530 B 12 W Tl 1k 2% 2 Eild Vol.30 No.12
2014 4E 12 A CHINESE JOURNAL OF INORGANIC CHEMISTRY 2863-2871

RAERERMMERIRARH & R Se(VDay4HE

ok MmEFT F R 2K F
(A FREFESHRNNLEEELTHET PR AFRELFESRBILFR, L 445000)

WE . RNILTOEER & T 3 MR G BB SIS B AT (Mt-Fe,, x=1, 2, 3), % LHFSE T 452 B A7 (Mo Rl Mt-Fe,(x=1, 2, 3)iY &I
P BT K BE Se(VDIRedE . S5 SRR BT Mt K 1Y dgpyy JZRIEE S 1.296 nm, £ Mt-Fe, T IFH 2 1.430 nm LA E ;5 Me B EEE Mi-
Fe, MFLIARL SRiE B R 10 43 T8 B 140 B 2 40k 5 0 384 o it T o | 6 o B L A B AL 2 T B A% 28 A Shy Wt e R o 4 458 1L
(IEPYIXF 3,1 Mt-Fe, 0 IEP T+ £ 6.8; ¥ 4f pH=5.0 B, Mt Al Mt-Fe,(x=1, 2, 3)W 3R 1fi £ d A 53 34 -33.5, -11.7, 9.9 il 33.2
mV, FI B L Langmuir 82 R GE 42 1R 47 Hb 48L& Mo B X Se (VI) 9 55 I 02 B 203 (R2=0.993) , 4 i A i 18 BT 250 408 11 5 8% ) iz
Langmuir 04 J I 72 B0 (R?) B RE 2 2k ik A 38 0 107 B3 41K, 3 b Mi-Fe, A b 9 W BHES0HE 58 35 A SOV BEZ. Langmuir #8814 (R?=
0.993~0.997) ; Freundlich 5 1% 4 Fh e i 1) 05 AR 300G B2 AR (R?=0.849~0.970) , H: 4 BT 7= K (R?) B AE v 5 Bk a1y 184 o 1 05
W pH=5.0 I, Mt Fl Mt-Fe, (v=1, 2, 3)% Se(VDI M B 25 15 43 51 4 4.23, 7.83, 10.38 1 14.34 mg-¢', WL, K& R EE S K
M Mt-Fe, £ 53T b 7K 1A 2t Se(VDRY [ 22 B 0 W1 5 1 Mt

KB . S0, BEREERIMESNN; RIPER; WK e
HESES. 0614.81; S153.6; P578.4 XERERIRAS, A NEHS . 1001-4861(2014)12-2863-09
DOI:10.11862/CJIC.2014.385

Hydroxyiron Polymers-Modified Montmorillonite: Preparation, Characterization and
Adsorption Characteristics for Selenate
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(Key Laboratory of Biologic Resources Protection and Utilization of Hubei Province. Department of Chemistry and Environmental
Engineering, Hubei University for Nationalities, Enshi, Hubei 445000, China)

Abstract: Hydroxyiron polymers-modified montmorillonite (Mt-Fe,, x=1, 2, 3) was prepared by a coprecipitation
procedure. The surface properties and selenate (Se(V])) adsorption of Mt-Fe, were investigated and compared with
those of pure montmorillonite (Mt). Results show that the d spacing of Mt-Fe, montmorillonite increases to more
than 1.430 nm from 1.296 nm of the Mt. Compared to Mt, the pore volume, surface area and surface fractal dimension
of Mt-Fe, increase with increasing the Fe content. The increased quantities of the micropore volume and micropore
surface area are very significantly. The isoelectric point (IEP) varies from the value of < 3 of the Mt to 6.8 of the Mt-
Fe;, and the surface ¢ potential at pH value of 5.0 is =33.5, =11.7, 9.9, and 33.2 mV for Mt, Mt-Fe,, Mt-Fe,, and Mt-
Fe,, respectively. The Se(V)) adsorption data of Mt can be well fitted by one-site Langmuir model (R*=0.993) and the
R? of the four samples shows the order of Mi>Mt-Fe,>Mt-Fe,>Mt-Fe;. As for Mt-Fe,, two-site Langmuir model fits the
adsorption data better than the one-site model. The coefficients of deternination (R?) obtained from Freundlich model
of the samples are relatively low (R*=0.849~0.970) and increase slightly with increasing the Fe content in Mt-Fe,.
This indicates that the surface of Mt-Fe, possesses different types of reactive sites for Se(V) adsorption. At pH=5.0,
the adsorption capacities (¢, of Mt, Mt-Fe,, Mt-Fe,, and Mt-Fe; are 4.23, 7.83, 10.38, and 14.34 mg -g ",
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respectively. Mt-Fe, with a high content of hydroxyiron polymers has a high adsorption capacity for the Se(V]) in soil

