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ABSTRACT

Competitive adsorption of aqueous Se(IV) (selenite), Se(VI) (selenate) and SeCN-(selenocyanate)
species onto titanium dioxide/TiO, was investigated under a varying set of mixed binary and ter-
tiary systems. The obtained anionic type adsorption curves for binary Se(IV)/Se(VI) systems indi-
cated that Se(IV) adsorption is not affected by Se(VI) species however Se(VI) adsorption is markedly
suppressed in presence of Se(IV). This was explained based on higher relative affinity of TiO, surface
sites for Se(IV) compared to Se(VI). The Se(VI) species showed a sharp anionic type adsorption curve
between pH 2-5 whereas Se(IV) adsorption gradually decreased from pH 2—4 followed by a sharp
decrease till pH 7. Unlike the Se(IV)/Se(VI) results the binary Se(IV)/SeCN- and Se(VI)/SeCN-sys-
tems did not show competitive adsorption behavior. Furthermore the tertiary systems having mixed
Se(IV), Se(VI), and SeCN- species showed adsorption trends that were similar to above noted binary
systems observations. The respective studies indicated the following adsorption trend above pH 4:
Se(IV) > SeCN~> Se(VI). Adsorption modelling using the Diffuse Layer Model also showed reason-
able predictions. For Se(IV) an inner sphere Ti-SeO,” complex generally yielded acceptable modelling
estimations whereas for Se(VI) and SeCN- outer sphere complexes Ti-H,0-SeO," and Ti-H,0-SeCN-
respectively showed reasonable modelling results.
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1. Introduction

Aqueous streams and discharges from sources such as
agricultural fields [1], mining areas [1-4], fossil fuel [5] and
several other specific industries introduce selenium species
in to the environment. The dominant selenium species in
industrial effluents is in Se(VI) form whereas under reduc-
ing conditions Se(IV)species is also present. Furthermore
SeCN- is another dominant species specifically in petro-
leum refineries, and fossil fuels based powerplants [6].

Selenium despite being an essential micronutrient, poses
adverse effects at higher intake levels [7-15]. Therefore, very
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stringent selenium drinking water and wastewater treat-
ment standards are in force for which various treatment
methods have been employed including TiO,-photocatal-
ysis [16-19], biological treatment [20], phytoremediation
[21], electrocoagulation [22], chemical reduction [23], and
adsorption [24]. The use of adsorption process has been
widely reported for the removal of various aqueous phase
pollutants [25-29].

Though various studies have also explored the adsorp-
tion of selenium species onto different materials including
iron oxides [30], montmorillonites [31], chitosan—clay com-
posites and ironoxides [8], aluminum oxide [32], etc., investi-
gations on selenium species adsorption onto TiO, are limited
[7,24,33-41], with only few detailed selenium adsorption
work onto TiO, [24]. Furthermore, there is no work on com-
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petitive adsorption of Se(IV), Se(VI) and SeCN-species onto
TiO, surface. As synergistic effects might affect the adsorp-
tion of Se(IV), Se(VI) and SeCN- onto TiO, in mixed binary
or tertiary competitive adsorption systems, understanding
such competitive adsorption behavior is important to real-
ize its role during TiO,-photocatalysis [42-45]. For example,
adsorption of selenium species onto metal oxides is noted
to be affected by the presence of other anionic species such
as phosphate [46,47], sulphate [47], chromate [48], molyb-
date [48], silicate [49], fluoride [49], citrate, oxalate, and car-
bonate/bicarbonate [50] due to differences in strength and
type of bonding between the anions and the metal oxide
surface and also the binding rate on the surface [48]. Hence
studying the competitive adsorption behavior of respective
selenium species (i.e., Se(IV), Se(VI) and SeCN") onto TiO,is
also important to better understand the adsorption trends
under both binary and tertiary system conditions.

