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ABSTRACT

In the present work, three metal (oxyhydr)oxides, i.e. 2-line ferrihydrite (FeOOH), bayerite
(B-Al(OH)3), and hausmannite (MnzO,), were prepared and then employed as adsorbents for
As(V) in aqueous solution. Both adsorption equilibrium and kinetics of As(V) have been
investigated via batch experiments. The adsorption equilibrium results indicated that all
adsorption data follow the Langmuir equation with maximum adsorption capacities of 28.57,
14.29, and 1.00 mg g71 for FeOOH, B-Al(OH)3;, and Mn3Oy, respectively. It was found that the
pseudo-second-order kinetic equation is capable of fitting these kinetic data well with correla-
tion coefficients (R®) greater than 0.98. The effects of co-occurring anions, both phosphate
(PO}") and sulfate (SO27), were shown to reduce As(V) uptake, whereas calcium ion (Ca**)
was found to enhance As(V) adsorption. This work can extend our understanding of equilib-

rium and kinetic behaviors of As(V) adsorption on typical metal (oxyhydr)oxides.
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1. Introduction

The mobility, reactivity, bioavailability, and toxic-
ity of trace inorganic contaminants, such as arsenic, in
the natural aqueous systems are closely correlated to
the sediments consisted of various metal (oxyhydr)
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oxides [1-4]. Arsenic uptake by various adsorbents
has been extensively studied over the last several dec-
ades [5-10]. Of these adsorbents, metal (oxyhydr)oxi-
des including iron-[1,3,11-14], aluminum-[15-18], and
manganese-[19-21] (oxyhydr)oxides have attracted
much attention because of their specific affinity to
arsenic. Iron- and aluminum-(oxy)hydroxides were
found to be very efficient in the uptake of As(V) [22].
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It was also reported that manganese oxide can
effectively oxidize As(IIl) to As(V) and then sequester
As(V) by adsorption [23,24].

Among these studies, some conflicting results
regarding either adsorption equilibrium or kinetics are
confusing. For example, Pierce and Moore [1] studied
the adsorption isotherms of arsenic on amorphous
iron hydroxides and found that these adsorption iso-
therms obeyed the Langmuir model at low initial
arsenic concentrations, but followed linear equation at
high concentrations. It was also reported that the equi-
librium adsorption of As(V) on ferrihydrite complied
with the Langmuir equation at pH 4.6, but followed
the Freundlich equation at pH 9.2 [25]. Additionally,
there has been a lot of debate on As(V) adsorption
kinetic models on metal oxyhydroxides. For instance,
it is reported that the kinetic data of As(V) adsorption
on ferrihydrite followed the pore-space diffusion
model [11]. It is also, however, found that the kinetic
data of As(V) adsorption on ferrihydrite agreed with
the parabolic diffusion model [25]. On the other hand,
direct comparison of As(V) adsorption on iron-, alumi-
num-, and manganese-(oxyhydr)oxides under the
same condition is necessary, especially the adsorption
equilibrium and Kkinetic properties, to clarify the
above-mentioned contradictions in previous studies.
However, litter information on this can be found in
the literature. It is, therefore, obliged to re-evaluate
both the equilibrium and the kinetics of As(V) adsorp-
tion on metal (oxyhydr)oxides.

Here, As(V) adsorption equilibrium, as well as
kinetics of iron-, aluminum-, and manganese-(oxy-
hydr)oxides, has been investigated via batch experi-
ments. The equilibrium data were fitted with both the
Langmuir and the Freundlich equations. A versatile
kinetic model, namely the pseudo-second-order rate
model was employed to fit the kinetic data. In addi-
tion, the effects of pH and co-occurring species, such
as phosphate, sulfate, and calcium ion on As(V)
adsorption, were also evaluated. The findings in this
work can extend our understanding in equilibrium as
well as the kinetic behaviors of As(V) adsorption on
metal (oxyhydr)oxides.