and sediment solutions.

Key words: montmorillonite; hydroxyiron polymers-modified montmorillonite; surface properties; adsorption; selenate

0 Introduction

Selenium (Se) is an essential micronutrient for

-2 There is no evidence that

animals and humans
plants require Se for growth and completion of their
life cycles, but the main source of dietary Se for
humans and animals is plant material. Therefore, the
Se levels in plants are also important to human health.
In fact, there is a very narrow range between deficient
and toxic levels of Se in mammals, and thus the
toxicity and deficiency of Se occur frequently in the

world™**

. Although the uptake and accumulation of Se
by plants is largely dependent on the Se content in
the soil, other factors, such as the constituents, pH
value and redox conditions of soils that affect the
transformation, adsorption, precipitation  and
bioavailability of Se compounds, are also involved>®.
Therefore, understanding interactions between soil
constituents (e.g. Fe/Al (hydro-)oxides, organic matter,
phyllosilicates, carbonates) and Se are vital to control
the uptake of Se by plants from soils.

Iron oxides and hydroxyl polymers are ubiquitous
in natural environments, and most of them possess a
high surface area and a large amount of reactive
surface hydroxyl sites (=Fe-OH) *. Therefore, they
effect on the

have important migration  and

transformation of nutrients and pollutants in soils and

g o2

sediment . Phyllosilicates are an important solid

component in soils and sediments and exert significant
310 Although the

adsorption capacity for anions onto phyllosilicates is

influences on their structures

low when compared to iron hydroxyl polymers and
oxides, phyllosilicates are widely distributed in natural
soils and thus play a certain role in the retention of
nutrients and pollutants "*', Montmorillonite, a well-
defined 2:1 -type phyllosilicate, is very common in

soils. The main surface sites of montmorillonite are

aluminol groups (=AIl-OH) situated at the edges and
the hydroxyl-terminated planes ™, In addition, the
high permanent negative charges on the basal surfaces

of montmorillonite may exert an important effect on

the surface adsorption properties of  colloid

particles!"*!,

In soils iron oxides and hydroxyl polymers often
tend to coat on the surfaces and/or enter into the
interlayer spaces of phyllosilicates to form Fe-modified
phyllosilicates % The modification is very important
to the physical and chemical properties of the clays in

[10.14]

natural environments In suspension systems

containing Fe hydroxyl ions and phyllosilicates, the
interlayer spaces of 2:1-type phyllosilicates can be
extent because of ion

expanded to a certain

e!™'% The porous structure, surface area and

(CEC) of Fe-modified

phyllosilicates are obviously different from the single

exchang
cation exchange capacity

10316 The point of zero charge

(IEP) of Fe-modified

phyllosilicates increase compared to the single phase

phase phyllosilicates!
(PZC) and the isoelectric point

phyllosilicates, and the magnitude of the effect
depends on the ratio of iron oxides to phyllosilicates
as pointed by Tombdacz et al®™ and Hou et al'. The
modification of iron (hydro-)oxides on the surfaces of
phyllosilicates decreases the negative charge density
on phyllosilicates and the ¢ potential of the clay
colloidal particles moves to the positive value side!"*®l.

