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Toxic anionic elements such as arsenic, selenium, and vanadium often co-exist in groundwater. These
elements may impact each other when adsorption methods are used to remove them. In this study, we
investigated the competitive adsorption behavior of As(V), Se(IV), and V(V) onto activated alumina under
different pH and surface loading conditions. Results indicated that these anionic elements interfered

with each other during adsorption. A speciation-based model was developed to quantify the competitive
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elements are present.

adsorption behavior of these elements. This model could predict the adsorption data well over the pH
range of 1.5-12 for various surface loading conditions, using the same set of adsorption constants obtained
from single-sorbate systems. This model has great implications in accurately predicting the field capacity
of activated alumina under various local water quality conditions when multiple competitive anionic

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Arsenic, selenium, and vanadium in water are of great concern
due to their toxicity and carcinogenicity [1-3]. Arsenic and sele-
nium are regulated by the US Environmental Protection Agency
(EPA) in primary drinking water standards, with maximum con-
taminant levels (MCLs) of 10 pg/L and 50 pg/L, respectively [4].
Vanadium has been consistently listed on the EPA Contaminant
Candidate Lists, CCL 1-CCL 3 [5-7], and a notification level of
50 pg/L has been set by State of California for drinking water [8].
Activated alumina adsorption has been widely used to remove
arsenic, selenium, and vanadium [9-12]. Many researchers have
reported that anions such as selenium, vanadium, phosphate,
sulfate, and silicic could significantly reduce arsenic adsorption
by various adsorbents [13-17]. Because co-existing anions may
compete with each other, an accurate prediction of the competi-
tive adsorption performance among these anions, under different
water quality conditions especially pH and anion concentrations, is
important in determining the field capacity of an adsorption media.

Models have previously been developed to predict the adsorp-
tion behavior of some toxic anions. These models include the
constant capacitance model [16,18], the diffuse layer model [19],
the triple layer model [20], the basic Stern model [20], the general-
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ized two-layer model [17], and the CD-MUSIC model [13,21]. These
models are generally very complex due to the inclusion of the
surface electrostatic effect. Some of these models require several
sets of adsorption constants with each set only applicable for a
specific pH range and/or surface loading range. These drawbacks
have severely limited the application of these models for predicting
the sorbent capacity under different water quality conditions in
the field.

Arsenic, selenium, and vanadium are commonly found in the
forms of As(Ill) and As(V), Se(IV) and Se(VI), V(IV) and V(V) in
aquatic systems [22-24]. Adsorption of their environmentally sta-
ble forms, As(V), Se(IV), and V(V) onto activated alumina in single
element systems was investigated in our recent study [12]. We
found that pH and surface loading were important for adsorption of
these elements. However, the electrostatic effect did not impact the
adsorption of these elements. Therefore, a more straight-forward
speciation-based model, which did not include the electrostatic
effect, was developed to quantify the adsorption behavior of
As(V), Se(IV), and V(V) in single-sorbate systems [12]. This model
includes only three adsorption constants for each element, with
each constant correlating to one adsorbable species of that ele-
ment. This speciation-based model could simulate the adsorption
of these elements very well over a wide pH range (pH 2-12), and
under different surface loading conditions. It could also predict the
adsorption performance under conditions that were not used for
obtaining the adsorption constants. However, the performance of
this model for multiple-sorbate systems, which are more complex
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but more commonly seen in the field, has not been validated. The
objectives of this study were (i) to evaluate the competitive adsorp-
tion behavior among As(V), Se(IV), and V(V), under different pH and
surface loading conditions; and (ii) to develop a speciation-based
competitive adsorption model to predict the adsorption behavior
in multiple-sorbate systems as effects of pH and surface loading,
using only one set of adsorption constants.

2. Experimental
2.1. Chemicals, reagents, and analytical methods

Activated alumina used in this study was purchased from Tram-
floc, Inc., Tempe, AZ. It has a BET area of 363 m2/g. Reagent grade
chemicals, Millipore de-ionized water (DI water), and trace metal
grade nitric acid were used to prepare all solutions used in this
study. Individual 10,000 mg/L stock solutions of As(V), Se(IV), and
V(V) were each prepared in 2% HNOj3 using sodium hydrogen
arsenate heptahydrate, sodium selenite, and sodium vanadate,
respectively. Sodium nitrate of 0.01 M was employed as a back-
ground electrolyte.