2. Materials and methods
2.1. Chemicals

ACS-grade sodium arsenate dibasic heptahydrate
(Na,HAsO,7H,0) was purchased from Sigma-Aldrich
and used as received. All other reagents (analytical
grade) were obtained from Sinopharm Chemical
Reagent Co., Ltd, and used without any further purifi-
cation. Water used was double-deionized water (DD
H,0) passed through a MILLI-Q system.

2.2. Synthesis and characterization of metal (oxyhydr)
oxides

Iron oxyhydroxide was prepared following the
method from literature [26] with minor changes.
Briefly, NaOH (0.2 M) was added to a solution of Fe
(NO3)-9H,O (0.375M) using a peristaltic pump in air
at 2908 +1K. The reaction was interrupted until the
desired experimental pH (e.g. 8.0) was attained. The
resultant suspensions were sealed and further aged
for 16h at 298 + 1K prior to washing with DD H,O
for at least 10 times, followed by filtration and drying
at 313K for 4h. Aluminum hydroxide was synthe-
sized following the same procedure as described
above. Manganese oxide was prepared by addition of
concentrated H,O, (ImL) to 0.06M MnSO4H,O
(20mL) prior to further addition of 0.2M NH,OH
(6mL). The suspension was magnetically stirred
before aging at 368 K for 6h, followed by cooling to
room temperature, washing with DD H,O for 10
times, filtration, and drying at 313K for 4h. All syn-
thetic materials were ground and passed 100-mesh
sieve prior to use.

X-ray diffraction (XRD) analysis was conducted
using a SHIMADZU XRD-6100 diffractmeter at a volt-
age of 40kV and a current of 30 mA with Cu-Ka radi-
ation, and the XRD patterns were presented in Fig. 1
The zeta potential ({) profiles of the adsorbents mea-
sured at 298K using a Zeta Meter (Zetasizer Nano
7590, Malvern) and the results were shown in Fig. 2.
The zeta potential analysis procedure was depicted
elsewhere [27] with a replacement of 0.01M NaCl
solution with 0.1 M NaCl ion-strength solution.

2.3. Adsorption tests

As(V) stock solutions (1,000mgL™", eq. 3.21 mM
As(V)) were prepared using ACS-grade Na,HA-
sO47H,0O and diluted as needed. All adsorption tests
were done at 298 + 1K with a dose of 1gL™" unless
otherwise specified. Adsorption envelopes of As(V)
were obtained in 0.1 M NaCl via batch experiments.
The initial pH values of individual suspensions were
adjusted to certain values in the range of 3-11 using
dilute HCI and NaOH, and all suspensions were
allowed to react for 24h on a reciprocating shaker
before filtration with 0.45um membrane and then
analysis of As(V). Adsorption equilibrium experiments
were conducted following the same batch experiment
procedure as depicted in our previous study [13].
Adsorption kinetic tests were implemented using the
procedure described elsewhere [27]. Effects of co-
occurring anions (e.g. SO; , PO;”) and counterion
(e.g. Ca®) on As(V) uptake were explored by addition
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Fig. 1. XRD patterns of synthetic (a) ferrihydrite, (b) bayerite,
and (c) hausmannite.

of various concentrations of ions (e.g. SO3~, PO}~ and
Ca”") into the suspensions with an initial As(V) con-
centration of 0.4mgL™" (1.28 uM). The initial pHs of
these suspensions with co-occurring ions were
adjusted to 6.0 =0.1 by dilute HCl and NaOH. All sus-
pensions were allowed to react, filter, and analysis as
described above.
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Fig. 2. Zeta potential ({) profiles of ferrihydrite (FeOOH),
bayerite (B-Al(OH)3), and hausmannite (MnzO,) vs. pH in
0.1 M NaCl solution (a) without As(V) and (b) with 1 ppm
(4.25 uM) As(V) at 298 +1K.