The modification of iron hydroxyl polymers and
oxides on phyllosilicates may exert an important
influence on the adsorption properties for environment
substances (e.g. heavy metal ions, inorganic anions,
organic pollutants) onto mineral surface**'¢*. As for
Se(V, the adsorption properties on single phase iron
oxides and montmorillonite have been extensively

studied®*. However, to the best of our knowledge,

the adsorption behavior of Se (I onto hydroxyiron
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polymers-modified montmorillonite (Mt-Fe,) is not well
documented. In this study several Mt-Fe, samples with
different contents of hydroxyiron polymers were
prepared, and the adsorption properties for Se(V) onto
Mt-Fe, were investigated and compared with those of
pure montmorillonite (Mt). The obtained results may
be helpful to understand the geochemical cycle of
environmental Se(V)) and control the activity of Se(V) in

soils and sediments.

1 Experimental

1.1 Sample preparation

Raw  montmorillonite ~was purchased from
Zhejiang Sanding Technology Co., Lid. (Shaoxing,
China) and pretreated according to the following
procedure: about 20 mL 30% H,0, was added to 20 g
raw montmorillonite in a 2 L glass flask under manual
stirring to remove organic matter. Then the mineral
particles were fractionated by the conventional
sedimentation method. The particles (<2 pm fraction)
in the suspension were treated with NaCl solution,
centrifuged and washed with deionized water until free
from chloride anions as tested by 0.1 mol -L™" AgNO;
solution, and then washed one time with 95% ethanol.
(Mt) was dialyzed

against distilled water, freeze-dried, ground to pass a

The Na-saturated montmorillonite

60-mesh (250 wm) sieve, and stored in a desiccator.
For the preparation of hydroxyiron polymers-

(Mt-Fe,), at first three Mt

suspensions were 100 mL

distilled water was added to 4.81 ¢ Mt in a 1 L
polyethylene flask, followed by vigorous stirring for 10

modified montmorillonite

prepared as follows.

min and ultrasonic dispersion for 30 min. Then 11.1,
33.3 and 99.9 mL of 0.5 mol -L™ FeCl; solution was
poured into the Mt suspensions under vigorous
magnetic stirring respectively. These amounts of Mt
and FeCl; were selected in order to reach a theoretical
mass ratio (1:9, 1:3, and 1:1) of ferrihydrite with the
chemical composition FesHOg <4H,0 to Mt. The
suspension was adjusted to pH=8.0 with a 6 mol - L™
NaOH solution. After a reaction time of 240 min the
stirring was stopped. The polyethylene flask was

sealed and aged at rest for 5 d at room temperature.

The prepared precipitate was dialyzed, dried, ground
and stored in the same way as the Mt. The three
products were denoted as Mt-Fe;, Mt-Fe,, and Mt-Fe;
according to the Fe content from low to high,
respectively.
1.2 Sample analysis

The content of Fe in Mt-Fe, was determined as
follows. 20 mg sample was dissolved in a 5 mL of 6
mol +L." HCI solution, oscillated for 8 h, and then
of Fe in the
supernatant was measured by a Varian Vista-MPX
ICP-OES  (ICP). Powder X-ray diffraction (XRD)
patterns were recorded on a Bruker D8 ADVANCE X-
ray diffractometer equipped with a Lynx-Eye detector
(A =0.154 06 nm). The
diffractometer was operated at 40 kV tube voltage and

centrifuged. The concentration

using Cu Kal radiation
40 mA tube current with a scanning rate of 2°+min™'
at a step size of 0.02°. The N, adsorption-desorption
experiments were performed at 77 K with Quanta
Chrome Autosorb-1S apparatus. 0.20 g powder sample
was degassed for 16 h at 80 °C prior to the
measurement. The total pore volume was calculated
from the maximum adsorption capacity at relative
pressure close to the saturation pressure. The specific
surface area and surface fractal dimension of the
samples were calculated from the N, adsorption
isotherms according to Brunauer-Emmett-Teller (BET)
and Frenkel-Halsey-Hill

The micropore volume, micropore surface area, and

(FHH) model, respectively.

