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. Sandia
Sorption and redox on clay surfaces ) e,

» Some metal oxides and clays facilitate

Fe?* bound to
surface hydroxyl —
> Iron is a common clay constituent: traces to groups

surface redox processes [1-4]

up to 30 wt.% [5] Fe?* bound by

» The iron content of a clay affects sorption and ion exchange

redox properties [6] Structural Fe?*

» Electron transfer at edge sites and through

basal surface [7]
Fe(Il) species associated with 2:1 clay

A NAU-1 o
o e
[0} o
_e E(D) / . . . . .
3 / > Reactivity of iron associated with
g 0/ Fe(ll) ~ Fe(lll)
0] _ e
| omo-o-m0=7° clays depends on the local molecular
N ET through ET through
basal planes edge OH-groups
oH > environment

Figure from: Neumann et al., 2013

[1] Oscarson, 1991; [2] Manning and Goldberg, 1997; [3] Lin and Puls, 2000; [4] Hofstetter et. al, 2003; [5] Stucki, 1988; [6] Hofstetter et.al,
2006; [7] Neumann et al., 2013. 4




Redox potential of clay structural Fe (e
Laboratories
Theory Observations
= Fe(Il)/Fe(Ill) in phyllosilicates* E°=0.741-0.707V = Agree with theory:
(annite), 0.710 V (nontronite), 0.647-0.653 V clay str. Fe(Il) reduces Cr(VI) to (IV) and Tc(VII) to (IV).
(phlogopite), and 0.460 V (muscovite) [1] = Disagree with theory:
* Based on E°(Table 1) Fe(Ill) in am-Fe(OH); and (1) clay str. Fe(IT) reduces U(VI) to U(IV);
goethite should oxidize As(IIT)/Sb(III) to (2) Fe(IIT) oxides do not directly oxidize As(III)/Sb(III).
As(V)/Sb(V) = Homogeneous catalysis:

aq. Fe(Il) catalyzes oxidation of As(III)/Sb(Ill) by aq O,.

Fe content and history-dependent redox behavior [5]

Table 1

s

Total Electron Exchanging Capadty

Mediated Electrochemical Reduction 2 A
Cr,0.% + 14H" + 6e- —2Cr** +7H,0 E°=1232V  [2] s
Se0,2 + 4H" + 2¢ — H,SeO; + 20H E°=1.151V  [2] g - ) 3
Fe(OH); (am) + 3H' + ¢ — Fe?*(aq) + 3H,0 E°=0.98 V [3] g R @ @ ::> g
TcO, + 4H* +3e” —TcO, +2H,0 E°=0782V  [2] °F ) = Te
Fe™(aq) + ¢ — Fe?*(aq) E° =071V [2] o R i » »
a-FeOOH (goethite) + 3H" + e — Fe?(aq) + 2H,0 E°=0.77 V [3] g o %
Sb(OH), + 3H" + 2¢- —Sb(OH); + 3H,0 E°=0.76 V [3] o B &
H;AsO, + 2H* + 2e- — HAsO, + 2H,0 E°=0.560 V [2] TH B
U0, + 4H* +2¢” —»U* + 2H,0 E°=0327V  [2] m’ E : %

QJ c
< s £
s v .

Mediated Electrochemical Oxidation A init. redox state, mineral

* estimated using crystal field theory; Figure from: Gorski et al., 2012
[1] Amonette, 2002; [2] Lide, 2006; [3] Wilson et al., 2010; [4]
Amstaetter et al., 2010; [5] Gorski et al., 2012




. . . Sandia
Redox reactions between Arsenic/ Antimony and i) Netonal
NAu-1 nontronite clay

Nontronite with adsorbed As

Goal: To investigate the ability of the structural Fe(I1I)/Fe(III) to
reduce/oxidize As(V)/As(III) and Sb(V)/Sb(III)




Experiment design: substrates
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Source clay

kaolinite KGa-1b* nontronite NAu-1*

Special clay

ALY 3

!