2.4. Arsenate analysis

Arsenate analysis was measured on an AFS-200
atomic fluorescence spectrometer (AFS, Jiangsu
Skyray Instrument Co., China) following the hydride-
generation atomic fluorescence spectrometry (HG-AFS)
procedure [28].
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3. Results and discussion
3.1. Properties of Metal (oxyhydr)oxides

The synthetic metal (oxyhydr)oxides are 2-line
ferrihydrite (FeOOH), bayerite (B-Al(OH);, JCPDS
#03-0156), and hausmannite (Mn3O,4, JCPDS #24-0734),
respectively, as verified by XRD (Fig. 1). The two
broad diffraction peaks centered at 26 ~ 34° and 61°
indicate that FeOOH was poorly crystallized (Fig. 1(a))
[2,29]. Both of the other two metal (oxyhydr)oxides
were, however, well crystallized as indicated by their
XRD patterns (Fig. 1(b) and (c)).

Fig. 2 shows the { profiles of FeOOH, p-AI(OH);,
and Mn;O4 as a function of pH in 0.1 M NaCl solu-
tion. In the absence of As(V), FFOOH was negatively
charged with pH increasing from 2 to 11, followed by
Mn;O, and B-AI(OH);. The point of zero charge
(pHpzc) of FeOOH, B-Al(OH);, and Mn;O, are ~5.9,
6.7, and 6.3, respectively, in general accordance with
previous studies [30,31]. However, in the presence of
1mgL™" As(V), the pHpyc of all oxides shifted to
more acidic, resulting in new pHpyzc values of ~5.2,
6.3, and 5.7, respectively. This was attributable to the
strong complexation of As(V) onto the surface of these
metal (oxyhydr)oxides, which can consequently shift
the pHpzc and { profiles [1,30,32,33].

3.2. Arsenate uptake envelopes

As shown in Fig. 3, the uptake envelopes of As(V)
(initial [As(V)]=4.0mgL™") indicated that over 96% of
As(V) was adsorbed by either FeOOH or B-Al(OH); in
pH 2-9, and ~95% of As(V) was sequestered by
MnzO;4 in pH 2-8. The relatively strong adsorption of
As(V) in the presence of 0.1 M NaCl suggests that As
(V) complexed with these metal (oxyhydr)oxides to
form an inner-sphere structure in pH 2-8 [25]. Com-
parison of these uptake envelopes indicated that As
(V) adsorption began to decline above pH 6.5 for all
adsorbents. This is attributed to the Coulombic repul-
sion between the negatively charged adsorbents and
the As(V) species. At pH above 6.5, all adsorbents
were negatively charged as indicated in the { profiles.
Meanwhile, the dominant As(V) species would trans-
form from HAsO; to HAsOj with increasing pH
above 6.5, leading to a further decrease in As(V)
uptake [34-36].

3.3. Arsenate equilibrium adsorption

The As(V) adsorption isotherms of three adsor-
bents are shown in Fig. 4. It was noted that all adsorp-
tion isotherms show a favorable type of adsorption,
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Fig. 3. Uptake envelopes of As(V) by ferrihydrite (FeOOH),
bayerite (B-Al(OH)3), and hausmannite (MnzO,4) in 0.1M
NaCl solution upon 24 h reaction at 298 + 1 K (initial As
(V): 0.4 mg L™, eq. 1.28 uM).

suggesting that As(V) was retained by strong
complexation rather than by purely electrostatic
adsorption [1]. As shown in Fig. 4, FeFOOH shows a
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Fig. 4. Adsorption isotherms of As(V) by ferrihydrite
(FeOOH), bayerite (B-Al(OH)3), and hausmannite (MnzO,) in
0.1M NaCl at 298 +1 K. Inset is As(V) adsorption isotherms
in the C, (mg L™ rang of 0-2.00 and their linear fits.
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much better performance in adsorption of As(V), fol-
lowed by B-AI(OH); and then Mn;O,. In general, the
density of available adsorption sites plays a crucial
role in As(V) uptake, ie. lower As(V) uptake is
believed to significantly attribute to the lower density
of available adsorption sites of the adsorbents. It has
shown that ferrihydrite has a very large surface area
and a great amount of available adsorption sites,
allowing it to be one of the most efficient adsorbents
for aquatic As(V) [1,3,25,26,37]. However, the surface
of B-AI(OH); is relatively inert to adsorb As(V),
because the two surface structural AI** are doubly
coordinated by the OH  groups at the crystal edges,
reducing their availability of ligand exchange with
other species [17,38]. Mn;O, with the least As(V)
adsorption capacity is believed to be the most stable
state in all manganese oxides [39]; as a consequence,
its surface is inactive for retaining As(V).

