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ARTICLE INFO ABSTRACT

Article history:

The remobilization of antimony and vanadium from previously loaded commercial granular ferric-
hydroxide GEH material (intended for water treatment) was examined by using a sequential extraction
procedure and three different leaching systems to evaluate their physicochemical mobility and poten-
tial availability under different simulated environmental conditions. A classical batch extraction, an
extraction cell (EC) and rotating-coiled columns (RCC) were used as extraction systems.

For each system it could be shown that the content of ion-exchangeable antimony and vanadium
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ieywords" in previously loaded material is negligible (<1.5%). The oxyanions were sorbed strongly and could
ntimonate . e . . . . :
Vanadate be predominantly remobilized through reducing agents, which means through dissolution of the iron

(hydr)oxide matrix.

The major advantages of dynamic systems in comparison to batchwise fractionation technique are
the drastically reduced extraction time and the possibility of generating information to the leaching
kinetics. It is shown that the efficiency of the three leaching systems is quite different employing Wenzel’s
sequential fractionation protocol. Only by working with RCC, the iron (hydr)oxide matrix was completely
dissolved within four steps resulting in the total mobilization of antimony and vanadium. EC seems to
be less suitable for leaching studies of Sb and V sorbed on iron(hydr)oxide. The remobilizable propor-
tion of the several fractions was lower in comparison to batch and RCC and seems to be a result of an

Granular ferric hydroxide
Remobilization

Rotating coiled columns
Extraction cell

agglomeration of the GEH in the EC device.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

GEH (GEH Wasserchemie GmbH & Co. KG, Osnabriick) is
a widely used commercial product for water treatment. It is
specified as akaganeite. This sorbent can be used for the removal of
oxyanions like, arsenate [1-3], antimonate [4,5] and vanadate [6,7]
from water. The uptake of these metal(loid)s is influenced by pH
value, ionic strength and sorption competitors and can vary up to
a value of several hundred milligrams of metal(loid) per gram of
akaganeite. A more detailed discussion about the material and the
sorption behavior is given by Driehaus et al. [2] and Kolbe et al. [8].

Next to sorption capacities, the bonding strengths between the
adsorber and the metal(loid)s play a decisive role for risk assess-
ment by disposal of such a material that had been used for water
treatment. As well-known from many studies targeted at arsenic,
also the mobility, the bio-availability and the toxicity of antimonate
and vanadate depend mainly on their chemical form.
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For the assessment of environmental exposure related to trace
metals and metalloids, different groups of extractants are com-
monly used, including water, buffered aqueous salt solutions, and
weak or strong acids, reductive or oxidative extractants and com-
plexing agents [9].

Batch sequential extraction procedures are traditionally used
for the fractionation of metal(loid)s according to their mobility
[10-13]. The ‘nominal forms’ determined by operational fraction-
ation are employed to estimate the amounts of metal(loid)s in
different ‘reservoirs’ in soil and sediment materials that could be
mobilized under changes in chemical properties, especially of soil
and sediments [14-17]. The original [13] and modified BCR pro-
cedures [18] have received widespread acceptance, especially for
metals. However, a five step batch procedure was developed by
Wenzel et al. [19] for the leaching of arsenic from iron(hydr)oxide
enriched soils. In comparison to the BCR procedure Wenzel’s
scheme is characterized by two significant differences. While the
BCR procedure was designed for the leaching of metals (cations),
Wenzel’s procedure is specific for the oxyanion arsenate, and there-
fore it seems to be most suitable for the leaching of antimonate
and vanadate. Additionally, a distinction between amorphous and
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crystalline bounded amounts of Sb and V is possible with Wenzel’s
scheme due to two reducible fractionation steps in comparison to
one of BCR procedure.

Therefore Wenzel’s scheme (sometimes slightly modified) was
preferable applied in various studies, especially for leaching of As
(and also of Sb) from soils. Only a few works have been published
dealing with the application of leaching procedures to study the
remobilization of arsenic sorbed on iron oxides [20-23], whereas
there is a number of investigations that concern leaching oxyanions
from alkaline solids [24].

