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ABSTRACT

The dficiency of arsenic removal from drinking water in adsorption processes using ratural oxides may be
influenced by the presence of other adsorbable anions. The present paper focuses on the study d arsenate
adsorption bya natural manganese oxide. The objedive isto determine which of the anions usually present
in drinking water may be alsorbed: hydrogen carborete, sulfate, chloride, nitrate, phosphate and arsenate. A
kinetic batch experiment was condicted with a natural drinking water, leadingto afirst qualitative seledion:
nitrate and chloride littl e interaa with the adsorbent, sulfate and hydogen carbonate ae alsorbed while
phosphate and arsenate ae strondy adsorbed. Then column experiments were run with aqueous lutions
containing either chloride, sulfate dc. The previoustrends were confirmed and the eguili brium isotherms of
the alsorbable anions were built by integration d the breathrough curves. The isotherms fitted with a
Langmuir model showed that the cgadties were low (a few pmol.g™). The dfinity order was determined

from the isotherm initial opes. arsenate >> phosphate > hydrogen carborate O sulfate. Given the strong
affinity of the alsorbent for arsenate and the low arsenate concentration in drinking water, the process
seledivity for Astraces from drinking water is ensured.
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INTRODUCTION

Arsenic, a well-known toxic dement, has been proved carcinogenic a low ingestion rate. Hence its
presencein drinking water even at low concentrationis athrea for human hedth (Masud, 2000. Asaresult,
the standards for arsenic in drinking water have been strondy reduced throughou the world, e.g. the EU
criticd concentration for arsenic in drinking water was lowered from 50 to 10 ugAs L™ (EU 98/83/EC).
Therefore, processes to seledively remove the excess arsenic from drinking water are urgently required.
Fixed bed adsorption processs are well adapted to the seledive dimination d trace éements. Several media
are ale to remove asenic from water, particularly natural oxides (Pierce and Moore, 1982 Rosenblum and
Clifford, 1984 Wilkie and Hering, 1996, which alow the oxidation d Aslll into AsV and adsorb AsV
(arsenate). Among them, manganese oxide is often used (Scott and Morgan, 1995 Viraraghavan et. al,
1996. But phosphate ions may compete with arsenate ions for adsorption sites on many oxides (Manning
and Goldberg, 1996 Ohki et. al, 1996 other anions, such as sulfate and hydogen carborate, may aso have
an influence on arsenate sorption pocesses. Therefore, the seledive removal of arsenate from water is a
multicomporent adsorption problem, and competition between arsenate and aher anions soud be taken
into acourt.

Thiswork was undertaken to study the dficagy of afixed bed adsorption processusing a natural manganese
oxide & an adsorbent. Complementary methods were used under lab condtions to test the cgadty of this
sand to adsorb arsenate and the anions usually present in drinking waters. hydrogen carborete, sulfate,
chloride, phosphate and ritrate. Batch experiments using a natural drinking water were conducted to show
the readivity of the diff erent spedes. Then, laboratory column experiments were run with agueous lutions



containing ead element separately, in order to buld the equili brium adsorption isotherms and find the
affinity order.

MATERIALS AND METHODS
Adsor bent
The natural manganese oxide mntained abou 71% w. MnQ,, 4% Fe, 6% Al O,. It was a sandy material with
amean particle size of 600 m and a BET surfacedetermined by N, adsorption o 17 m* g". The point of
zeo charge measured by pdentiometric titration was 4.7. The sand was washed with deionized water
without any further treament.

Solutions

Solutions were dather a natural drinking water (Table 1) or aqueous lutions prepared by dsslving sats
(NaCl, KH,PO,-K_HPO,, Na,HASO,.7H,0, Na,SO,, NaHCO,) into deionized water (Table 2).

Table 1. Composition d the natural drinking water (batch experiment)

total cationic concentration CI° NO, HCO, SO PO, HASO,
pH
meg/L mM mM mM mM UM UM
7.0 1.960 0.341 0.105 1344 0.081 579 0374

Table 2. Composition d the fead solutions (column experiments)

sat concentration range pH
Na,HAsO,.7H,0 0.5-1300 pmol .L™* 7.1-7.9
KH,PO,-K,HPO, 4704800 pmol.L" 6.5-6.9
NaHCO, 1.1-42 mmol .L* 7.1-75
Na,SO, 1-50 mmol .L* 5.0-6.7
NaNQO, 1-100mmol.L* 5.2-54
NaCl 1-100mmol.L* 5.2-54

Batch experiments

Suspensions (1 g sand — 100 mL natural water) were dlowed to equilibrate in betch readors. Anion
concentrations were measured as afunction d time. Anion analyses were performed ona Dionex 40001 ion
chromatograph.