Both the Langmuir (Eq. (1)) and the Freundlich
(Eq. (2)) equations were employed to fit the adsorption
equilibrium data (Fig. 4), and the fitting parameters
were obtained by nonlinear least-squares regression
analysis and summarized in Table 1.

mCe
Qe - bQ+ C (1)
Q. = KeC: @

where Q. is the arsenic adsorption capacity, defined
as the micrograms of arsenic removed at equilibrium
per gram of adsorbents added (in mg As(V) g!
adsorbent), C, is the equilibrium arsenic concentration
in mgL™", Q,, and b are the Langmuir fitting constants
corresponding to the maximum adsorption capacity
(MAC) (mgg ") and the binding constant (Lmg '),
respectively, and both Kg and n are Freundlich fitting
constants. As shown in Table 1, all the correlation
coefficients (R? calculated with the Langmuir
equation are greater than those with the Freundlich
equation, implying that the Langmuir model is better

Table 1

to fit the adsorption equilibrium data rather than the
Freundlich model. All the n values are in the range of
1-10 (Table 1), which is a typical threshold showing
that the As(V) adsorption are preferential processes
and occurred spontaneously for all adsorbents [40].
The MAC of FeOOH, as calculated with the Langmuir
equation, is 28.57 mg g™ (91.56 uM g~ '), which is much
greater than previously reported value of 2.66 mgg™"
for As(V) adsorption on hydrous ferric oxide (HFO)
[3]. This discrepancy is probably attributed to the dif-
ference in the adsorbent/solution ratio, i.e. the ratio in
our case is 33 times greater than that in the literature
[3]. The calculated MACs of B-AI(OH); and Mn30, are
1429mgg ' and 1.00mgg ' (eq. 45.77uMg ' and
3.22uM g "), respectively. It is reported that the fresh-
made B-Al(OH); have MACs of 991uMg ' and
702uM g~ for As(V) at pH 5 and 8, respectively [38],
which are much greater than that in our case. The
main reason for this lower MAC of B-Al(OH);, seems
to derive from the drying process of the fresh-made
B-AI(OH); at 373K, which consequently reduces the
surface area and hence the amount of the available
adsorption sites for As(V). Because hausmannite is
one of the most unreactive manganese oxide species
[41], the lower MAC for As(V) of synthetic hausman-
nite (Mn3O,) in the present study (ie. 1.00mgg ")
would be reasonable from this perspective. To
enhance the adsorption capacity for As(V), nanosized
Mn;0O, (~25nm) has been prepared and evaluated by
Parsons et al. [42] However, the nanosized MnzO,
showed a MAC of 212.0ugg ' for As(V) at the given
pH, only one-fifth of the MAC in this study.
Moreover, the stability and recovery of nanosized
Mn;O, remain to be challenging issues from a
practical point of view.

It is noted that As(V) uptakes were linearly depen-
dent on the equilibrium As(V) concentration (C.) in
the range of 0-2.0mgL™" for all adsorbents (see the
inset of Fig. 4). This linear relationship may be useful
in determination the optimum adsorbent/solution
ratio with a known As(V) concentration [43]. Similar
linear dependence had been observed in As(III)

Fitting data of both the Langmuir and the Freundlich equations for adsorption of As(V) by FeOOH, B-Al(OH);, and

Mn;O4 in 0.1 M NaCl at 298 + 1 K (initial pH 6.0 £ 0.1)

Langmuir Freundlich
Adsorbent b (L mg_l) Om (mg g_l) R? Kg n R?
FeOOH 2.14 28.57 0.989 99.23 1.59 0.956
B-Al(OH); 2.36 14.29 0.992 83.97 1.79 0.968
Mn;0, 0.20 1.00 0.995 136.61 2.18 0.976
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adsorption on river sediments [4], and As(V) adsorp-
tion on Fe-based adsorbents systems [1,43].