Even though batchwise extraction methods have been
consolidated as tools for investigation of the environmental behav-
ior of potentially toxic metal(loid)s, the results are debatable since
a fixed solid to liquid ratio is used, which leads to adjustment of an
equilibrium. Thus, dynamic extraction procedures (both single step
and sequential) are preferable. Particularly micro-column-based
flow-through systems are exploited for expeditious quantification
of the mobilizable pools of metal(loid)s, as well as evaluation of
the desorption kinetics as well [9]. Flow-through leaching systems,
rotating coiled columns (RCC) [25-27] and extraction cells (EC)
[28] were preferably used for investigation of oxyanions, especially
arsenic, from soils.

The aim of this study was to investigate the leaching behavior of
antimony and vanadium sorbed to the commercial GEH material,
and to compare two dynamic leaching systems as well as classical
batch leaching applying Wenzel’s sequential extraction protocol.
The results are also meant to serve as a provisional risk assessment
regarding the dumping of loaded iron(hydr)oxides.

2. Materials and methods
2.1. Chemicals and materials

All chemicals used were pure grade. The solutions for leaching
protocol (NH4)>S04 (0.05M Merck), (NH4)H2PO4 (0.05 M, Merck),
(NHg4)2C204-H,0, 0.2M, Merck) and CgHgOg (0.1 M, Roth) were
prepared by dissolving the appropriate salts in de-ionized water
(Direct-QTM 5 system; Millipore). The stock solutions were pre-
pared by dissolving K[Sb(OH)s] (Riedel de Hden) in de-ionized
water and V,05 (Merck) in NH4OH (10%, Merck) with subsequent
neutralization using HCI (1 M, Merck).

The loaded granular ferric hydroxide material under study was
prepared by shaking each 15g GEH (GEH Wasserchemie GmbH
& Co. KG, Osnabriick, Germany) with a grain size of 0.3-2 mm
and 40 mL of antimonate and vanadate (each 1 gL-1), respectively.
Afterwards the loaded materials were filtrated, air-dried at 105°C
and ground to a particle size <100 wm. The concentration of Sb and
V in the loaded GEH materials was determined by energy disper-
sive X-ray fluorescence spectrometry (X-LAB 2000, SPECTRO A.L),
after homogenizing and subsequent pelleting with stearine wax
(Hoechst wax for XRF-analysis) as binder in a ratio 80:20 (m/m)
resulting in concentrations of 2100mgkg~! and 3100 mgkg~! of
antimony and vanadium, respectively.

2.2. Leaching protocols

Wenzel’s leaching protocol [19] was applied for batch, RCC and
EC procedures (see Sections 2.2.1-2.2.4 for modifications). Briefly,
the following five extraction steps in the original scheme for 1g
solid sample are:

1st step (non-specifically sorbed): 0.05M (NHg4);SOq4, 25 mL;

2nd step (specifically sorbed): 0.05M (NH4)H;POy4, 25 mL;

3rd step (amorphous Fe oxides bound): 0.2 M (NH4),C,04-H,0, pH
3.25,25mlL, in the dark;

4th step (crystalline Fe oxide bound): 02M
(NH4),C504-H,0+0.1 M L-ascorbic acid, 25 mL, 96°C;
5th step (residual): HNO3/H,0, microwave assisted digestion,

50 mL.

2.2.1. Batch leaching

The amount of the sample was reduced to 300 mg to adapt the
procedure to the dynamic leaching systems (EC and RCC) where this
amount was used too. In the 1st step the material was shaken with
25mL 0.05M (NHg4),S04 for 4h at 150 rpm in the overhead shaker.
After centrifugation (3000rpm, room temperature), the super-
natant was decanted and the residual was washed with 12.5mL
of the same reagent for 1 min. The washing agent was added to
the eluent. Such a washing procedure was accomplished for each
further step.

In the 2nd step the procedure was repeated with 30 mL of
0.05M (NH4)H,PO4 for 16 h. After this, the residue was shaken in
a 3rd step for 4h using 12.5mL 0.2 M (NHy4),C;04-H,O0, followed
by boiling the resulting suspension after adding of 12.5mL 0.2 M
(NH4)2C204-H,0+0.1 M L-ascorbic acid at 96°C for 30 min (4th
step). At least (5th step) the residue was totally dissolved with
4 mLHNO3 (60%, v/v) and 1 mL H,0, (30%, v/v) microwave assisted
(Microwave, Perkin Elmer).