As mentioned above that the application of TiO,-as-
sisted photocatalysis has been reported for the removal of
several Se-based species, and hence it would be very inter-
esting to understand how such species (i.e., Se(IV), Se(VI)
and SeCN") adsorb onto TiO, under both binary and ter-
tiary conditions. Such an understanding will help to design
better TiO, based adsorption and photocatalysis systems
for the removal of Se(IV), Se(VI) and SeCN- species. Con-
sidering this, the present study focused on competitive
adsorption of Se(IV), Se(VI) and SeCN" species onto TiO,
surface. Furthermore considering the importance of spe-
cialized surface complexation models such as the Diffuse
Layer Model (DLM) for adsorption modelling [51-53] an
extensive modelling study was also completed. Details on
both experimental and modelling results are reported in the
following sections.

2. Materials and methods
2.1. Materials

All chemicals used were of high purity reagent grade
quality. The main chemicals included sodium selenite
(Aldrich, USA), potassium selenate (Aldrich, USA), potas-
sium selenocyanate (Aldrich, USA), sodium carbonate
(BDH, U.K.), sodium bicarbonate (BDH, U.K.), and pH
calibration standards (Fisher, USA). The DEGUSSA P25
titanium dioxide/TiO, (Degussa, Germany) was used for
all adsorption studies. The respective TiO, was used as
is, without any purification or modification. Table 1 pro-
vides several physico-chemical properties of Degussa P25
TiO,. The pH adjustments were made using either HCl
(Surechem, UK) or NaOH (J.T. Baker, U.S.A) solutions. All
glassware used were Pyrex based that were appropriately
cleaned, washed, and dried before each use. All sample
collection, storage, and processing accessories were also
cleaned, washed, and dried before each use.

2.1.1. Adsorption experimental details

Stock solutions (1000 ppm) for Se(IV)/SeO,*, Se(VI)/
SeO,*, and SeCN- were prepared using above mentioned
reagent grade chemicals and high purity de-ionized water
(Corning Mega Pure™ System), and stored in Pyrex bottles
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Table 1
TiO, parameters used in the Diffuse Layer Model

Parameter Value

Specific surface area (m?/g) 55
Surface site density (mmol/g) 0.274

Solid concentration (g/L) 1
pH,,. 6.5
Primary particle size (nm) 30

Crystal phase ratio 75-80% Anatase, 20-25% Rutile

under dark conditions. For the adsorption experiments, the
respective selenium-species solutions were prepared using
the above-mentioned stock solutions and de-ionized water.
A blank sample was first collected after which 1 g/L TiO,
was added with appropriate mixing to ensure its complete
dispersion. This suspension was then transferred to a set
of Pyrex glass bottles. Each experiment was conducted in
a set of nine bottles by adjusting the pH of the suspensions
between 2 and 11 using HCI and/or NaOH solutions. The
test solutions were vigorously mixed for about 24 h and the
final suspension pH was measured before sample collection
and filtration using 0.2-pm membrane filters (WHATMAN,
Germany). The syringe and filter holders were also appro-
priately washed and dried before each use. The collected
samples were then duly stored before being analyzed for
the target selenium species.

2.1.2. Analytical methods

The filtered sample aliquots were analyzed for Se(IV),
Se(VI), and SeCN~ using an advanced ion chromatograph
set-up (Metrohm, Switzerland) equipped with conductivity
detector. The eluent composition was 2.7 mM Na,CO,/3.0
mM NaHCO,and column used was anion Dual 2 IC column
(6.1006.100, 4.6 mm x 75 mm, Metrohm, Switzerland). Total
selenium was analyzed using an atomic absorption spectro-
photometer setup (Perkin Elmer, U.S.A) that was equipped
with both flame and furnace units. A standard ICP setup
(Thermo, U.S.A) was also utilized for total selenium anal-
ysis. The solution pH was analyzed using a standard pH
electrode-meter setup (AccuTupH* 13-620-185 electrode,
Accumet XL15 pH meter, Singapore). The XPS analyses
were completed by the XPS lab at the physics department
of KFUPM. Also, all analytical instruments were regularly
calibrated.