Column experiments

They were run byfeeding a olumn (10 gadsorbent, 5 mL, i.d.: 1 cm, flow rate: 25 mL.h™) with an aqueous
solution containing a single anionic dement at the wncentration C,, until this inlet concentration was



readed in the dfluent. Experiments were repeded at different C,. The investigated concentration ranges
(Table 2) were dhosen from the usual concentrations in natural drinking waters. hydrogen carbonate and
sulfate ae major spedes (up to a few hundeds mg L™), while phospharous and arsenic may be present
respedively as minor and trace éements (up to resp. a few ppm and a few tens ppb). The bregthrough
curves (BTCs) were measured by online @nduwctimetry. It had been previoudy cheded that the BTCs
obtained by this method were identicd with the ones determined by anion anayses after fradion colledion.
The dired measurement has the alvantage to be fast and smple. The pH was also measured online & the
column oulet. Since the feading solution must contain oy one anionic dement, the pH value was not
controlled by an external pH buffer. Therefore the pH fealing value was between 5and 8(Table 2).

Tracing experiments

They were run with a toluene aqueous lution. Toluene was chosen as a water trace (concentration: 259
mg.L™ in deionized water) sinceit was assumed to be an inert spedes providing the alsorbent contained no
organic cabon It was deteded at the wlumn oulet by online UV spedrophotometry, at 261 nm.

|sotherm determination

Isotherms were built from the BTCs. For a given element, ead equili brium point (C,, q,) is obtained by
integrating the aea between the BTC measured at the feading concentration C, and the trace BTC. The
whoale isotherm is then determined from the set of BTCs obtained at different C,. This dynamic methodis
very effedive and acairate (Sardin and Schweich, 1981). Espedally in the present case, with alow cgpadty
adsorbent, it is well adapted. As a matter of fad, the cnwventional batch method is difficult to run becaise
the differences between initia and final concentrations in the ajueous phase may be very small, which
increases uncertainties.

RESULTS AND DISCUSSON
Batch experiments

The kinetic aurves showed that equili brium was readied within 1500min, i.e. 24 h(Figure 1). Arsenate and
phasphate mncentrations sarply dropped to zero. Nitrate and chloride ancentrations remained urchanged.
Sulfate concentration increased by afador of abou two, showing that sulfate anionswere initialy present at
the adsorbent surface Hydrogen carborate mncentration was nat measured bu deduced from the other ones
assiming eledroneutrality. It dightly deaeased to read 0.85 C,. Therefore:

1. chloride and nitrate may nat interad with the alsorbent,

2. hydrogen carborate and sulfate ae alsorbed,

3. phosphate and arsenate probably have astrong affinity for the alsorbent.

No guantitative aonclusion can be given at this paint.

Column experiments

Breakthrough curve andysis. The trace breathrough curve locaion gves the total porosity acessble to
the water: € = 0.60 (Figure 2). This rather high value indicaes the existence of an internal porosity. A
complementary measurement was dore & high flow rate (400 mL h™), assuming that only the external
porosity is accessble to the water. The obtained external porosity was €, = 0.50, then the internal porosity €,
=0.20, knowing that € = £_+ (1-¢ ) €. The Pedet number deduced from the trace curve was 10. This value
is correlated with the low column length.

Chloride and nitrate BTCs are identicd whatever the feeding concentration and are superimpaosed with the
trace BTC (Figure 2). This behavior clealy shows that chloride and ntrate ae inert spedes towards the
adsorbent. They can be used as water traces for further experiments.



0 500 1000 1500 2000 2500 3000
2\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\2

15 [ P I ERREE EEREEEREEE o P - 15

o
Q 1 BES oo —o 1
(@] - o
3 ]
b |
| :
7\ .
05 g e — 0.5
o :
o
0 P AT S s s RV R R T R T T R B R R 0
0 500 1000 1500 2000 2500 3000

Contacttime (min)

Figure 1. Concentration d chloride (0), nitrate (o), sulfate (), total phasphate (x), hydrogen carborete (+)
and arsenate (A) asafunction d time, after addition d 1 gsandto 100mL natural water (Table 1)
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Figure 2. Toluene BTC (column fed at C;=259mg/L) compared to chloride (0) and ntrate (o) BTCs (col-
umn fed at C;=0.001M)



Sulfate and hydogen carborete ae retarded compared to the trace as plotted in Figure 3a. Phosphate
(Figure 3 a and b) and arsenate (Figure 3b) are still more retarded, but comparing these two e ements with
the other ones is difficult because of the very diff erent concentration range. Taili ng appeas at high fealing
concentration bu al the BTCs finaly read the horizontal line C/C =1, and the whole aeawas taken into
acourt in the integration.

Reversibility of adsorption was chedked. At the end d an adsorption experiment, if the amlumn was fed with
water, the alsorbed anion was desorbed and the released amourt equaled the adsorbed ore. If desorption
was run ore or two days later, the mncentration onthe desorption dateau might be dightly lower than on
the alsorption dateau, probably because of internal masstransfer limitations. But this effed was very dight
(afew % deaease). Anyway, the objedive of this gudy was not to measure mlumn aging, but redly to work
a the time scde of atreament process the order of magnitude of the cmntad time being a few minutes. In
these andtions, adsorptionisreversible.
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Figure 3. Breathroughcurves of trace (-), sulfate (0), carborete (+) and phaphate (x) for a0 to 0.001M
concentration step (a) and phaphate (x) and arsenate (A) for a0 to 50 ppn concentration step (b)

Equili brium isotherms. Comparison d the eguili brium isotherms is given in Figure 4. Figure 5 focuses on

the lowest concentration range. The isotherms were fitted with the Langmuir model: q:%,

adsorbed amourt at equili brium (umol g*) and C, concentration in the ajueous phase (umol L™).

with g,

This model was used, as frequently dore, for a mathematicd fitting d the isotherm shape, without taking
into acourt the basic Langmuir assuumptions. Parameters (Table 3) were determined by dred optimizaion
with aleast-square method (Kaeldagraph padkage).