2.2.2. Leaching using extraction cell (EC)

Dried, homogeneous GEH (300 mg) was placed for leaching in
the flow-through sample container with an inner volume of 2.8 mL,
which was described in detail by Buanuam et al. [29]. The extrac-
tion unit was connected to the extractant reservoir and the fraction
collector vials using Tygon® tubing. A peristaltic pump (Minipuls
3, Abimed-Gilson) was used to pump the extractants (steps 1-4) at
a flow rate of 3mLmin~! through the device containing the sam-
ple at room temperature. The resulting leachates passing through a
membrane filter were collected as a sub-fraction of each 15 mL. The
number of sub-fractions varies from four (step 1) to ten (steps 2-4).
This means liquid-to-solid ratios (related to the initial mass) of 200
(step 1) and of 500 (steps 2-4) were achieved. Because of technical
conditions, step 4 had to be executed without any heating.

After drying, the residual was completely dissolved by
microwave digestion (5th step) as in the batch procedure.

2.2.3. Rotating coiled column (RCC)

A RCC system Spring 3 (Institute of Analytical Instrumentation
of St. Petersburg, Russia) was used. Briefly, the solid sample is
retained as a stationary phase in vertical one-layer coiled polyte-
trafluoroethylene (PTFE) column vertical (1.5 mm inner diameter;
20 mLinner volume) fixed on one axis of a planetary centrifuge. The
leaching solutions are pumped through the column via a peristaltic
pump at room temperature. The fractionation of metal(loid)s is per-
formed when the spiral column rotates around its axis (750 rpm)
and simultaneously revolves around the central axis of the unit
with the aid of a planetary gear (with identical rpm). Before
commencing the leaching procedure, the column was filled
with de-ionized water. Afterwards the aqueous slurry of the
GEH material (300mg) was filled for leaching in the PTFE
column. Then, while the column was rotated, aqueous solu-
tions of different reagents (steps 1-4), used as the mobile
phase, were continuously delivered to the column at a flow
rate of 2mLmin~!. The leachate was collected on the outlet
of the column in sub-fraction of 15mL each. The number of
sub-fractions was identical to what was used in the EC tech-
nique.

A microwave digestion was not necessary, because material was
entirely dissolved after the fourth step. The collected sub-fractions
of the effluent were directly analyzed without filtration.
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2.3. Analytical procedure

All sub-fractions and the dissolved residuals were analyzed
after appropriate dilution by ICP-atomic emission spectrometry
(CIROS, Spectro A.L) at the emission lines of Sb (206.833 nm) and V

(292.464 nm).
Matrix adapted calibration solutions were used by
appropriate addition to the leaching solutions, 0.05M

(NH4)2S04, 0.05M (NH4)HzPO4, 02M (NHg4)2C204-H,0, 0.2M
(NH4)2C,04-H;0+0.1 M L-ascorbic acid and nitric acid.

3. Results and discussion
3.1. Batch leaching

The pre-loaded GEH material was leached sequentially in the
established batch mode first. Although batch leaching is not an
appropriate technique for dynamic processes, it was used for
comparison of the results with the applied RCC and EC leaching
approaches.

It was found that the concentration in the solution resulting
in the 1st fractionation step ((NH4),SO4), which resolves the non-
specifically sorbed anions by ion exchange, is negligible for Sb and
V as showninTable 1. Such low remobilization by (NH4),SO4 might
be caused by the high affinity to iron(hydr)oxides as reported for
Sb by Wilson et al. [30]. This finding indicates that both Sb and V
are not nonspecifically sorbed at the surfaces of the particles.

Within the following 2nd fractionation step the “specifically
sorbed” anions are mobilized by phosphate solution, e.g. by ligand
exchange; 1.4% of antimony and no vanadium can be leached with
phosphate solution.