2.1.3. Modelling approach

Visual MINTEQ version 3.1 was employed for all sur-
face complexation modelling (SCM) exercises. Its exten-
sive database can support the speciation, solubility, and
adsorption modelling of many aqueous species of inter-
est. The TiO, surface complexation reactions employed
for modelling are shown in Table 2 [52-53]. Also the Dif-
fuse Layer Model (DLM) incorporated into MINTEQ soft-
ware was selected for surface complexation modelling.
Furthermore the current version of Visual MINTEQ does
not have selenocyanate (SeCN") in its database. However,
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Table 2
Surface complexation reactions employed for adsorption
modeling

S/No. Reaction Log K;,
1 TiOH + H" & TiOH; 39
2 TiOH 22 TiO™ +H" 8.7
3 TiOH + HSeO; 2 TiSeO; +H,0 46°
4 TiOH + SeO; + H" 22 Ti - H,0 - SeO; 4.8°
5 TiOH+SeCN™ +H' =2 Ti—~H,0-SeCN 655"
"[52]
°[53]
Table 3
Important aqueous speciation reactions employed for
adsorption modelling
S/No. Reaction Log K
1 CN-+ H* <> HCN 9.21°
2 SeCN- + H* <> HSeCN =377
3 SeO,* + H* <> HSeO," 1.7
4 HSeO, <> SeO + H* -8.4¢
5 HSeO,” + H* <> H,SeO, 2.63°
6 OH +H*' < H,0 -13.997¢

‘VisualMinteq Database
“From Chemicalize.org

the Visual MINTEQ allows for specific changes to its
database and thus SeCN-and HSeCN species were added
to the database as component and species, respectively
(Table 3). Some other aqueous speciation reactions from
MINTEQAZ?2 database are also presented in Table 3. Also
Figs. la—c provide the speciation diagrams (completed
using MINTEQ) for TiO,, Se(IV), and Se(VI) species; these
will be recalled later to elucidate some of the experimen-
tal findings.

3. Results and discussion
3.1. Binary systems

The adsorption of respective selenium species onto
TiO, was first studied at varying pH and binary solution
matrices. The respective experimental and modelling
results are discussed in this section. Figs. 2a-d provides
adsorption results for the binary Se(IV)/Se(VI) systems.
Fig. 2a shows the effect of Se(VI) onto adsorption of Se(IV).
In the absence of Se(VI), about 89% Se(IV) adsorption tran-
spires at pH 2, which first gradually decreases to 65% till
pH 4 and then onwards sharply to 31% till pH 7. The TiO,
surface speciation (Fig. 1a) shows that Ti-OH,* is the dom-
inant surface species below pH 3.9 and thus interaction
between the cationic TiO, surface and anionic HSeO, spe-
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Fig. 1. A-C: Speciation diagrams as a function of pH: A) TiO,
speciation; B) Se(IV) speciation; C) Se(VI) speciation (Calculat-
ed using MINTEQ software).

cies which is dominant above pH 2.63 yields higher Se(IV)
adsorption between pH 2 and 4 (Fig. 2a and Scheme 1).
However, with an increase in pH to 4, theTi-OH, surface
species reduces to 50% and then to a very low value at pH
7 (Fig. 1a).

The Se(IV) adsorption (Fig. 2a) also shows a similar
decreasing trend. Shi et al. [24] also report decreasing Se(IV)
adsorption onto TiO, with an increase in pH. Now adding
5 ppm Se(VI) to the respective single Se(IV)-only system
does not cause any significant change in Se(IV) adsorption
and similar is noted for 10 ppm Se(VI) (Fig. 2a). This fact
was supported by results from additional adsorption stud-
ies completed at 5 ppm Se(IV) (Fig. 2b) that also show that
an increase in Se(VI) from 5 to 10 ppm has no significant
effect onto Se(IV) adsorption. This indicates that relative
affinity of TiO, is higher for Se(IV) compared to Se(VI) spe-
cies. This might result because of differences in the type of
surface complexes that Se(IV) and Se(VI) species form with
the TiO, surface sites. Balistrieri and Chao [49] who stud-
ied the adsorption of selenium species onto amorphous
iron oxyhydroxide and manganese dioxide also observed
higher surface affinity for Se(IV) relative to Se(VI). Hence
the displacement of surface bound Se(IV) by the aqueous
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Fig. 2. A-B: Experimental and modelling results for Se(IV)
adsorption onto (1 g/L) TiO, in presence of Se(VI): A) 10 ppm
Se(IV); B) 5 ppm Se(IV).

