactant
modified clay complexes. Ind Eng Chem Res. 1998; 37(11):4296-301. doi: 10.1021/ie980057i PMID:
WOS:000076935300012.

Krishna BS, Murty DSR, Prakash BSJ. Surfactant-modified clay as adsorbent for chromate. Appl Clay
Sci. 2001; 20(1-2):65-71. doi: 10.1016/s0169-1317(01)00039-4 PMID: WOS:000171063400006.

Wu P, WuW, Li S, Xing N, Zhu N, Li P, et al. Removal of Cd* from aqueous solution by adsorption
using Fe-montmorillonite. J Hazard Mater. 2009; 169(1-3):824-30. doi: 10.1016/j.jhazmat.2009.04.
022 PMID: WOS:000268967200114.

Wu P, Zhou J, Wang X, Dai Y, Dang Z, Zhu N, et al. Adsorption of Cu-EDTA complexes from aqueous
solutions by polymeric Fe/Zr pillared montmorillonite: Behaviors and mechanisms. Desalination. 2011;
277(1-3):288-95. doi: 10.1016/j.desal.2011.04.043 PMID: WOS:000293720600039.

Polubesova T, Chen Y, Navon R, Chefetz B. Interactions of hydrophobic fractions of dissolved organic
matter with Fe3*- and Cu?*-montmorillonite. Environ Sci Technol. 2008; 42(13):4797-803. PMID:
1S1:000257220600034.

Long H, Wu P, Zhu N. Evaluation of Cs* removal from aqueous solution by adsorption on ethylamine-
modified montmorillonite. Chem Eng J. 2013; 225(0):237—44. http://dx.doi.org/10.1016/j.cej.2013.03.
088.

Wu P, Dai Y, Long H, Zhu N, Li P, Wu J, et al. Characterization of organo-montmorillonites and compar-
ison for Sr(ll) removal: Equilibrium and kinetic studies. Chem Eng J. 2012; 191(0):288-96. http://dx.
doi.org/10.1016/j.cej.2012.03.017.

Wu P, Zhang Q, Dai Y, Zhu N, Dang Z, Li P, et al. Adsorption of Cu(ll), Cd(Il) and Cr(lll) ions from aque-
ous solutions on humic acid modified Ca-montmorillonite. Geoderma. 2011; 164(3-4):215-9. http://dx.
doi.org/10.1016/j.geoderma.2011.06.012.

Zhou J, Wu P, Dang Z, Zhu N, Li P, Wu J, et al. Polymeric Fe/Zr pillared montmorillonite for the removal
of Cr(VI) from aqueous solutions. Chem Eng J. 2010; 162(3):1035—44. doi: 10.1016/j.ce|.2010.07.016
PMID: WOS:000282137500021.

Li S-Z, Wu P-X. Characterization of sodium dodecyl sulfate modified iron pillared montmorillonite and
its application for the removal of aqueous Cu(ll) and Co(ll). J Hazard Mater. 2010; 173(1-3):62-70.
doi: 10.1016/j.jhazmat.2009.08.047 PMID: WOS:000273135600007.