This is in contrast to the values for arsenic, which were found
for the same material to be about 20% (unpublished results), and
for iron oxide impregnated brick sand to be about 10% [22]. In
the literature, an identical behavior was reported for soils (10%
to 20% [19,26,31]). Arsenic was mobilized in this fraction; anti-
mony was comparably less mobile (less than 10%) [31,32]. This is
in good agreement with our results. The differences in the remobi-
lization of As in comparison to Sb by (NH4)H,PO4 can be explained
in respect to the chemical structures of the different species. Arse-
nate and phosphate have similar pK, values (As(V): 2.2, 6.9 and
11.5; P(V): 2.2,7.2 and 12.3) [35] and tetrahedral structures (Fig. 1).
Although antimonate has a similar pK,; value (2.6) [35], it differs in
its structure [33,34] compared to arsenate and phosphate. In aque-
ous solution antimonate has an octahedral structure. We assume
that this may be the reason for the different behavior of H,SbO,4~ in
comparison to HyPO4~ and H,AsO4~. The chemistry of vanadium is
even more variable. As illustrated in its Eh-pH diagram [24,38,39]
under oxic conditions the vanadium(V) speciesis H,VO4~ (pH 7-pH
5.8), which also has a tetragonal structure (Fig. 1). The pK,; value
is 3.8 [36] and from the free energies [37] one can calculate the
pKaiy (8.1) and pKa3 (13.3) values. However, a mobilization by ion
exchange with phosphate seems again not to take place in the case
of vanadate.

In the 3rd step oxalate was used to remobilize the metalloids
from the amorphous iron oxide. The eluent power was enhanced
in the 4th step by adding ascorbic acid and increasing of the
desorption temperature to 96 °C to leach the crystalline bounded
metalloids as well. As shown, most of Sb (84% of XRF value) was
remobilized under reducing conditions (3rd and 4th steps) from
the amorphous and crystalline iron oxides. This is even more than
the Sb amounts leached from soils under reducing conditions as
reported in the literature, for example 7.1-46% [40] and 30-50%
[41], which points to the presence of other sparingly soluble Sb
compounds in soils which is in contrast to the uniform matrix of our

material. Moreover, as regards use of the Wenzel leaching scheme,
we had assessed in a previous study considerably variable mobi-
lization rates for antimony (25-80%) from different soils in these
two fractions [31]. By comparison with data for soils, it must also
be considered that when extracting soil samples in the 1st and 2nd
steps (leachable and the freely exchangeable fractions), substantial
amounts of Sb (and V) are mobilized. This is caused by the variabil-
ity of the mineral matrix components in soils in comparison to the
much simpler composition of this material.

We found that more than 95% of vanadium was mobilized under
reducing conditions. About 19% of antimony and 12% of vanadium
of the total amount (XRF values) remained in the residual fraction.

The total concentrations of Sb and V obtained by adding up
all fractions (including residue) are in good agreement with the
total concentration determined by X-ray fluorescence spectrome-
try. The recoveries were within the mean (n=3) 104% for antimony
and 111% for vanadium, which is quite good for such a multi-step
procedure.

3.2. Extraction cell (EC)

As stated above, batchwise extraction methods inherently are
based upon the establishment of a single equilibrium between solid
and liquid phases and do not involve the fast removal of desorbed
compounds from the surface of the matrix. Therefore, EC as a flow-
through approach, which was successfully tested in fractionation
studies, was conducted to investigate the remobilization of Sb and
V.

Again, neither antimony nor vanadium could be leached in the
1st and 2nd steps. Even in the 3rd and 4th steps the efficiency
in mobilization of these two elements from loaded GEH under
reducing conditions is decreased in relation to batch extraction
substantially, despite higher liquid to solid ratios — see Table 1.
Only about 35% of Sb and about 45% of V were remobilized in the
oxalate and oxalate/ascorbic acid fractions, and a high portion of
both elements remains in the residual fraction.

This indicates that the equilibrium state is not attained in the
3rd and 4th steps under the flow conditions in the EC (100 min total
contact time in the 3rd and 4th steps). One reason for this could be
that the leaching in the 4th step was done at room temperature
employing EC due to technical reasons in contrast to the enhanced
temperature of 96 °C using the batch technique.