All the adsorbents are particulate in shape, and
hence probably cause hydraulic problems for the
column-mode study of As(V) uptake. The column-
mode study is widely adopted for practical operation
and regeneration of the spent adsorbents for repeated
utilization. However, it should be feasible and
necessary to either embed the adsorbents to
biopolymer gels [44,45] or load them onto porous
supports [7-10] before the column-mode study in the
future.

3.4. Arsenate adsorption kinetics

Adsorption kinetics experiments (Co=0.67 mgL™")
were performed in 0.1M NaCl solutions with pH
6.1+0.1 and the results were presented in Fig. 5. In
each case, the remaining As(V) concentration decreased
rapidly in the first 2h and then declined gradually over
the next 8h. These processes are the typical rapid
adsorption—slow adsorption process. The duration of
either rapid or slow adsorption processes is dependent
on many factors, including pH, the initial As(V) con-
centration, the affinity of the adsorbents, the surface
area of the adsorbents, the adsorbent/solution ratio,
etc. For example, with an adsorbent/solution ratio of
2gL™", the rapid adsorption process achieved in the
first 0.5h has been observed for As(V) adsorption by
FeOOH at pH 9.2 [25]. It is also reported that the fresh
ferrihydrite (FeOOH) with high surface area has a
rapid adsorption of 5 min toward As(V) [11]. Aging of
fresh ferrihydrite would reduce its surface area and
eventually affect the rapid adsorption kinetic [37].
When using ferrihydrite aged at 313K for 4 h as adsor-
bent for As(V), it shows that the rapid adsorption of As
(V) lasted for 2 h in this study, which confirms the pre-
vious observation [11,37]. Rapid adsorption of As(V)
by nanosized Mn;O, in 5min was also observed [42],
which is much faster than the Mn3O,4 adsorbent (~2 h)
used here.

The adsorption kinetic data were fitted with the
pseudo-second-order kinetic equations as listed in
Egs. (3) and (4) [46]:

Q2
Q= m 3)
12 @

0 ke 0.

where Q. is the equilibrium adsorption capacity in
mgg !, Q; (mgg ") is the adsorption capacity at time t,
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Fig. 5. Kinetic curves of As(V) adsorption by ferrihydrite
(FeOOH), bayerite (B-Al(OH);), and hausmannite (MnzOy)
in 0.1M NaCl at 298+ 1K. (@) Q¢ ~ t; (b) t Q¢ ' ~ ¢t (initial
[As(V)]: 0.67mgL71, eq. 8.84uM). All initial pH values
were adjusted to 6.0 0.1 with dilute HCl and NaOH.

and f is contacting time in min, k, is the pseudo-
second-order rate constant in g mg ' min~'. Q, was cal-
culated by Q,=(Co—Cp) x V/M, where C, is the initial
As(V) concentration in mg LY C, is the As(V) concen-
tration at time ¢, V is the volume of the suspension in
mL, and M is the mass of adsorbent added (g).
Fig. 5(b) shows the plots of t Q;" vs. t to determine
Q... as well as the correlation coefficient values (R?) of
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Table 2

Fitting parameters from the pseudo-second-order rate equation for adsorption of As(V) by FeOOH, B-Al(OH);, and

Mn;Oy in 0.1 M NaCl at 298 + 1K (initial pH 6.0 =0.1)

Fitting parameters from pseudo-second-order kinetic model

Adsorbent k, (g mg™" min™") Qi —10n (mg g™ Qec (mg g™ R?

FeOOH 0.129 0.59 0.60 0.987
B-Al(OH); 0.091 0.54 0.56 0.991
Mn;0, 0.085 0.43 0.45 0.989

these adsorbents. The fitting parameters were summa-
rized in Table 2. The correlation coefficients (R?) of all
adsorbents are greater than 0.98, indicating that the
pseudo-second-order kinetic model can well fit all
kinetic data. The adsorption capacities at 10 h reaction

(Qt=10n) were almost equal to the calculated values
(Qe.c), implying that the adsorption equilibrium may
reach over 10 h. In fact, the adsorption equilibrium of
As(V) by ferrihydrite could be achieved within 4 h [1].
However, it is also shown that As(V) can continue to

8y s & &
As” adsorbegq (%) s

&
k=]

Fig. 6. Effect of SO~ (a), PO]~ (b), and Ca®* (c) on As(V) adsorption in 0.1 M NaCl at 298 + 1 K.
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be adsorbed onto the post-synthetic ferrihydrite for
several days after an initial rapid adsorption [11]. In
this study, we supposed the adsorption equilibrium
could be obtained within 24 h; therefore, all adsorption
equilibrium experiments were conducted with a reac-
tion time of 24 h.