An Orion pH meter (perpHecT LoR model 370) with an Orion pH
electrode (model 9207BN) was used for pH measurements. Liquid
samples generated in this study were filtered through 0.45-p.m cel-
lulose acetate filters, acidified, and analyzed using a PerkinElmer
ICP-OES. The instrument detection limits for As, Se, and V were
0.07 mg/L, 0.08 mg/L, and 0.06 mg/L, respectively.

2.2. Batch adsorption experiments

Batch experiments were used to study the competitive adsorp-
tion of As(V), Se(IV), and V(V) as functions of pH and surface loading.
For each series of 125 mL HDPE bottles, the initial concentration of
the sorbent was fixed at 10g/L, but the pH of different bottles was
adjusted to different values covering a pH range of 1.5-12, using
stock HNO3 or NaOH solutions. All bottles were capped and shaken
for 24 h after pH adjustment. The suspensions were filtered imme-
diately after shaking was stopped. Filtrates were acidified and then
analyzed using the PerkinElmer ICP-OES. The final pH values were
measured and recorded as the equilibrium pH.

To study As(V) adsorption as effects of Se(IV) or V(V), the initial
As(V)concentration was fixed at approximately 50 mg/L, and added
concentrations of Se(IV) or V(V) ranged from 10 mg/L to 200 mg/L.
The experiments for Se(IV) and V(V) adsorption, in the presence
of other competing elements, were carried out in a similar way. In
experiments dealing with competitive effects among all three ele-
ments, equivalent amounts (in mg/L) of As(V), Se(IV), and V(V) were
mixed with concentrations that ranged from 10 mg/L to 200 mg/L.

A broad pH range, from 1.5 to 12, was selected to induce the
protonation and deprotonation reactions of different types of sur-
face sites. In practice, the arsenic content in residual sludges from
arsenic removal systems ranged up to 10 mg/g [25,26]. Considering
the presence of other competing anions in the system, the con-
tent of total adsorbed anionic elements is expected to be much
greater. Therefore, a broad surface loading range, up to 60 mg/g
in total sorbate amount, was used in this study. The experimental
data in the broad surface loading range will help to reveal the maxi-
mum possible adsorption capacity of the media and the competitive
adsorption behavior among different sorbates.

3. Results and discussion

3.1. Effect of pH and surface loading on As(V), Se(1V), and V(V)
adsorption

As(V), Se(IV), and V(V) speciation in solution are pH depen-
dent. H3AsQy4, HyAsO4~, HAsO42-, and AsO43~ are the dominant
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Fig. 1. As(V)adsorption in the presence of Se(IV) (a) or V(V) (b). Symbols are experi-
mental data, solid lines are model predicted competitive adsorption results over pH
1.5-12.5, and dashed lines are model predicted results without competing anions.
Experimental conditions: activated alumina=10g/L, temperature =25°C, equilib-
rium time=24h.

As(V) species in pH ranges of <2.26, 2.26-6.76, 6.76-11.29, and
>11.29, respective. H,Se0Os3, HSeO3;~, and SeO32~ are the dominant
Se(IV) species in pH ranges of <2.62, 2.62-8.23, and >8.23, respec-
tively. VO, *, H3VOy, H,VO,4~, HVO42~, and VO, 3~ are the dominant
V(V) species in pH ranges of <1.83, 1.83-3.4, 3.4-8.23, 8.23-13.5,
and >13.5, respectively. Different elements species have different
chemical properties. Therefore, adsorption of As(V), Se(IV), and
V(V) onto activated alumina is pH dependent in single-sorbate sys-
tems [12].

Figs. 1-3 demonstrate the adsorption of As(V), Se(IV), and V(V)
onto activated alumina in two-sorbate systems, respectively. Fig. 4
demonstrates the adsorption of these three elements in a three-
sorbate system. Symbols in Figs. 1-4 are the experimental data over
pHrange of 1.5-12. Adsorption edges in these figures demonstrated
that there was a maximum adsorption pH range for As(V), Se(IV),
and V(V) in two-sorbate and three-sorbate systems, and beyond
the pH range of the maximum adsorption, As(V), Se(IV), and V(V)
adsorption could decrease substantially with the decrease (more
acidic) or increase (more basic) of pH. The adsorption isotherms
also indicated that the maximum adsorption range was narrowed
down to a smaller pH range with the increase of total sorbate load-
ing. For example, the pH range for the maximum adsorption in
the three-sorbate system (Fig. 4) were 2-8, 2-5, 2-4, and approx-
imately 3.5, for sorbate concentrations of approximately 10 mg/L,
50 mg/L, 100 mg/L, and 200 mg/L, respectively.