external surface area were calculated from the N,
adsorption isotherms according to ¢-plot micropore
analysis. The { potential analyzer (ZetaSizer, Malvern
Instruments Corporation) was used to determine the
(IEP) and ¢ potential by the ¢
potential function of pH value in 0.02 mol-L™" NaCl.

isoelectric  point

1.3 Adsorption experiments

For preparation the 10 g-L™ stock suspension of
adsorbents, 5 g sample and 300 mL distilled water
were added into a 500 mL polyethylene flask, followed
by ultrasonic dispersion for 30 min, and then the
volume of the suspension was adjusted to 500 mL with
distilled water. A 400 mg L™ Se(V]) stock solution was
prepared by dissolving Na,SeO, in distilled water.
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Batch adsorption experiments were conducted
with a 2 g-L™ adsorbent concentration, 0.02 mol L'
NaCl background electrolyte, a set of initial Se (VI)
concentrations  (1~200 mg-L™) and a temperature of
25 °C. A 10 mL adsorbent suspension and 0~10 mL of
Se() stock solution were taken into a 50 mL
stoppered conical flask, followed by adding 4 mL of
0.1 mol -L™" NaCl to maintain ionic strength. The pH
value of the suspension was adjusted to 5.0, and then
the volume was adjusted to 20 mL with distilled
water. The suspension was mechanically agitated at a
speed of 300 r +min ' for 24 h, and then filtered
through a 0.45-um membrane filter. The Se (VI)
concentration in the

filtrate was analyzed by

coupled  plasma  atomic  emission

(ICP-AES).  All

performed in triplicate, and the average values were

inductively
spectrometry experiments were
reported in present study. The adsorption capacity for
Se(M) by the adsorbents was calculated from the
following equation:

q. = (ci—c.)lcy 1)

where ¢g. (mg-g™) is the adsorption capacity, c;
and ¢, (mg ‘L ™) is the initial and residual
concentration of Se(V) respectively, and ¢, (g-L7) is

the adsorbent concentration.
2 Results and discussion

2.1 Characterization of the samples

The content of Fe in Mt-Fe, is 5.1%, 11.7% and
23.4%
content of Fe in Mt-Fe, increases with increasing the
initial ratio of FeCl; to Mt. The XRD patterns of the
samples are shown in Fig.1. The peaks of Mt match
well with the PDF cards of montmorillonite (PDF No.
12-0204),
crystallinity and a high purity. In the XRD patterns of
Mt-Fe,

assigned to montmorillonite and no XRD peak of iron

(wlw), respectively. This indicates that the

indicating that Mt possesses a good

(x=1, 2, 3), all the diffraction peaks may be

oxides is detected. This indicates that no crystalline
iron oxide is formed and amorphous hydroxyiron
polymers are present in Mt-Fe,. The d spacing of
montmorillonite in Mt-Fe, increases to the value of >

1.400 nm from 1.296 nm of the Mt. This implies that

some of the interlayered Na* ions in Mt are replaced
by hydroxyiron ions during the formation process of
Mt-Fe,'*5. However, in Mt-Fe,(x=1, 2, 3) the increased
montmorillonite d; spacing and the contents of Fe do
not show a positive relation. Compared to Mt, the
diffraction peaks of montmorillonite in Mt-Fe, show
much lower intensity and broader width. This can be
attributed to the factor that the hydroxyiron polymers
in Mt-Fe, coat some of montmorillonite surfaces and

reduce the preferred orientation of montmorillonite!"*'.

467 nm
0.445 0.254 Mt-Fe
e &

1.415 nm

0.446 0253 _—
s

Mt-Fe,

20/ (%)

Fig.1 ~XRD patterns of the samples

Fig.2 presents Nj-physi-sorption isotherms of the
samples. Generally, the four adsorption isotherms are
similar and the monolayer adsorption capacity of N,
by the samples increases in the order of Mt<Mt-Fe,<
Mt-Fe, <Mt-Fe;. According to TUPAC-classification ™,
the isotherms of the samples belong to the type IV,
which is characteristic of a type H2 hysteresis loop
caused by capillary condensation. This indicates that the
samples possess a number of micropores and mesopores.
At the low relative pressure (p/p¢<0.4) the adsorption is

due to micropores (<2 nm) and at higher relative pressure

1604 —o—Mt
—Oo-Mt-Fe
140 +Mt—Fe;
1204 —&-Mt-Fe,

100
80
60
40
20-

Volume adsorbed / (cm?-g™)