100

< 0ppm Se(lV)
90 —--— 0 ppm Se(IV) (Modelled)
80 - \ B 5ppmSe(lV)
& g - - -~ 5 ppm Se(IV) (Modelled)
< 70 A 10 ppm Se(IV)
S 40 - —— 10 ppm Se(IV) (Modelled)
]
g 50
& 40
g 0 C
<
g 20 -
10 A <> A
0 T A—M—y—v—v—e—.—v—
0 4 8 12
pH
100
90 -+ W 5ppm Se(lV)
- - -~ 5ppm Se(lV) (Modelled)
s 80 - N A 10 ppm Se(lV)
2_‘: 70 | .‘\ ——— 10 ppm Se(1V) (Modelled)
3 60
g 50 -
& 40 - D
S 30
[}
» 20 -
10 m
0 /- A
0 4 8 12
pH

Fig. 2. C-D: Experimental and modelling results for Se(VI)
adsorption onto (1 g/L) TiO, in presence of Se(IV): C) 10 ppm
Se(VI); D) 5 ppm Se(VI).
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Scheme 1: A qualitative depiction of adsorption of selenium
species on to TiO, as function of pH.

Se(VI) species will be difficult. Vohra [19] who studied TiO,
assisted photocatalysis of SeCN~ species also noted albeit
slower Se(VI) buildup from oxidation of surface bound
Se(IV) species; the resulting Se(VI) species then diffused
into bulk aqueous phase as a result of solid-solution equi-
librium and also because of comparatively lower Se(VI)
affinity for the TiO, surface. Tan et al. [38] and Nguyen et
al. [34,35], who report brief Se(IV)/Se(VI) adsorption onto
TiO, also report somewhat higher Se(IV) adsorption onto
TiO, compared to Se(VI) species. The authors suggest that
different surface complexation mechanisms because of dif-
ferent Se(IV)/Se(VI) molecular structures could explain the
respective differences in the adsorption trends.

Also comparing the results from Figs. 2a and 2b, a higher
percent-based Se(IV) adsorption is noted for the 5 ppm
Se(IV) systems as compared to the 10 ppm Se(IV) systems
(Figs. 2b and 2a, respectively). For example approx. 96%,
94%, and 54%, Se(IV) adsorption is achieved for the 5 ppm
Se(IV)/5 ppm Se(VI) system at pH 2, 4, and 7 respectively
(Fig. 2b), whereas for the 10 ppm Se(IV)/5 ppm Se(VI),
Se(IV) adsorption is 76%, 74%, and 34%, at pH 2, 4, and 7,
respectively (Fig. 2a). The decrease in percent-based Se(IV)
adsorption with an increase in its concentration might be as
a result of saturation of the limited TiO, surface sites. How-
ever it should be noted that on mass basis the adsorption
values are still higher for the 10 ppm Se(IV) system because
of corresponding higher mass transfer driving force across
the bulk aqueous and bulk solid phase.

The Diffuse Layer Model (DLM) was also employed for
the adsorption modelling of above mentioned experimental
findings. In that regard several surface-binding possibil-
ities (for Se(IV) and Se(VI)) were considered and eventu-
ally those surface complexes that yielded the best match for
most (if not all) experimental adsorption matrices including
the tertiary systems (as discussed later) were adopted for
the modelling purpose. Table 2 provides the respective sur-
face complexation details whereas Table 3 provides some of
aqueous speciation reactions.

For the 10 ppm Se(IV) systems, a good correlation
between the experimental results and model estimates is
typically noted (Fig. 2a) except at pH 2 and 3 where the
model overestimates Se(IV) adsorption. A similar trend
is observed for the 5 ppm Se(IV) systems (Fig. 2b), albeit
with good correlation at all pH values. In general the model
delivers better adsorption estimates under a varying set of
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conditions including pH and Se(IV)/Se(VI) concentrations.
Modelling output details show that for Se(IV), consider-
ation of Ti-SeO, surface complex provides a good model fit,
whereas in case of Se(VI) (discussed in detail in the coming
section) the Ti-H,0-SeO,"is noted to provide better model
fits. Also the formation of both inner sphere and outer
sphere type surface complexation has been noted for TiO,.
In case of anion forming an inner sphere complex, results
in Ti-Anion complex with the displacement of surface OH
group. However in case of an outer sphere complex, the
adsorbing species interacts via surface H,O group. In any
case all such interactions are predominantly electrostatic
in nature. Also surface complexation reactions as given
in Table 2 consider both ion and charge number, and the
DLM model automatically considers any changes in aque-
ous speciation (for all species) and surface species w.r.t. pH,
and eventually those changes are also incorporated into the
adsorption modelling results.