The effects of pH and surface loading on As(V), Se(IV), and V(V)
adsorption observed in two-sorbate and three-sorbate systems are
consistent with those in single-sorbate systems [12]. Our previous
study indicated that the decrease of As(V), Se(IV), and V(V) adsorp-
tion over pH greater than maximum adsorption range was due to
the fact that less protonated adsorption sites were available over
pH > 8.8[12]. Measurements of dissolved aluminum over the exper-
imental pH range indicated that dissolution of activated alumina
was negligible during the experiment (data not presented), thus
the reduced adsorption of As(V), Se(IV), and V(V) at a pH less than
2 was not caused by the sorbent dissolution, suggesting that the
neutral or positively charged species were not adsorbable onto an
activated alumina surface.
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Fig. 2. Se(IV) adsorption in the presence of As(V) (a) or V(V) (b). Symbols are
experimental data, solid lines are model predicted competitive adsorption results
over pH 1.5-12.5, and dashed lines are model predicted adsorption results without
competing anions. Experimental conditions: activated alumina=10g/L, tempera-
ture =25 °C, equilibrium time =24 h.

3.2. Competitive adsorption among As(V), Se(1V), and V(V) species

As shown in Figs. 1-3, when two elements co-existed in the sys-
tem, the adsorption of one element decreased with the increase of
the concentration of the other element. These data demonstrated
the competitive adsorption among As(V), Se(IV), and V(V) onto
activated alumina surface. The adsorption edges for two-sorbate
systems in Figs. 1-3 indicated that competitive adsorption among
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Fig.3. V(V)adsorptionin the presence of As(V)(a)and Se(IV) (b). Symbols are exper-
imental data, solid lines are model predicted competitive adsorption results over
pH 1-12.5, and dashed lines are model predicted results without competing anions.
Experimental conditions: activated alumina=10g/L, temperature=25°C, equilib-
rium time=24h.
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Fig.4. As(V)(a), Se(IV)(b), and V(V) (c) adsorption results in three-sorbate systems.
Symbols are experimental data, solid lines are model predicted competitive adsorp-
tion results over pH 1-12.5. Experimental conditions: activated alumina=10g/L,
temperature =25 °C, equilibrium time=24h.

As(V),Se(IV),and V(V) mainly occurred in the pH range of 7-10. This
pH range could expand to pH range of 3.5-10.5 when the total sur-
face loading increased to approximately 25 mgsorbate/g sorbent.
In these pH ranges, HyAsO4~, HAsO4%~, HSeO3~, Se032~, H,VO,4 ™,
and HVO,42~ were the dominant species. Therefore, competitive
adsorption of As(V), Se(IV), and V(V) mainly occurred among these
negatively charged species.

Dashed lines in Figs. 1-3 are predicted As(V), Se(IV), and V(V)
adsorption data when competing elements do not exist. These
predictions were made using the adsorption constants shown
in Table 1, which were determined previously for single-sorbate
systems [12]. Compared to the adsorption curve without compe-
tition (the dashed lines) in Fig. 1, 173 mg/L (2.2 mM) of Se(IV) and
101 mg/L (2 mM) of V(V), which are of similar molar concentration,
resulted in almost the same degree of maximal reduction in As(V)
adsorption at a pH range of 7-10. Therefore, Se(IV) and V(V) have
similar adsorption affinity onto activated alumina surface. Simi-
larly, comparing the experimental data points to the dashed curves
in Fig. 2, by increasing the background As(V) to 193 mg/L (2.6 mM),
or increasing the background V(V) to 192 mg/L (3.8 mM), the max-
imal reduction in Se(IV) adsorption was 30-40% and occurred in
the pH range of 6-9 for both cases. In Fig. 3, 181 mg/L (2.4 mM)
As(V) decreased V(V) adsorption maximally 25%, but 203 mg/L
Se(IV) (2.6 mM) maximally decreased V(V) adsorption less than
10%. Based on the relative impact among these three elements,
one can conclude that the adsorption affinities of these three ele-
ments on activated alumina surface sites followed an order of
As(V)>V(V)>Se(IV), which is consistent with the adsorption con-
stants shown in Table 1. This order is also in agreement with
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Table 1
The density and acidity constant of activated alumina surface sites, and their adsorption constants for different As(V), Se(IV), and V(V) species [11].
Site Si Sow Sas
Density (10~4 mol/g) 6.26 2.36 0.59
PKu 3.33 6.57
Adsorption constant
As(V) logK% =3.9 log K& = log K& = log K& = 5.1 log K& = log K& = log K& = 7.6
logK£ = 5.1
Se(IV) log 3§ = log KSS = 3.3 log K3 = log K = 4.8 log K3 = log K38 = 6.3
V(V) logKg; = 4.9 logKg, = logK{s = logK¥s = 4.9 log K¢, = logK¢s = logK{y = 6.4