Carbonates removed CH,COONH,/CH;COOH buffer

Synthetic hydrous
aluminium oxide Al(OH),
CONTROL

2

jr ®oazar :‘-i

)

12.82 mM AI(NO,), titrated
with 1 M NaOH to pH 8.9

.1

~24 wt.% Fe(lll) ~19 wt.% Fe(lll)
~5 wt.% Fe(ll)

NAu-1 reduced/re-oxidized
Procedure from Stucki et al., 1984 [1]

Background electrolyte
0.01 M NaCl

* Natural clay from Clay Mineral Society Repository
[1] Stucki, J. et al. (1984) Clays and Clay Minerals 32, 191




As/Sb speciation analysis

APS, Argonne Natlonal Lab

Ionization Chambers

Electron Storage Ring ki ﬁ’ - Al foil

o]

Sample

Monochromator :
Calibrating
standard

EXAFS spectroscopy instrumental setup [1]

XAS:

® Element specific

® Oxidation state measurement

® Local atomic structure information
*® Low detection limit (~100 ppm)

Sandia
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Laboratories

liquid chromatograph
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Results: XAS study ) s,

Laboratories
ANOXIC OXIC
As(IlT) As(V) As(III) As(V)

As(V) HAO
As(V) Nontronite

Na arsenate

As(V) Red. Nont. As(V) HAO

Na arsenate As(ITI) Red. Nont.

As(IIT) Red. Nont.

As(IIT) Nontronite

As(IIT) Nontronite : c
As(ITT) HAO i\ As(I1I) Kaolinite

Na arsenite As(IIT) HAO
Na arsenite

Deriv. of Norm p(E)

11860 11865 11870 11875 11880 11860 11864 11868 11872 11876 11880

E(eV) E(eV)
v'As(IIl) no oxidation by the str. Fe(III) v'As(III) oxidation in reduced, but not in
v'"Minor oxidation in reduced NAu-1 system oxidized NAu-1 systems!
v'As (V) no reduction by reduced NAu-1 v'As(III) oxidation in KGa-1b system

9




As(III) oxidation, low concentration study ) S,

12 - -
» As(IIl) + oxidized and reduced
10 - nontronite (oxic and anoxic conditions)
£
S | . .
s E » At ~ 24 hours max oxidation & uptake
-
g ~100% oxidation in RN+O,
o ~70% oxidation in RN+N,
g . »Sorption is not the rate limiting step
1,600 1000
<{ Red.Nont. N2
] O Red.Nont. 02
1,200 1200 o .
3 'E-__ ¢ Nontronite O2
S 800 S 800 © o
] < o
5 o
< 400
400 A0
o
0l 0 : : '
0 400 800 1200 1600
As(ll), ppb

10
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Summary: O, is not the only oxidant Lf

»maximum O, in the anaerobic chamber =1 ppm
»aqueous O, < 1.3 nM
»maximum [ As(V) ] =13.8 uM

—> Dissolved oxygen could not be the primary oxidant

NAu-1:  M*4 o5[Sig ggAl1.02][Alg20F €3 65M0.041020(OH), [2]
# of moles of Fe(lll) ~1.7-10-3
# of moles of As 21-10°
no other likely oxidants in the system

m=) As(lIl) was oxidized by the structural Fe(lll) in reduced NAu-1

=) As(lll) was not oxidized by oxidized NAu-1
Some Fe(ll) is required for this reaction

[1] Linstrom, P. and W. Mallard , 2005; [2] Keeling, J., M. Raven, and W. Gates, 2000 11




Results: re-reduction of As(V), As(III)/Fe(II) correlation

h
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Reduced NAu-1, N, Reduced NAu-1, O, Oxidized NAu-1, O,
- 1.0 05 E.j 105 010 " T T 0
r 08 o 04 A 1 04 1 }"—
- 2 - ; 09
2 ” s 2 I5 L 7B
° 06 < %0.3- 103 % «E 2
= s 2 ||l ® B\E\i < | = P08 <
5 ! = E\ 02 T T 02 E a E\
= 02 < E 0.1 — ______________________ + 0.1 z; E it 07%
0.0 00 M- 0.0 0.00 - : 0.6
0 150 300 450 600 750 0 150 300 450 600 750 0 150 300 450 600 750
time, hours time, hours time, hours
< red.NAu-1,N,
b[‘?.‘fﬂ’..(.)j 0.5 - C red NAw-1Oy | 10 -
---------- “'r A A A A A A
- oal @ g o LA NAuwloO, 09 -
e .-~ "Red.NAu-1,N, ’ -~ O
o = & Q 0.8 1 &
= 2 0.3 1 o < o 0 a
i) o o o = 0.7 A o <&
S S 021 = 06 - o
< % o H e 9 @
_ = 0.1 1 i
Rfﬂ._[i&l 1,0, AA A a A A 0.5
.......... 0.0 T T 1 0.4 T T T 1
' ' ' 1 1 1 1 1 0.1 1 10 100 1000
400 600 800 0 0 00 000
time, hrs log(time) log(time)
12