T T

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p,)

Fig.2 Nitrogen adsorption/adsorption isotherms of the

samples
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(p/po >0.4) a wide hysteresis loop indicates a high
(2 ~50 nm) "2 The N,

volumes adsorbed significantly increase at low relative

distribution of mesopores

pressure and the hysteresis loop becomes narrow at
higher relative pressure as evidenced by comparing the
isotherms of the different samples, from Mt to Mt-Fe;.
This indicates that the volume ratio of micropores to

mesopores for the samples increases with increasing the

content of hydroxyiron polymers. This can be attributed
to the factors that: (1) most of the total pore volume of
amorphous hydroxyiron polymers is due to micropores!"”
and most of the total pore volume of montmorillonite
due to mesopores™; and (2) the expansion of the d
spacing of montmorillonite in Mt-Fe, increases the

micropore volume of Mt-Fe,.

Table 1 Surface structural properties of the samples

Total pore volume / Micropore volume /  BET surface area /

Micropore surface  External surface Surface fractal

Sample (em?®-kg™) (em?g™) (m?-¢g™) area / (m*- g™ area / (m*+¢g™) dimension D
Mt 0.147 0.043 123 56 66 2.39
Mt-Fe, 0.167 0.071 161 88 70 2.51
Mt-Fe, 0.179 0.086 186 113 73 2.57
Mt-Fe, 0.214 0.129 248 166 79 2.61

The pore volumes and surface areas of the samples
are listed in Table 1. All these porous parameters
increase in the order of Mt <Mt-Fe, <Mt-Fe, <Mt-Fe;.
This that  the of
montmorillonite is improved due to the modification of
One the

of micropore and

indicates porous  structure

hydroxyiron polymers. may note that

increased quantities volumes
micropore areas are very significant and that of
external surface areas are slight. This once again
indicates that the hydroxyiron polymers in Mt-Fe, are
microporous. Surface fractal dimension of mineral
sample is considered as an operative index of surface
roughness. The D value of surface fractal dimension

obtained by FHH method,

adsorbate surface tension effects, is between 2 and 3.

which accounts for
A low D value means a regular and smooth surface
and a higher D value suggests a coarser surface™>.
The D values of the four samples imply that the
surface roughness and pore structural heterogeneity of
the samples increase with the increase in the Fe
content.

Fig.3 shows the pH-{ potential curves of the
samples. The values of { potential of the four samples
decrease with increasing the pH value of the colloid
suspensions. This can be interpreted in terms of the
mechanism of the variable charge generation. With

increasing the pH value of the suspension, the

deprotonation of the hydroxyl groups on sample
surface results in the decrease in the surface charge
and ¢ potential of the samples. With increasing the Fe
content the decrease in the ¢ potential of the four
samples becomes more significant when the pH value
varies from 3 to 9. This can be attributed to the fact
that the charge on montmorillonite surface mainly is

permanent and that on hydroxyiron polymers mainly is

variable®1,
60 A
—a—Mt
40 4 —®—Mt-Fe,
—A—-Mt-Fe,
% 20 - 4 —e—Mt-Fe,
§ 0 - .\
g
& 201
N
40 -
-60

pH value

Fig.3 pH-{ potential curves of the samples

In the pH-{ potential curves the pH value at the
{ potential value of zero is regarded as isoelectric
(IEP).  From Fig.3, the of