logKy, =7.3

Note: For As(V), l(g“l5 and l(g‘z5 denote adsorption constants of HyAsO4~ and HAsO42" to site Sq, respectively; K?j, K‘S‘\;, and Kéé denote adsorption constants of HyAsO4~, HAsO4%~,

As

and AsO43~ to site Syw, respectively; K&, 1<§‘§, and 1<§‘; denote adsorption constants of H,AsO4~, HAsO42~, and AsO4>" to site Sys, respectively. Similar assignments are used
for Se(IV) and V(V). Superscripts in these expressions are used to differentiate the Ks values for As(V), Se(IV), and V(V), respectively. Adsorption of AsO43~ and are VO43~ onto

site Sy are negligible and are not considered in the modeling.

other researchers’ findings that As has a stronger affinity for
adsorption on aluminum oxides and other sorbents than Se and V
[15,27].

4. Modeling competitive adsorption of As(V), Se(IV), and
V(V)

4.1. Background knowledge

To model the adsorption of As(V), Se(IV), and V(V) onto activated
alumina in multi-sorbate systems, it is necessary to recap several
of the findings in our previous study [12], which will be the base
of the competitive adsorption model development in this study. In
brief:

(a) Three types of monoprotic acidic sites on an activated alumina
surface were assumed. They were S1, S,, and Ss, respectively.
Acid site S, consisted of a weak adsorption site Sy and a strong
adsorption site Sys. Only the protonated fractions of sites Sy,
Sow, and Sy were responsible for adsorbing anionic elements.
Because they were positively charged, their deprotonation reac-
tions can be expressed as:

S,0H," = S;,0H+H" Ky (1)

where S; =S1, Sow, or Sys. Ky; is the acidity constants of surface
acid sites S;. Table 1 shows the density (St;) and acidity constant
(Ky;) of these adsorption sites.

(b) Only the negatively charged As(V), Se(IV),and V(V) species were
adsorbable, and the electrostatic effect on their adsorption was
negligible.

(c) Reactions of As(V), Se(IV), and V(V) with the surface sites
of activated alumina followed 1:1 stoichiometry, and each
site behaved independently, as if the other sites did not
exist.

4.2. Models for As(V), Se(1V), and V(V) adsorption in two-sorbate
systems

As aforementioned, adsorption of As(V), Se(IV), and V(V) onto
activated alumina is surface reactions of the negatively charged
As(V), Se(IV), and V(V) species with the protonated fractions of acti-
vated alumina surface sites Sy, Sow and Sys. These reactions are
denoted in groups as Eq. (2), Eq. (3), and Eq. (4) for As(V), Se(IV),

[§1 OH2+] =

and V(V), respectively.

§iOH2+ + HyAs04~ = S;-HyAs04 + H,O
S;0H,* + HAsO4%~ = S;-HAsO4~ + H,0 2)
S;OHy* 4+ AsO43~ = S,-As04~ + H,0

S;OH,* + HSeO3™ = $;-HSeO3 + H,0
S;OH,* 4 Se03%~ = 5;-Se03~ + H,0

§iOH2+ +HyVO4~ = S;-HyVO4 + Hy0
S;0H,* + HVO,4%™ = S,.-HVO,~ + H,0 (4)
S;OH,* + V0,3~ =5,-V0,2~ + H,0

The equilibrium constants of the above reactions are the adsorp-
tion constants (Kg) of different As(V), Se(IV), and V(V) onto each
surface site. These adsorption constants have been modeled with
the single-sorbate adsorption data in our former study [12] and
listed in Table 1. The concentration of different acid sites S; (i=1,
2W, 2S), and different species of As(V), Se(IV), and V(V) in solution
are expressed in Table 2.