Results: reduction of As(V) by Fe(II) ) .

11 oD Nont-O, >Slow reduction
As(V) Nont.N, » As increase over time
0.8 As(III) Red.Nont.N, is similar for 4 systems
o 9
3
§ <— As(V) Red.Nont.N, >2 exceptions:
= 0.6 - As(V) Kaol.N, -low initial As(V)
S ~high initial Fe(II)
w
§ 0.4 -
% Uptake
~ 0.2 -
O As(IIT) Red.Nont.O 0
(I1) 2| 43%
0 - T 1 g 30
0 300 1000 2 20 o
time, hours S 5 7|3 I/o
A , — 2 (88%
Reduction rate is slow and is similar e a0 s 300
to homogeneous reduction rate [1] Time, hirs
| -& Nont ©-Kaol B RedNont|

[1] Bose and Sharma, 2002 13




Results: Sb redox in low concentration experiments

>0, atm

significant oxidation of Sb(III)=>Sb(V) in the presence of kaolinite, reduced and
oxidized nontronite. Reduced nontronite was the most reactive. Overall trend:
Reduced nontronite pH 5.5>nontronite pH 5.5>kaolinite pH 8> kaolinite pH 5.5

> No evidence of re-reduction reaction

>N, atm
Relatively low oxidation, most advanced in the presence of reduced nontronite.
o —&—- KGa-1b,N,
Lo @«:\—\—:g‘“‘“‘“‘“'"X DO
...... A\ NAu-1,N,
205 A
a ...... A ..... N Au-l,Oz
- =
S 0.0 - A AL
= —M— redNAu-1,0,
& -0.5
1.0 1 .\' -
15 ' | I I
; 200 400 600 800

Time, hours
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Proposed model i) o

Laboratories

A.G. llgen et al. / Geochimica et Cosmochimica Acta 94 (2012) 128-145

Step 2: Oxidation of As(lIl) to As(V)
HsAsO, + [Fe,0,] H3AsO, + 2[Fe0]

Step 1: Adsorption of As{lll)

As(ll)

4

Step 3: Desorption of As(V) and release of Fe{ll)
As(V)aq| Fe(ll)ag

L

Step 4: Homogeneous reduction of As(V) to As(lI1) by Fe(ll)

H,As0,aq + 2Fe(OH),aq->H,As0,aq +Fe,0,s

»As(V) is reduced back to As(IIl) by aqueous/adsorbed Fe(II)
»Sb(V) remains in oxidized form [no Sb(V) reduction by Fe(II)] 15



® o ° Sandia
a Similar observations i) tetona
As(V) As(lll)
¥
Foy  Folll Aﬂm »Mechanism not fully understood:
@ o Amstaetter et al., 2010:

Fe(II) added to anoxic system with goethite

0

mm‘c?\ Fe(ll C . Cy L.

sl rredil initiates As(II1) oxidation by unknown Fe(III)
Figure from Amstaetter et al., 2010

Environ. Sci. Technol. 2010, 44, 102-108 phase'

Our study: some structural Fe(II) is required for oxidation of
As(III) /Sb(III), but surface is passivated with time.

As(lll) As(V)
Reactive surface Passivated surface

SR
: N
2e Fe(ll)aa ™ Fe(lll)

Fe(ll)-Fe(ill) moieties Fe(lll)-Fe(lll) moieties

16
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Unknowns e Sandia

What is the mechanism of Fe(III) activation in two different systems:
(1) In goethite system with added aqueous Fe(II)
(2) In partially reduced nontronite system

What is the mechanism of surface passivation?
How does reactivity of clay structural iron changes as a function of Fe(II)/Fe(IlI) ratio?