hydroxyiron polymers on montmorillonite surface

point modification

increases the TEP value of the samples from < 3 of Mt
to 3.6 of Mt-Fe,, 5.4 of Mt-Fe,, and 6.8 of Mt-Fe;,
respectively. The overlapping of the diffusion layers
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on hydroxyiron polymers and montmorillonite colloid
particles decreases the effective negative surface
charge density on montmorillonite and thus leads to
an increase in the IEP of Mt-Fe,. When the pH value
of colloid suspension is lower than the IEP the zeta
potential on the sample surface is positive, otherwise
negative { potential occurs. At pH=5.0, the surface {
potential value of Mt, Mt-Fe,, Mt-Fe, and Mt-Fe; is —
33.5, -11.7, 9.9 and 33.2 mV, respectively. Clearly,
negative { potential occurs on the surfaces of Mt and
Mt-Fe,, and positive { potential on the surfaces of Mt-
Fe, and Mt-Fe;. These differences in the surface zeta
potential may influence significantly the surface
adsorption properties of the samples, which will be
further discussed in the adsorption properties for Se(V)
by the four samples.
2.2 Se(VD) adsorption by the samples

The isotherm adsorption data for Se (V) by the
samples are shown in Fig.4, and they are fitted using
the classical one-site Langmuir, two-site Langmuir and

Frieundlich models (see Egs.(2)~(4), respectively).

qe = quubcd(1+bc)) (2)
qe = qibicJ(1+bic.) + qabcJ(1+bc,) 3)
qe= ke €)
where ¢. (mg -g™) is the amount for Se (V)

adsorbed and ¢, (mg ‘L ") is the equilibrium

concentration of Se(V) in bulk solution, ¢, (mg-g™)
and b

energy constant

(L mg ™) are the adsorption capacity and
(affinity coefficient) for one-site

Langmuir model, respectively™®\. ¢, and ¢, (mg-g™)

154 = Mt
® Mt-Fe, e
4 Mt-Fe, e °
121 o Mt-Fe,
= ° 4 =
2 o ‘
g .
= A . .
> 64 @ .
A
* - . . .
34 i "
]
L
0 30 60 90 120 150 180 210

¢,/ (mgL")

(adsorbent dose: 2 g-L; temperature: 25 °C; background electro

lyte: 0.02 mol - L™ NaCl; contact time: 24 h; pH=5.0)

Fig4 Adsorption data for Se(V) by the samples

are the adsorption capacities for the high- and low-
energy sites on the surface respectively, and the total
adsorption capacity (g, mg-g™) is quantified as q,+¢,
b, and b,

%627 ],

coefficients in the two-site Langmuir model!

(L »mg ™) are the corresponding affinity

(mg' ™ .L"™.o™) and n (dimensionless) are the
Freundlich constants related to the adsorption capacity
and intensity, respectively®?.

The fitting results of the adsorption data to the
adsorption models are summarized in Table 2. The
apparent affinity constants (b) obtained from one-site
Langmuir model decreases in the order of Mt>Mt-Fe,>
Mt-Fe, >Mt-Fes. According to literatures ™35 the
main functional group on hydroxyiron polymers for
adsorption  anion is  hydroxyl Fe, and on
montmorillonite is hydroxyl Al. Therefore, the results
show that the adsorption affinity for Se(V of hydroxyl
Al is higher than that of hydroxyl Fe. The Se (V)

adsorption capacities

order of Mt-Fe;>Mt-Fe,>Mt-Fe,>Mt, indicating that the

(¢may) of the samples follow the

modification ~ of  hydroxyiron  polymers  on
montmorillonite enhances significantly the adsorption
capacity for Se(V)) onto the samples. The coefficients of
determination (R?) are all higher than 0.960 and they
decrease slightly from 0.993 of Mt to 0.963 of Mt-Fes.
This indicates that one-site Langmuir model is very
suitable to represent Se(V) adsorption onto Mt surface.