In two-sorbate systems, such as a system containing As(V) and
Se(IV), the surface reactions are Egs. (2) and (3). The concentrations
of adsorbed arsenic and selenium species onto site S; are expressed
using the following equations:

[S1-H2As04] = K3 af*[As(V)]p[S; OH; |

[S;-HAsO; | = KESahS[As(V)]p[S; OHS ]

[S1-AsO5 ] = KgSa[As(V)]p[S; OHJ ] (5)
[S;-HSeO03] = K a3¢[Se(IV)]p[S; OH; |

[S;-Se05 ] = KSase[Se(IV)]p[S; OH; |

Because AsO43~ only exists in extremely basic pH conditions
(pKa3=11.29), where surface site S; (pKyq =3.33) is unavailable,
the adsorbed AsO,43~ species (S;-As042~) is negligible. Therefore,
the total site concentration St; is expressed as:

Sty = [S;0H2* ]+ [S{OH] + [S;-H2As04] + [S;-HAsO, |
+[S1-HSeO3] + [S;-Se037] (6)

Base on Eq. (1):

[510H2+]KH1
S;OH|= =—/———— 7
[S;0H] (H] (7)
Combining Egs. (5)-(7), [S1OH»*] can be expressed as:
St
OT1 %1+ (8)

1+ oty (0KES + afSKEAS(V)]p + a1 (38K + a5eKES)[Se(IV)]p
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Table 2
Speciation calculation of surface sites S;, element As(V), Se(IV), and V(V) in solution.
Surface site speciation [S] OH2+] 0q+St1, [SszHz ] 02+ ST2W, [stOHz ] Q2+S125
[H'] [H']

«
e [H*] + Ky’ e [H] + Kz

Sri (i=1, 2W, 2S) is the total concentration of S; site; ay+ is the
fraction of protonated site Sq, ay+ is the fraction of protonated site
Sow and Sys; Ky is the acidity constant of site Sy, Ky is the acidity
constant of site Spw and Sys.

As(V), Se(IV), and V(V) speciation [H2AsO4~] = of*[As(V)]p, [HAsO4> ] = afS[As(V)]p, [AsO4>"]=
afS[AS(V)]p,

[HSeO0s™] = a$e[Se(IV)]p, [Se0s*" ] = ase[Se(IV)]p,
[HaVO4™ | = aY[V(V)]p, [HVO4* ] = a¥[V(V)]p, [VO* ] =
a3y [VIV)lp

af, abs, and off are fractions of HyAsO4~, HAsO4%~, and AsO4>~
in solution. Similar arrangements are applied for Se(IV) and V(V).
Superscripts in these expressions are used to differentiate the a
values for As(V), Se(IV), and V(V), respectively.

For As(V) and V(V):
N [H T Kan
1= )
[H T + [H* I Kar + [H" JKa1 Kaz + Ka21 Ka2Kas
_ [H+]Ka1Ka2
[H T + [H* 1 Kar + [H" K1 Kaz + Ka1 Koo Kas
_ Kal KaZ KaS
[H* + [H* 1P Kar + [H* [Ka1Kaz + Ka1KazKas
For Se(IV):
= [H' Ky _ Kai Kz

, 0y =
[H*? + [HY [Ka1 + KarKa [HI* + [H" [Kat + Kot Kz
Ka1, Kaz, and K3 are correspondent to the pK, values of arsenate
acid, selenite acid, or vanadate acid.

Therefore, the total adsorbed As(V) concentration on surface site S;
in the As(V)+Se(IV) system is expressed as:

Srioy (o SKS1 + 0(251( SNAsS(V)]p
1+ gy (oSKES + aSKEAS(V)]p + a1 (SKES + aSeKES)[Se(IV)]p

[As(V)]ads =

The total adsorbed As(V) concentration on surface site Syw and
S,s can be generated similarly, and the total adsorbed As(V) on
activated alumina is expressed as:

Styar (0fSKES + afSKES)[As(V)]p
1+ oty (0KES + afSKE[As(V)]p + aH(aSq(gg‘ + aSng;)[Se(IV)]D
Srow2+ (0SKES + ofSKES + afSKED)[As(V)]p

+
1+ a2+(a15KS4 + a251(55 + OL3SK D[As(V)]p + a2+(a§el(s4 + cxzel( )[Se(IV)]p
Stas02 (ASKES + ahSKES + afSKESAs(V)]p