For Se(IV) species adsorption, several studies have indi-
cated the formation of an inner sphere complex with dif-
ferent surfaces including goethite [54], and TiO, [24]. The
evidence for such a complexation comes from sources such
as no significant effect of ionic strength on adsorption [54-
56], and use of advanced analytical techniques including
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XAS and XPS [56-58]. Hayes et al. [54] employing EXAFS
findings indicate formation of an inner sphere complex
between Se(IV) and goethite surface, whereas for Se(VI)
they report an outer sphere complex formation; the respec-
tive analysis for Se(IV) indicated Se-Fe distance of 3.38 A.
Papelis et al. [56,59] report similar observations for Se(IV)
adsorption onto aluminum oxide surfaces; Papelis et al. [56]
report Se-Al distance of 3.5A that is supportive of an inner
sphere complex. Also Gurkan et al. [60] who investigated
Se(IV)-doped TiO, synthesis noted increased Ti- and O- spe-
cies binding energies (based on XPS data) and attributed it
to Ti-O-Se bond formation; the Se species in the bond was
noted to be Se(IV) as well. In the present study an XPS anal-
ysis was also completed for TiO, samples after the adsorp-
tion of respective selenium anions and the results that are
presented in Fig. 3 show that for Se(IV) and Se(VI) adsorbed
TiO, samples, O 1s and Ti 2p3/2 binding energies are about
530 eV and 458.5 eV respectively. This shows that TiO, exist
in +4 state as Ti* respective samples. By fixing the main C
1s binding energy at 248.8 eV, Se 3p3/2 binding energies for
Se(IV) and Se(VI) containing samples are found to be 165.6
and 166.2 respectively. The relative difference in the energy
level between the TiO, samples containing Se(IV) and
Se(VI) was found to be 0.6 eV. Sartz et al. [61] who inves-
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Fig. 3. X-ray photoelectron spectroscopy (XPS) spectra of TiO, samples for the adsorption of Se(IV), Se(VI) and SeCN- (i) O 1s, (ii) Ti
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tigated selenium species XPS spectra obtained Se 3p3/2
binding energies of 164.6, 164.1 and 159.1 eV for selenium
in +6, +4 and -2 oxidation states and difference in binding
energies between +6 and +4 oxidation state species is about
0.5 eV. The similarity (between the present study and above
mentioned study) regarding the relative difference in the
binding energies for Se(IV) and Se(VI) indicates that Se(IV)
and Se(VI) are adsorbed on the TiO, surface reaching a ther-
modynamically stable state [62].

Furthermore the Se(VI) adsorption results from above
discussed systems are also summarized here. Fig. 2c shows
the adsorption findings for 10 ppm Se(VI) in the presence of
0 to 10 ppm Se(IV). For the 10 ppm Se(VI) system without
Se(IV) (Fig. 2c), about 71, 52, 34, and 9% Se(VI) adsorption
transpires at equilibrium pH of 2, 3, 4 and 5, respectively.
A sharp decrease in Se(VI) adsorption is observed with an
increase in pH from 2 to 5, with insignificant adsorption
observed above pH 5. Se(VI) speciation (Fig. 1c) shows that
near pH 1.7, about 50% of Se(VI) is in the form of HSeO,,
which reduces to negligible amount at pH 4 and above.
Likewise, TiO, speciation (Fig. 1a) also shows declining
cationic TIOH,* species above pH 4. Therefore, since both
anionic HSeO, and cationic TiOH,* species decrease with
an increase in pH, the electrostatic attraction between the
two species also decrease with an increase in pH thus
resulting into reduced Se(VI) adsorption.