Fundamentally - what are the differences in the net free energy, and, therefore, in the potential for
electron transfer for Fe in various molecular environments associated with clay mineral?

Hypotheses

Fe(11I)

r\ Fe(1l)

= Fe(Ill) in Fe(IT)-O-Fe(IlI) moiety is the oxidant, while in the  pem)
Fe(II1)-O-Fe(III) moiety, Fe(IIl) is not reactive. Fo(ll
€
= Surface is passivated due to reactive Fe(Il)-O-Fe(Ill) site being
blocked by
= oxidized species of adsorbent, or

= precipitation of Fe(IIl) oxide. Fe(I1I)
Fe(Il)
17
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Reactivity of synthetic Fe-phyllosilicate ) o,

Composition of NAu-1

sio, TiO, ALO, Fe, 0, MgO CaO0 Na,0 K,0 Total,
We % Wt % Wt % Wt % Wt. % Wt. % Wt. % Wt. % %

51.36 0.02 8.15 35.94 0.19 3.97 0.03 0.01 99.5

From Keeling et al., 2000

» Tiimpurities catalyze As(IIl) oxidation by aqueous O, [1]

Goals

» Synthesize pure Fe clays;

» Test reactivity of structural Fe(IlI)/Fe(II);

» Compare to the reactivity of natural Fe-rich
clay minerals.

[1] Foster et al., 1998 18




Hydrothermal Synthesis of Fe Smectite L

Suspension made with Sodium Hydroxide,
Silicic acid, Ferrous Sulfate, and Sodium
Dithionite

Suspension washed and centrifuged. Clay
aged for 24 hours in 1 M NaCl solution

Clay dried and ground

Sandia
National
Laboratories

Suspension placed in Parr vessels and aged at
150°C for 50 hours

Clay washed, and dialyzed for 96 hours
in deionized water

Average yield is 0.6
gram from 200 mL
suspension

Procedure modified from Xiang and Villemure (1995)
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XRD characterization i) Natora

1400 -

1200

1000
Svn. Fe clay

800

Intensity

600

400

200

0 I I I I I 1 I 1
4 14 24 34 44 54 64 74

2 theta

» Similar structure
» Synthetic clay has lower degree of crystallinity
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XRD characterization i) Natona

400 ¥ —NAu-1
350 - ! —syn. Fe clay » 060 peak: Scan from 58-78 °20
300 !
250 : Calculated d-spacing:
£ 20 » NAu-1=15226A o
£ 150 - > Synthetic Clay =1.5414 A
100 -
50 - » Larger d-spacing in synthetic clay
0 indicates trioctahedral structure
57 59 61 63 65 67
2 theta
TGA characterization
\M\ » Temperature of main
o : dehydroxylation peak
2
: S ! AN of 400-500 °C is
§ ‘\\ § E \ char;cte?istic for
! nontronite
| ~417 °C \

Temperature Temperature




SEM characterization ) e

Laboratories

» Similar size distribution
and morphology

\ HFW D > — 100 pm
3:06:57 PM | 4.50kV | 13 pA | 512 uym | 4.0 mm | ETD Magellan

» Agglomeration

HV curr HF det | mode
11:19:15AM | 4.50kV | 13 pA | 512 pym | 4.1mm | TLD | SE




SEM characterization (7)o

Laboratories

Syn. Fe clay =

9/5/2013 HV curr HFW WD det | mode ti\t‘ 9/5/2013 5\ curr HFW WD mode | tit |
2:56:38PM | 4.50kV | 13pA | 10.2pym | 4.0mm | ETD | SE 0°‘ 2:00:05PM | 4.50kV | 13 pA | 10.2 ym | 4.9 mm SE |0° ] Magellan

3 ; Y el

.