+
1+ atp (0hSKES + afSKES + oS KES)AS(V)]p + a2+(a561<5 + o5KES)[Se(IV)]p

[As(V)]ags =

Similarly, the As(V) adsorption model in the As(V)+V(V) system is
derived, which is:

Spyog(afs KA 4 OLZSK AV

1+a(a ASI<51 +0LAS( 5 [As(V )]D+0‘l+( VKs] +0‘%K 2)IV(V)Ip
STZWa2+(a1SI(S4 + ofSKES + afSKEE)As(V)]p

[AS(V)]ads =

+
1+ o, (a0 ASKS4 + OLASKSS + OL3SK )[As( )p + a2 ( [‘{/1(54 + oy 1(55 + OLVK s [VIV)Ip

Stast (SKES + ol SKES + afSKES)AS(V)]p

+

1+ 0 (fSKES + afSKES + afSKEAS(V)]Ip + atz (YKE; + ayKs + aYK&)V(V)]p

Models of Se(IV) and V(V) adsorption in two-sorbate systems were
developed similarly to that of As(V) above. They were included in
Supplementary material, Egs. (S1) and (S2) for Se(IV), and Egs. (S3)
and (S4) for V(V).

(9)

(10)

(11)



T. Su et al. / Journal of Hazardous Materials 176 (2010) 466-472 471

4.3. Models for As(V), Se(1V), and V(V) adsorption in
three-sorbate systems

For three-sorbate systems where As(V), Se(IV), and V(V) co-
exist, the surface adsorption reactions are Eqgs. (2)-(4). Models for
As(V), Se(IV), or V(V) adsorption in three-sorbate systems were
developed similarly as in Section 4.2. For example, the As(V)
adsorption model is expressed as:

respectively) are shown in Supplementary material, Fig. S1-S3.
Fig. 5 shows that As(V) was mostly adsorbed onto the strong S,
site, i.e. Sys. Se(IV) was mostly adsorbed onto the weak S, site, i.e.
Sow. V(V) was mostly adsorbed onto both the first acid site (S1) and
the weak S, site (Sow). The selectivity of these elements to these
sites was determined by their respective adsorption constants. For
example, Table 1 shows that site Sys was the strongest adsorption
site for all elements. It also had greater adsorption constants to

Sty (fSKE + ohySKES)[As(V)]p

(12)

[AS(V)]adgs =
*E T 4 a (oK + afSIEAS(V)]p + a1 4 (5K + aSEKES)[Se(IV)]p + a4 (aVKY; + aYKE)[V(V)]p
Srow0a (KL + afSKES + afSKE[As(V)]p
1+ o (a)SKES + ahSKES + afSKES)AS(V)]p + ot (aS°KE + a5eKEE)[Se(IV)]p + ay (aVKY, + ayKYs + oYK& )IV(V)]p
Stast (SKES + oy SKES + afSKES)As(V)]p
1+ 0 (fSKES + ahSKES + afSKASAS(V)]p + a4 (aSCKRS + a5eKES )[Se(IV)]p + apy (Y KE; + a¥Kég + oY K¥)IV(V)]p
Adsorption models for Se(IV) and V(V) in the

As(V)+Se(IV)+V(V) system are similar in form, and are given
in Supplementary material, Egs. (S5) and (S6) respectively.

One may notice that the speciation-based model developed
above for two-sorbate and three-sorbate systems are similar in
form to the traditional Langmuir isotherm, however, they incor-
porate the pH effect, and the competition effect of different As(V),
Se(IV), and V(V) species for the same adsorption site. Thus, the mod-
els developed in this study have the advantage over the traditional
Langmuir isotherm when predicting the adsorption of As(V), Se(IV),
and V(V) under different pH conditions and when other competing
elements are present.

4.4. Modeling competitive adsorption of As(V), Se(1V), and V(V)

Speciation-based competitive models, Eqgs. (10) and (11),
(S1)-(S4), and the respective adsorption constants in Table 1, were
used to predict adsorptions of As(V), Se(IV),and V(V) in two-sorbate
systems. The solid lines in Figs. 1-3 are predicted results for As(V),
Se(IV), and V(V), respectively, when the other two elements are
present. The model prediction generally describes the experimental
data very well over the entire experimental pH range and sur-
face loading conditions. When the competing anion concentration
was low (i.e., 10mg/L), the competitive effect was not significant
because the adsorption curve and the dotted lines (without com-
peting ions) almost overlapped. However, when the competing
anion concentration increased to greater than 50 mg/L, the com-
petitive effect became obvious, especially in the pH range of 7-10.