Addition of 5 ppm Se(IV) to 10 ppm Se(VI) system
(Fig. 2¢) results into decreased Se(VI) adsorption, i.e., 45, 25,
18, and 0% at pH 2, 3, 4 and 5, respectively. Furthermore at
10 ppm Se(IV), Se(VI) adsorption decreases further (Fig. 2c).
For example the respective Se(VI) adsorption values at pH
2 are as follows: 71% at 0 ppm Se(IV), 45% at 5 ppm Se(IV),
and 29% at 10 ppm Se(IV). Results from 5 ppm Se(VI) (Fig.
2d) show similar trends, i.e., an increase in Se(IV) from 5
to 10 ppm also decreases Se(VI) adsorption from 69, 51, 27,
and 9% to 52,31, 11, and 2% at pH 2, 3, 4, and 5, respectively.
Decrease in Se(VI) adsorption with increase in Se(IV) con-
centration can be attributed to: 1) higher affinity of Se(IV) to
the TiO, surface compared to Se(VI), and 2) difference in the
type of surface complex they formed with the TiO, surface.
XPS results explained earlier shows that Se(VI) is adsorbed
via the formation of outer-sphere complex while Se(IV)
is adsorbed via the formation of stronger inner-sphere
complex. Tan et al. [38] also observed a decrease in Se(VI)
adsorption when formate was introduced to the system.

In any case these findings indicate the differences in
Se(IV) and Se(VI) interactions with the metal oxide surfaces.
Also the Se(VI) adsorption results (Figs. 2c and 2d) show
lower removals compared to respective Se(IV) adsorp-
tion results (Figs. 2a and 2b). These findings also indicate
preferential Se(IV) adsorption on to TiO, surface. Compar-
ing results in Figs. 2c and 2d, a decrease in percent Se(VI)
adsorption is also observed when its initial concentration
is increased from 5 to 10 ppm. Nevertheless Se(VI) removal
on mass basis is still higher for 10 ppm Se(VI). Fig. 2c also
shows that the Diffuse Layer Model reasonably predicts
Se(VI) adsorption whereas trends in Fig. 2d show some
underestimations. Also both the experimental and model-
ling results show adsorption transpiring between a narrow
pH range of 2-5 (Figs. 2c-d).

To build on above given Se(IV)/Se(VI) adsorption find-
ings, studies on adsorption of Se(IV)/SeCN- binary sys-

tems (Figs. 4a—d) were also completed. However, unlike
the above mentioned Se(IV)/Se(VI) systems, a pinkish
precipitate formation was noticed during SeCN- adsorp-
tion work. To ascertain the source of the precipitation, two
blank SeCN- experiments were completed without TiO,
and the results are presented in Fig. 5. About 99%, 66%, 17%
and 15% selenium precipitation was observed for 10 ppm
SeCN-at pH 2, 3,4 and 5 respectively whereas 77% and 24%
selenium precipitation was observed at pH 2 and 3 for the
5 ppm SeCN, respectively. The precipitation resulted from
the breakdown of SeCN- complex according to Eq. (1) as
suggested by Hamada [63]:

SeCN™ + H* ->HCN + Se° 1)

Hence the precipitation results in Fig. 5 were duly
deducted from the respective overall SeCN-removal before
modelling the adsorption of SeCN- using Ti-H,O-SeCN
type surface complex. Similar to Se(IV)/Se(VI) systems
(Fig. 2) SeCN- also shows no significant effect onto Se(IV)
adsorption (Figs. 4a—b) that can be explained based on afore-
mentioned discussion on an inner-sphere type Se(IV) com-
plexation. However unlike the suppresive effect of Se(IV)
onto Se(VI) removal (Figs. 2c—d), no notable effect of Se(IV)
onto SeCN- removal is observed and the respective SeCN-
removal trend lines are somewhat more gradual in their
drop from acidic to basic pH range (Figs. 4c—d) as compared
to Se(VI) (in Se(IV)/Se(VI) systems) that showed a sharp
adsorption edge transpiring between a narrow pH range
of 2 till 5 (Figs. 2c—d). Also, the respective SeCN~ removal
results above pH 4 are higher in comparison to Se(VI)
removal. Hence the SeCN-removal findings from Se(IV)/
SeCN- binary systems (Figs. 4c—d) are somewhat different
from Se(VI) removal from Se(IV)/Se(VI) binary systems
(Figs. 2c—d). In general for the binary Se(IV)/SeCN- sys-
tems, high Se(IV) removals can be achieved with insignif-
icant SeCN- effect. The respective SeCN-modelling results
as provided in Fig. 4 also show a good match between the
experimental and modelling results using an outer sphere
type complex. Nevertheless if SeCN- also forms an outer
sphere type complex then question arises why its removal is
not affected by Se(IV) (Figs. 4c—d) unlike the Se(VI) species
removal (Figs. 2c—d). This query lead us to conduct another
set of experiments for Se(VI) and SeCN- mixed systems.
Results for binary Se(VI)/SeCN- adsorption results are pro-
vided in Figs. 6a—d. No notable effect of SeCN~ onto Se(VI)
removal (Figs. 6a-b) was noted, which is qualitatively sim-
ilar to Se(IV) trends in Se(IV)/SeCN- systems (Figs. 4a-b).
Also similar to Se(IV)/SeCN- results (Figs. 4c—d), no nota-
ble Se(VI) effect is observed on SeCN- removal (Figs. 6¢c-d).
In any case the above results indicate adsorption trends
that are important to understand any respective treatment
applications. The current work was further extended for
tertiary systems and the respective results are given below.