Based on this finding, the leaching process was time-resolved
monitored by sampling of 10 sub-fractions (of each 15mL) in the
3rd and 4th steps using EC (Fig. 2). The resulting extractograms, i.e.
plots of concentration of the elements extracted vs. sub-fraction
number, show distinct differences in their pattern. Contrary to the
usual shape of the plots (dropping the intensities with the number
of fractions), a steady leaching of both Sb and V was obtained in
the 3rd fraction. This indicates that very unfavorable conditions
exist in this system for remobilization of both elements. In the 4th
step by adding ascorbic acid to (NH4);C;,04-H,0 - to enhance the
reductive power - the common pattern of the extractograms for
V is in evidence. However, the pattern for Sb also indicated the
insufficient reaction condition in the system. It could come also to
formation of agglomerates, whereby intensive exchange between
solid and solution would be obstructed, as discussed later on.

One can also see by the relative high remobilization rates in the
8-10 sub-fractions that the leaching is incomplete for V and Sb, and
also a high residue of iron(hyd)oxides was not dissolved.

3.3. Rotating-coiled columns (RCC)
The results obtained by leaching loaded GEH samples employ-

ing RCC are also given in Table 1. As already seen above, the
concentrations in ion exchangeable fractions (steps 1 and 2) are
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Table 1
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Extractable amounts of antimony and vanadium in mgkg-! for the several leaching systems. Results are declared as the mean of three replicates + standard deviation.

Element System 1ststep 2ndstep (mgkg~') 3rdstep(mgkg™!) 4thstep(mgkg ') Residual(mgkg~') Sum(mgkg') XRF(mgkg!) Recovery (%)
Sb Batch <LOD? 29.5+6.3 695 + 117 1070 + 60 391+98 2180 + 282 2100 104
EC <LOD? <LOD? 190 + 78 520 + 112 1511 +41 2220 + 230 106
RCC <LOD? 16.1+4.3 972 + 101 1160 + 172 No residue 2150 + 288 103
\% Batch <LODP <LODP 1490 + 75 1590 + 91 371+£80 3460 + 246 3100 112
EC <LODP <LODP 418 + 104 968 + 66 1660 +276 3040 + 445 98.1
RCC <LODP <LODP 1680 + 167 1210 + 100 No residue 2892 + 266 93.3
2 LOD of Sb: 0.08 mg L~ using solution.
b LOD of V: 0.1 mgL~" using solution.
@] @] OH @]
| | HOy,, | wOH |
AS .y, Peos ‘Sh. \'
"1OH V’fOH v | v \'””OH
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Fig. 1. Chemical structures of arsenate, phosphate, antimonate and vanadate at pH 7.

very low to non-detectable. These findings are confirmed once
again with the RCC technique. However, Sb and V were very effec-
tively remobilized in the 3rd and 4th steps applying the RCC.
Using RCC technique we also could not work at elevated temper-
atures in step 4 due to technical reasons. Fortunately, the GEH
material was completely dissolved in the 4th step, even at room
temperature. This behavior is due to the intensive interactions
using the RCC technique. The iron hydroxide particles are held in
suspension due to the planetary forces of the RCC and no agglomer-
ation of the samples occurs. Consequently, a maximum of surface
area for leachant interaction and minimal contact of solids with
barriers are realized. The equilibrium between solid and liquid
phases can be adjusted very fast with constant renewal of the
solvent at the solid surface. Additionally, one have to consider
that repeated extractions — using in sum the identical solid to
liquid ratio - result in a higher cumulative extraction yield. This
results in the dissolution of the whole material, which can be
expected for akaganeite under reducing conditions. The reduction
of Fe3* to Fe?* leads to the dissolution of the sorption mate-
rial.

This result is remarkable, since with the batch procedure in
this process step, increased temperatures are used and a higher

remobilized metal(loid) [%]
w
1

oxalate

oxalate + ascorbic acid

Fig. 2. Kinetics of the EC leaching. Black bars: Sb; striped bars: V (each bar: 15mL
of solution).

reaction time is given. It is also in contrast to the results obtained
by employing EC.

In order to understand these results better, the leaching
behavior was time-resolved plotted. The extractograms in Fig. 3
demonstrate that both in the 3rd and 4th steps of Wenzel’s scheme
Sb and V are well mobilized. In the 9th sub-fraction of the 4th step,
in which the GEH material is visually totally dissolved, <1% vana-
dium and <2% antimony were detectable. The content of Sb and V
in the 10th to 12th sub-fractions was <1% indicating memories in
the tube (to obtain 100% recovery) and the need to rinse the sys-
tem carefully. As a side note, the mixing and carry-over effects by
the solid material inside the column when changing the eluent are
also visible by the increase in concentration from the 1st to 2nd
sub-fractions.