The two-site Langmuir model considers that Se(V])
is adsorbed by different energy sites on the surface of
the samples. As for Mt, the two affinity coefficients
are equal (b/b,=1.00) and the adsorption capacities
are very similar (¢,/¢,=0.99). Moreover, the coefficient
of determination for Mt obtained from one-site
Langmuir model is equal to that from the two-site
model (R?=0.993). These results indicate that the two
hypothetical adsorption sites in the two-site model
should be degenerated to one site for pure Mt. The
(q) of Mi-Fe, derived by

model are

total adsorption capacities

two-site  Langmuir larger than the
corresponding ¢,.. obtained by one-site model. As for
every Mt-Fe,, the affinity coefficients for high-energy
sites (b)) are much higher than those for low-energy

sites  (by). The ratios of b, to b, of Mt-Fe, show the
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order of Mt-Fe,>Mt-Fe, =Mt-Fe;. For Mt-Fe,, Mt-Fe,
and Mt-Fes, the adsorption capacities ratio (q./q2)
decreases from 1.53 to 0.94, and to 0.65. It again
indicates that: (1) the high-energy adsorption site for
Se(V) is the hydroxyl Al on montmorillonite and the
low-energy site is the hydroxyl Fe on hydroxyiron
(2) in Mt-Fe, the Se (V) adsorption

capacity of hydroxyiron polymers is much higher than

polymers, and

that of montmorillonite. The ¢ value is an apparent
adsorption capacity under the experimental conditions
and does not necessarily equal to the total amount of
the corresponding sites. The determination coefficient
(R of Mt-Fe, obtained from two-site Langmuir model
(R*=0.992 ~0.996) is higher than that from one-site
model (R?*=0.989~0.963). This indicates that two-site
Langmuir model fits the adsorption data of Mt-Fe,
better than the one-site model.

(k) of the
samples increase in the sequence of Mit<Mi-Fe, <Mt-

The Freundlich adsorption constants

Fe, <Mt-Fes, which is in agreement with that of the
The Freundlich
(n) of the samples

Langmuir adsorption capacities.
adsorption intensity parameters
reduce from 4.36 of Mt to 2.84 of Mt-Fe;. The
sequence of the n value for the four samples is in
agreement with that of the Langmuir adsorption
apparent affinity (b), indicating that the adsorption
affinity for Se (VI decreases with increasing the Fe
content in the samples. The determination coefficient
(R) of Mt obtained from Freundlich model is
relatively low (R?=0.849) and that of Mt-Fe, increases
slightly with increasing the Fe content.

Selanate adsorption properties of adsorbents are
dependent on the surface properties of adsorbents™*",
All the adsorption capacities of Mt-Fe, are higher than

that of pure Mt (Fig.4 and Table 2). This can be

understood by the following reasons. Firstly, the pore
volumes, surface areas, and surface fractal dimension
D of Mt-Fe, are higher than those of Mt (Table 1).
These differences in the surface properties may
contribute to a greater amount of Se(Vl) adsorption onto
Mt-Fe, than onto Mt™*. Secondly, the Mt is provided
with an extremely low IEP (<3.0) and a negative
(-33.5 mV).
Compared to Mt, Mt-Fe, (x=1, 2, 3) have higher IEP
(3.6, 5.4, and 6.8, respectively) and surface ¢ potential
at pH=5.0 (-11.7, 9.9, and 33.2 mV, respectively).

This indicates that the electrostatic repulsion between

surface zeta potential at pH =5.0

Se(V) anions and the surface negative charge of the
samples decreases and even turns gradually into an
electrostatic attraction with increasing the Fe content
in Mt-Fe,. Thirdly, the bonding bridge is a common
adsorption mechanism for anions onto binary and
ternary systems!'””¥. In the colloid suspensions of Mt-
Fe,, Se(Vl) anions may act as a bridge to bond the two
of

polymers. In addition, Se (V) anions adsorption onto

interfaces montmorillonite  and  hydroxyiron

clay minerals has been shown to occur largely through
The
reactive hydroxyl sites of hydroxyiron polymers are
= Al-OH sites

exclusively at

ligand exchange at surface hydroxyl sites P,

8.19 .
B while

spread over its entire surface
on phyllosilicates surface are located
the edges of its crystal structure®”.. This indicates that
the of the
hydroxyiron polymers is greater in comparison with
the of

hydroxyiron polymers in Mt-Fe, is very small, and

density reactive hydroxyl sites on

montmorillonite. particle  size

Finally,

also
contributes to a higher Se(V]) adsorption onto Mt-Fe,".
the

montmorillonite, Mt-Fes-like, has a high adsorption

probably a special nanoscale size-effect

Generally, hydroxyiron  polymers-modified

Table 2 Adsorption model parameters of Se(V) onto the samples.