%2 9/5/2013 HV curr HFW WD det | mode ti\t‘ — 500 nm ———— %: 9/5/2013 HV curr HFW WD det | mode | tilt
° | 3:03:41PM | 4.50 kv 13 pA | 256 pm | 4.0mm |ETD | SE |0° Magellan ° | 12:05:57 PM | 4.50 kV 13pA | 2.56um | 40mm | ETD | SE |0° Magellan
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Sorption experiment ) e,

Selenium uptake Arsenic uptake
= 800 - 800 -
B 700 - o > 700 - o
£ 600 - S 600 - 4
£ 500 - %_: 500 -
£ 400 - E 400 -
5 300 - . £ 300 -
= 200 - ¢ Syn. Feclay 2 200 - + Syn. Feclay
Z 100 - * ONAu-1 =
g = 100 - ﬁ ONAu-1
n 0 ' T T 1 "&" 0 : : |
0 0.5 1 1.5 0 0.5 1 15
Se(IV), ppm As(lll), mM

600 - 1000 -
5 5
5 200 - * = 800 - E
B W
g 300 - g
ﬁ O ﬁ 400 - # 5yn. Fe
3200 ) & Syn. Feclay E clay
S 100 - > 200 - ONAu-1
“a" ONAu-1 &
v U m T T 1 D _‘ T T 1

0 0.5 1 15 0 0.5 1 1.5
Se(Vl), ppm As(V), mM




of normalized xulE)

ivative

smoothed der

K7 (k)

Comparison between As(Ill) and Se(IV) oxidation in the
presence of oxidized and partially reduced NAu-1

all_As all_Se
T T T T T T T T T T T T
AS — MNa2HAs4_as_kanes. 0~ Se — Na2Sel3_Sed PO
=
- es.001 B o — NaZSe04 Sef.P01
10:‘: — NO_Se IV_merge
2 ]
E =l L =]
SR
G
i
2
ks
z o
Iy
el
-
2
o
g o
n
L ' 1 L ' ' L 1 ' L ' ' | L L n n 1 n n L L L L L L L L L L ' | ' L L L | L
11880 11870 11880 11850 12650 12660 12670 12680
E (V) E (V)
NO_Se VI _se_xafs NO_Se_ Wl_se_xafs
T T T T T T T T T T .‘{
2 o : Se: h 1
- e: outer-sphere complex

he(RY (&7

—10

25



Preliminary results on the reactivity of synthetic Fe clay

Batch reactors: 3 Arsenic () e N
> 50 g/l clay suspension density PR v e e
. J 25 4 e - ol wn.Fe clay -
» Partial reduction of both NAu-1 and e ¢ reduced
L 2
Synthetic clay g
. o, e — 15
» Oxic conditions = - -
o ey . [ _ -
» As(Ill) initial concentration 3.8 ppm < T g~
» Cr(III) initial concentration 3.0 ppm °
I:I T T 1
0.1 1 10 100 1000
Time, hours
NAU-1 Chromium Arsenic (V)
30 0.7 =#= NAu-1-
- reduced
25 ol 06 L
£ -~ / == Syn. Fe clay -
%2.0 E ",.' £ 05 A / \ reduced
g‘ 15 ”," o 04 7 \
5 10 ,"’ “:_:.:,:,_3 / ’,-*\\\
os 1 " ':"’ _____ < 0.2 - 3 5“'” “‘.‘\
2o e . . = . ~ v
0 5 10 15 20 25 30 0.1 7 -
Time, hours a0 .Ih ,
0.1 1 10 100 1000
= = MAY-1-oxidized == NAu-1-reduced == Control -
Time, hours

» Synthetic Fe clay: ~60% As uptake NAu-
1 clay ~25% As uptake
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» Continue testing hypothesis: “Partial reduction of structural Fe(IlI) to Fe(II)
makes nontronite clay an effective oxidant due to formation of reactive
Fe(II)-O-Fe(IlI) moieties within octahedral clay sheet”.

» Test reactivity of Fe(IIl) in the Fe(II)-O-
Fragment of smectite di-octahedral sheet Fe(IH) moieties using various “ probes”
- As, Se, Sb, and Cr.

Full : : : C .
Vd;ﬁon » Quantify the direction and kinetics of

electron transfer between clay surface
and the “probes”.

Partial
reduction

» Determine how nontronite surface is
passivated: does structural Fe dissolve
and re-precipitate as Fe-oxide?