PLOS ONE | DOI:10.1371/journal.pone.0159802 July 22,2016 17/18


http://dx.doi.org/10.1371/journal.pone.0120264
http://www.ncbi.nlm.nih.gov/pubmed/ISI:000352133600032
http://dx.doi.org/10.1016/j.clay.2011.09.013
http://www.ncbi.nlm.nih.gov/pubmed/ISI:000298513500015
http://dx.doi.org/10.1039/c4cy00017j
http://www.ncbi.nlm.nih.gov/pubmed/ISI:000335893200006
http://dx.doi.org/10.1016/j.chemosphere.2004.02.004
http://dx.doi.org/10.1016/j.chemosphere.2004.02.004
http://www.ncbi.nlm.nih.gov/pubmed/15120560
http://dx.doi.org/10.1016/j.apcatb.2011.10.006
http://dx.doi.org/10.1007/s11356-012-1267-4
http://www.ncbi.nlm.nih.gov/pubmed/ISI:000318779200016
http://dx.doi.org/10.1007/s11356-012-0994-x
http://www.ncbi.nlm.nih.gov/pubmed/ISI:000315442500027
http://dx.doi.org/10.1016/j.jallcom.2014.07.102
http://www.ncbi.nlm.nih.gov/pubmed/ISI:000342654000034
http://dx.doi.org/10.1016/j.micromeso.2003.10.011
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000188643100004
http://dx.doi.org/10.1021/ie980057i
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000076935300012
http://dx.doi.org/10.1016/s0169-1317(01)00039-4
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000171063400006
http://dx.doi.org/10.1016/j.jhazmat.2009.04.022
http://dx.doi.org/10.1016/j.jhazmat.2009.04.022
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000268967200114
http://dx.doi.org/10.1016/j.desal.2011.04.043
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000293720600039
http://www.ncbi.nlm.nih.gov/pubmed/ISI:000257220600034
http://dx.doi.org/10.1016/j.cej.2013.03.088
http://dx.doi.org/10.1016/j.cej.2013.03.088
http://dx.doi.org/10.1016/j.cej.2012.03.017
http://dx.doi.org/10.1016/j.cej.2012.03.017
http://dx.doi.org/10.1016/j.geoderma.2011.06.012
http://dx.doi.org/10.1016/j.geoderma.2011.06.012
http://dx.doi.org/10.1016/j.cej.2010.07.016
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000282137500021
http://dx.doi.org/10.1016/j.jhazmat.2009.08.047
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000273135600007

@’PLOS ‘ ONE

Removal of Co(ll) by Functionalized Montmorillonite

24.

25.

26.

27.

28.

29.

30.

Huang Z, Wu P, LiH, Li W, Zhu Y, Zhu N. Synthesis and catalytic properties of La or Ce doped
hydroxy-FeAl intercalated montmorillonite used as heterogeneous photo Fenton catalysts under sun-
light irradiation. RSC Adv. 2014; 4(13):6500-7. doi: 10.1039/c3ra46729%

Wu P, Liu C, Huang Z, Wang W. Enhanced dechlorination performance of 2,4-dichlorophenol by ver-
miculite supported iron nanoparticles doped with palladium. RSC Adv. 2014; 4(49):25580-7. doi: 10.
1039/c4ra02618g

He H, Tao Q, Zhu J, Yuan P, Shen W, Yang S. Silylation of clay mineral surfaces. Appl Clay Sci. 2013;
71(0):15-20. http://dx.doi.org/10.1016/j.clay.2012.09.028.

Sul, Tao Q, He H, Zhu J, Yuan P, Zhu R. Silylation of montmorillonite surfaces: Dependence on sol-
vent nature. J Colloid Interface Sci. 2013; 391(0):16—20. http://dx.doi.org/10.1016/j.jcis.2012.08.077.

Uziim G, Shahwan T, Eroglu AE, Lieberwirth |, Scott TB, Hallam KR. Application of zero-valent iron
nanoparticles for the removal of aqueous Co?* ions under various experimental conditions. Chem Eng
J. 2008; 144(2):213-20. http://dx.doi.org/10.1016/j.ce}.2008.01.024.

Babuponnusami A, Muthukumar K. A review on Fenton and improvements to the Fenton process for
wastewater treatment. J Environ Chem Eng. 2014; 2(1):557-72. http://dx.doi.org/10.1016/}.jece.2013.
10.011.

Rahim Pouran S, Abdul Aziz AR, Wan Daud WMA. Review on the main advances in photo-Fenton oxi-
dation system for recalcitrant wastewaters. J Ind Eng Chem. 2015; 21:53-69. http://dx.doi.org/10.
1016/j.jiec.2014.05.005.

PLOS ONE | DOI:10.1371/journal.pone.0159802 July 22,2016 18/18


http://dx.doi.org/10.1039/c3ra46729e
http://dx.doi.org/10.1039/c4ra02618g
http://dx.doi.org/10.1039/c4ra02618g
http://dx.doi.org/10.1016/j.clay.2012.09.028
http://dx.doi.org/10.1016/j.jcis.2012.08.077
http://dx.doi.org/10.1016/j.cej.2008.01.024
http://dx.doi.org/10.1016/j.jece.2013.10.011
http://dx.doi.org/10.1016/j.jece.2013.10.011
http://dx.doi.org/10.1016/j.jiec.2014.05.005
http://dx.doi.org/10.1016/j.jiec.2014.05.005