one-site Langmuir two-site Langmuir Freundlich
Sample
Qo | (mg-g™) b/ (L-mg™) R? g/ (mg-gh  q/q b,/ b, R? k / (mg™m. L g™ n R?
Mt 4.23 0.262 0.993 4.22 0.99 1.00 0.993 1.38 4.36 0.849
Fe-Mt, 7.83 0.117 0.989 9.14 1.53 19.31 0.992 1.66 3.21 0.949
Fe-Mt, 10.38 0.091 0.965 12.05 0.94 15.35 0.997 191 2.96 0.963
Fe-Mt; 14.34 0.085 0.963 16.92 0.65 15.49 0.996 2.55 2.84 0.970
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capacity for Se(V]) and is important to the retention of
Se(V) in soils and sediments.

As for Mt, the main reactive hydroxyl sites are
=AIl-OH groups located exclusively at the edges of
and the surface fractal

(Table 1). This

indicates that the Mt possesses a homogeneous surface

the crystal structure ",

dimension D value is relatively low

with a finite number of identical sites for adsorption
Se(V). Therefore, the adsorption data for Se(V) by the
Mt can be well described using one-site Langmuir
model, meaning that mono-layer mode is an important
adsorption mechanism for Se(V)) onto Mt. For Mt-Fe,,
the main surface sites include the =Fe-OH groups
that originate from hydroxyiron polymers and =Al-OH
groups from montmorillonite. Therefore, two-site
Langmuir model fits the data of Mt-Fe, much better
than the one-site model. Although the Freundlich
determination coefficients (R?) of the four samples are
relatively low, they increase from 0.849 of Mt to 0.970
of Mt-Fe;. This can be attributed to the factors: (1) the
D values of the samples increase with increasing the
content of hydroxyiron polymers, and (2) as for Mt-Fe,
and Mt-Fe;, except for =Al-OH and =Fe-OH groups
the surface positive charge is also an adsorption site
for Se (V. Mt-Fe, possesses a more heterogeneous
surface with various adsorption sites when increasing
the content of hydroxyiron polymers. Therefore, the R*
from Freundlich model of the samples increases in the
order of Mt<Mt-Fe,<Mt-Fe,<Mt-Fe;, which means that
multi-layer adsorption is also a mode of the Se (Vl)
retention onto Mt-Fe,. These results lead to a better
understanding of Se(V) adsorption by hydroxyiron-clay
the

modification of hydroxyiron polymers on clays in soils

associations, and also demonstrate that
and sediments is important to the migration and

bioavailability of environmental Se.
3 Conclusions

The surface properties of Mt are influenced

the

polymers, and the quantities of the effect show a

significantly by modification of hydroxyiron

positive correlation with the content of Fe in Mt-Fe,

(x=1, 2, 3). Compared to Mt, the d  spacing of

montmorillonite in Mt-Fe, is expanded; the porous
structures of Mt-Fe, are greatly improved; and the IEP
and the surface { potential at pH =5.0 increase to
some extent. The Se(V) adsorption data of the samples
can be fitted by one-site Langmuir model and the
determination coefficients (R? of the four samples
show the order of Mt>Mt-Fe,>Mt-Fe,>Mt-Fe;. As for
Mt-Fe,, two-site Langmuir model fits the adsorption
data better than the one-site model. The determination
coefficient (R? obtained from Freundlich model of Mt
is relatively low and that of Mt-Fe, increases slightly
with increasing the content of hydroxyiron polymers.
The Langmuir adsorption capacities (¢, and ¢,) and
Freundlich adsorption capacity constants (k) for Se(V])
by Mt-Fe, are higher than those of Mt. Results in
Mt-Fe,

heterogeneous surface with different types of reactive

present study show that possesses  a

sites and has a high adsorption capacity for Se (V).
Probably,

behaviors are simultaneously involved in the Se (VI)

monolayer and multilayer adsorption

adsorption onto Mt-Fe,.
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