In addition, clear differences between antimony and vanadium
are shown in the extractograms. Vanadate is significantly more
leachable than antimonate by both eluents in the 3rd and 4th steps.
This becomes clear by the substantially stronger rise of the mobi-
lization rate of the vanadium at the beginning of each extraction
step and in the faster fade-out phase. Likewise it shows an increased
mobilization rate of V (54%) in comparison to Sb (46%) in the 3rd
step.

254

remobilized metal(loid) [%]

oxalate + ascorbic acid

oxalate

Fig. 3. Kinetics of the RCC leaching. Black bars: Sb; striped bars: V (each bar: 15mL
of solution).



F. Kolbe et al. / Talanta 85 (2011) 2089-2093 2093

Table 2
Leaching parameters of the several systems.
Batch EC RCC

GEH amounts (mg) 300 300 300
Flow of the eluent (mL min~1) - 3 2
Volume of sub-fraction (mL) - 15 15
Total volume (steps 1-4) (mL) 100 510 510
Time duration (steps 1-4) (min) 1500 200 255
Total recoveries (Sb/V) (%) 104/111 106/98 103/93
Residual fraction (Sb/V) (%) 19/12 72/53 0/0

3.4. Comparison of the tested protocols

As is clearly recognizable, the RCC technique is best suited to
studying the remobilization of Sb and V from GEH in comparison
to batch and EC techniques (see Table 2). Because of the planetary
forces, the GEH solid material is in abeyance and has a maximum
of surface to leachant interaction, minimal contact of solids with
barriers and no agglomeration of the solid material. The GEH is
surrounded completely by the leaching reagent. Thus fast desorp-
tion/dissolution by continuous replacement with renewed eluent
can be realized. The considerably reduced expenditure of time and
the avoidance of working at higher temperatures are additional
advantages using RCC compared with the commonly applied batch
technique.

Comparing the results obtained by using EC with the other two
techniques, it becomes clear that its employment to study the
remobilization of Sb and V from the GEH material is less suitable
(contrary to results obtained by leaching of soils and sediment,
as demonstrated in the literature). An explanation would be the
formation of agglomerates of the GEH particles (forming prefer-
ential flow paths through the cell), which is avoided using RCC
(with application of the centrifugal forces). These bulky agglom-
erates inhibit an optimal distribution of the leaching reagent and
lead to reduced interactions between the particles and the leaching
solutions.

As can be seen from Table 2, the dynamic systems are much
faster. However, the total recovery is similar for all procedures
tested and remains within a usual range for such a multi-step pro-
cedure.

4. Conclusion

In comparing different leaching systems the question arises,
how the results obtained in the laboratory experiments can be used
for risk assessment in the environment. In this study a distinction
between ion exchange reactions and the reducing steps has to be
done. For the exchange reactions (steps 1 and 2) all approaches
give similar results - almost no mobilization of antimonate and
vanadate appears. For that reason the advantages or disadvantages
of the leaching system are difficult to discuss. However, signifi-
cant differences are observed in the next steps. The EC seems to
underestimate the leaching behavior under reducing conditions.
The decreased mobilization by using EC seems to be caused by
forming agglomerates of the GEH particles, which inhibit an opti-
mal distribution.

In our opinion the best approach is the RCC system. Due to con-
stant renewal of the solvent in the dynamic systems, the reduction
is enhanced compared to batch leaching and results in higher mobi-
lization rates. Thus, RCC technique seems to be best suitable for a
simulation of long term processes (however without giving a time
span). The expected complete dissolution of the matrix material is
a strong indication for this.

The content of amorphous and crystalline bounded Sb and V was
nearly 1:1 which corresponds to the adsorber analysis resulting

by >7Fe-M®&ssbauer spectroscopy in a ratio of approximately 59%
amorphous ferrihydrite and 41% akaganeite (crystalline) [42].

Finally, the risk potential of the antimony and vanadium loaded
sorption materials under oxic conditions has been evaluated as
low. Remobilization is only possible with strong reducing agents
by dissolving the material itself.
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