The dfinity order deduced from the isotherm initial slopes (produwcts K g, ) is. arsenate >> phosphate >

sulfate = hydrogen caborete. Arsenate is the most preferred anion, what confirms the potential of the
studied adsorbent to remove asenic traces from water.

The feading solutions were & pH 5 to 8 andthe dfed of pH onthe dfinity order must be discussed. pH has
an influence on the surface targe and onthe disciation readions in the aqueous phase: arsenate isin the
form H,AsO,/HAsO,” in the same way as phosphate H,PO,/HPO,” (pK resp. 6.77 and 721 a 25°C), sulfate
is divalent and hydogen carbonate mainly monowalent (pK HCO,/CO,” = 10.25). At pH 7, sulfate would be
less adsorbed than at pH 5-6, since the alsorbent surface darge would be higher and the dedrostatic
repulsion d divalent anions would be enhanced. Arsenate would be more alsorbed at pH 7 than at pH 7.1 to
7.9, sincethe surfacewill be lessnegatively charged and the ratio [HASO,”]/[H,AsO,] would be lower: 1.70
apH7,214a 7.1and 135 at 7.9. Therefore if al the solutions were & pH 7, the dfinity order would na
be dhanged.
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Figure 4. Adsorption isotherms (20°C) of phosphate (x), bicarborete (+), arsenate (A) and sulfate (0)
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Figure 5. Zoom at small concentrations of the adsorption isotherms (20°C) of phaosphate (%), bicarborate (+),
arsenate (A) and sulfate (0)



Table 3. Langmuir coefficients for adsorption isotherms of arsenate, phosphate, sulfate and kicarbonate

Anions d,. (umol.g”) K_(L.umol™) K, q.(L.g"
Arsenate 2.35 0.35 0.823
Phaosphate 111 71 10 7.88 10
Sulfate 2.36 2.0 10 472 10
Bicaborate 118 39 10 4.60 10

Anions can be ranked in two groups ac@rding to the maximal cgpaaty values:
1. arsenate and sulfate: maximal capadty 2.35 pmol g*,
2. phosphate and hydogen carborete: maximal capadty between 11and 12 pmol g™

Arsenate and phaphate ae naot in the same group, showing that the differencein capaaty is not due to the
affinity order, nor to the wncentration range. This distinction is not due to the valence, nor to the occurring
of dissociation readions. It may be due to the existence of two types of adsorption sites but there is no
evidencefor the moment.

Multicomporent adsorption is not the sum of monocomporent adsorptions becaise of the interadions
between the adsorbable species, and the operating cgpadty of the alsorbent canna be diredly deduced from
individual isotherms. Nevertheless isotherm parameters allow the wmmputation d the anourts of eah
individual anion d the drinking water that would be alsorbed if no competition occurred i.e. from
monacomporent feading solutions (Table 4).

The results give some trends:

1. hydrogen carborate and arsenate ae the major adsorbed spedes, the former sinceit is predominant in
water, the latter sinceit isthe most preferred species,

2. the total adsorbed amourt is lower than the maximal cgpadties, and it would till be true if hydrogen
carborete mncentration was douled.

Thus a water treament processwith this adsorbent would gve goodresults in terms of arsenate dimination

for different water compositions.

Table 4. Computation d the anounts that would be alsorbed from individual solutions, ead anion concen-
tration keing the same & in the natural drinking water.

Anion Concentration (UM)  Adsorbed amourt (umol g*)
CI 341 0
NO, 105 0
HCO, 1344 0.587
SO” 81 0.038
total PO, 5.79 0.046
total As 0.374 0.272

Total 0.943




CONCLUSION

In conclusion, the natura manganese oxide sand is able to adsorb dfferent anions occurring in drinking
water: hydrogen caborete, sulfate, phosphate and arsenate. The dfinity order deduced from
monacomponent adsorption experiment is. arsenate >> phosphate > sulfate = hydrogen carbonate. A
competition may occur between arsenate and phaphate for the adsorbing sites.

Therefore, a drinking water treament process using this adsorbent seledively removes arsenic traces
because of the strong affinity of arsenate wupded with the very low arsenate concentration in water.
Different drinking water compaosition can be treded, provided phaphate concentration is low, which is
generdly true.

The present study was focused on the behavior of individual anions towards the alsorbent. It must be
extended by a study d arsenate phaosphate competition, thiswork isin progress

The daraderizaion d the key-medanisms and the measurement of the adsorption constants will allow to
develop a mode of the process which will be helpful to quickly determine the feasibility of the removal for
any drinking water
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