Egs.(12),(S5) and (S6) were used to predict competitive adsorp-
tion of As(V), Se(IV), and V(V) in three-sorbate systems, using the
same set of adsorption constants in Table 1. Solid lines in Fig. 4 rep-
resent the predicted results and they are in good agreement with
experimental data.

It should be noted that the values of all adsorption con-
stants used in these models were generated independently
using experimental data for single-sorbate systems [12], and
the modeling results satisfactorily predict adsorption perfor-
mance in multiple-sorbate systems. This study validated the
speciation-based modeling approach for predicting the competi-
tive adsorption behavior of activated alumina under various water
quality conditions when competing elements are present.

4.5. Surface speciation of adsorbed As(V), Se(IV), and V(V) species

Fig. 5 shows the surface speciation profile of adsorbed As(V),
Se(IV) and V(V) in the three-sorbate system, for initial concen-
trations of As(V)=53mg/L, Se(IV)=56 mg/L, and V(V)=50mg/L.
Surface speciation profiles for other initial concentrations in three-
sorbate systems (10 mg/L each, 100 mg/L each, and 200 mg/L each,

As(V) species than to Se(IV) and V(V) species. Therefore, during the
competitive adsorption, site Sys first selected As(V) species. When
site Sys was fully occupied, other elements had to be adsorbed by
other surface sites. Because site Syw had a greater acidity con-
stant (i.e. pKy) than site S; (Table 1), the protonated fraction of
site S,y was more readily available for adsorption than site Sq. In
addition, because site S,y had similar adsorption constants toward
both Se(IV) and V(V) species, it was responsible for adsorbing both

* -~ .. SastHaASO,

S,5-HASO,
——
g Vs - \

.

As uptaken (mg/g sorbent)
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i S,-HAS0; I i, NgesAs
0 ey _ T ; .

Se uptaken (mg/g sorbent)
w

V uptaken (mg/g sorbent)

Equilibrium pH

Fig. 5. Surface speciation profile of adsorbed As(V), Se(IV) and V(V) onto activated
alumina in the three-sorbate system, for initial concentrations of As(V)=53 mg/L,
Se(IV)=56 mg/L, and V(V)=50 mg/L. Symbols are experimental data, solid lines are
modeling results. Experimental conditions are same as Fig. 4.
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Se(IV) and V(V), as indicated in Fig. 5. The rest of V(V) species were
adsorbed by site S; because S; had a relative larger adsorption
constant toward V(V).

Under lower loading conditions, elements were first adsorbed
onto strong surface sites. Therefore, site So5 played the most impor-
tantrole on adsorbing all three elements, as shown in Fig. S1. Under
higher loading conditions, the low concentration strong surface site
Sys were totally saturated. Therefore, high concentration sites such
as Sow and S played a more important role in removing sorbates.
Figs. S2 and S3 show that site S,y became more and more impor-
tant in adsorbing As(V). In the mean time, site S,y was the major
site to adsorb Se(IV) under higher loading conditions, and site S;
gradually became the major site in adsorbing V(V). Therefore, the
relative importance of each surface site on adsorption is signifi-
cant related to the surface loading and their respective adsorption
constants.

5. Conclusions

Predicting the competitive adsorption behavior among toxic
anions is important in determining the field capacity of the adsorp-
tion media under various water quality conditions. This study
investigated the competitive adsorption among As(V), Se(IV), and
V(V), and developed a speciation-based competitive adsorption
model. This speciation-based model satisfactorily predicted the
adsorption of As(V), Se(IV), and V(V) onto activated alumina in
multi-sorbate systems over a pH range of 1.5-12, and a wide sur-
face loading range of up to 60 mg/g sorbent, using the same set of
adsorption constants generated from single-sorbate systems. The
surface loading and the adsorption constant of each element species
determine the adsorption behavior of the media for each element.
The speciation-based competitive adsorption model is of great sig-
nificance in predicting the adsorption capacity of activated alumina
under various pH and surface loading conditions when other com-
peting elements are present. This model expands the traditional
Langmuir isotherm by incorporating the effects of pH and compet-
ing sorbates.
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