3.5. Competitive adsorption for As(V)

Competitive adsorption from co-occurring oxoa-
nions or counterions can play a crucial role in As(V)
uptake by metal minerals when considering the natu-
ral aquatic systems. Both phosphate (PO; ) and sul-
fate (SO; ") are typical competitive oxyanions to As(V)
because their molecular structures are analogous to
that of arsenate anion [18,47,48]. Whereas co-occurring
calcium ion (Ca®") can enhance the As(V) uptake on
HFO by adhesion to the surface of HFO, resulting in a
positive surface that is favorable for adsorption of As
(V) anions [12].

In As(V) uptake with an initial concentration of
0.40 mg L1128 uM), addition of sulfate was observed
to decrease As(V) uptake by either B-Al(OH); or
Mn;O,4, whereas did not affect As(V) uptake on FeO-
OH even increasing [SO; ] up to 4.0mgL™" (Fig. 6(a)).
This independence of As(V) uptake by ferrihydrite
upon the presence of sulfate has also been reported
previously [12,49]. When further increasing [SO3 ] to
4.0mg L7}, the adsorption efficiencies of either B-Al
(OH); or Mn3O4 only decreased slightly (Fig. 6(a)).
This phenomenon indicated that both p-Al(OH); and
Mnz;O, probably have two different kinds of active
sites with different affinity to As(V) and sulfate,
respectively [50,51]. Similar co-occurrence of two dif-
ferent kinds of active sites for different anions has
been reported for other metal (hydr)oxides [34,50-52].
On the other hand, the addition of phosphate with
final [PO} ] of 40mgL™" to the adsorption systems
consequently led to a drop of As(V) adsorption effi-
ciencies by 55, 44, and 35% for FeOOH, B-Al(OH),,
and MnzO,, respectively, as compared to that without
phosphate (Fig. 6(b)). This is comparable with
previous reports [48,49]. As for calcium ions, the
addition of Ca®* yielded an enhanced As(V) uptake
for all adsorbents (Fig. 6(c)), which was contributed
from the shift of pHpzc of all adsorbents to more alka-
line by the adhesion of Ca®" to their surfaces [12],
forming more positive surfaces that are favorable for
As(V) uptake. However, further spectroscopy-based
structural evidences may be necessary to clarify the
real contributions of Ca®* at the molecular level.

4. Conclusions

In the present study, the equilibrium and kinetics
of As(V) adsorption by three metal (oxyhydr)oxides,
i.e. ferrihydrite (FeOOH), bayerite (B-Al(OH);), and
hausmannite (MnzO,), have been investigated. Equilib-
rium studies implied that As(V) uptake by all adsor-
bents follows the Langmuir model rather than the
Freundlich model. The MACs calculated with the
Langmuir equation are 28.57, 14.29, and 1.00 mg g*1
for FeOOH, B-Al(OH);, and Mn;O, respectively.
Kinetic studies suggest that all As(V) adsorption
kinetic data can be well fitted with the pseudo-sec-
ond-order rate model with correlation coefficients (R?)
greater than 0.98. Furthermore, co-occurring adsor-
bates, such as sulfate and phosphate, are found to
reduce the As(V) uptake, whereas calcium ion can
enhance the As(V) adsorption for all adsorbents. Our
findings will clarify the conflicting conclusions of the
equilibrium and the kinetics models in previous
reports and extend the understanding the equilibrium
and kinetic behaviors of As(V) adsorption by metal
(oxyhydr)oxides under the same conditions.
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