3.2. Tertiary systems

After completing the above mentioned binary-sys-
tems adsorption studies, the present work was extended
to investigate Se(IV), Se(VI) and SeCN- adsorption trends
under several tertiary system conditions. In that regard, the
adsorption of respective selenium species onto TiO, was
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studied at varying pH values and tertiary solution matri-
ces. The respective experimental and modelling results are
given below.

The results for the effect of Se(VI) onto 10 ppm Se(IV)
adsorption in the presence of 5 ppm SeCN- are shown in
Fig. 7a. In the absence of Se(VI), about 82%, 71%, 33% and
0% adsorption values (Fig. 7a) are observed at pH 2, 4, 7
and 11, respectively. An introduction of 5 ppm Se(VI) con-
centration to the above system shows no significant change
in Se(IV) removal. Also an increase in Se(VI) concentration
from 5 ppm to 10 ppm shows a similar trend.

The effect of Se(VI) concentration was further investi-
gated on the adsorption of 5 ppm Se(IV) in tertiary system
containing 5 ppm SeCN- (Fig. 7b), that also shows no sig-
nificant change. Furthermore, the findings in Fig. 7c for 10
ppm Se(IV) and 10 ppm SeCN-though show that an increase
in Se(VI) concentration (from 0 to 10 ppm) leads to some
decrease in Se(IV) adsorption specifically at low pH values
(e.g., at pH 2, 86%, 69%, and 64% Se(IV) adsorption was
achieved for the 0 ppm, 5 ppm, and 10 ppm Se(VI) systems
respectively), the results above pH 4 show no Se(VI) effect
onto Se(IV) removal (Fig. 7c). Also similar to the single and
binary systems, a gradual decrease in Se(IV) adsorption
for pH 2 to 4, is followed by sharp change between pH 4
and 7. Furthermore, Figs. 7a—d show that a good correla-
tion exists between the model predicted values and exper-
imental results, except for the tertiary systems in Fig. 7c (5
ppm Se(VI)/10 ppm Se(IV)/10 ppm SeCN- and 10 ppm
Se(VI)/10 ppm Se(IV)/10 ppm SeCN-) where the model
overestimates the adsorption at low pH values. In general,
Se(VI) effect onto Se(IV) removal in presence of SeCN- (Fig.
7) is not significant.

Similar to the binary systems, higher percent Se(IV)
adsorption was also observed for tertiary system with 5
ppm Se(IV) concentration (Figs. 7b and 6d) as compared to
10 ppm Se(IV) concentration (Figs. 7a and 7c). Nevertheless
adsorption on mass basis is still higher for 10 ppm Se(IV)
systems due to higher mass transfer driving force across the
thin film between the bulk aqueous and bulk solid phase.
Regarding the effect of SeCN™~ on the adsorption of Se(IV)
from above discussed tertiary systems, some decrease in
Se(IV) adsorption was noted especially at acidic pH and 10
ppm SeCN- (Figs. 8a—d). Nevertheless such differences tend
to reduce at pH above 4 and trends look to be similar to
respective binary system results (Figs. 4a-b).

Now looking into the effect of Se(IV) species onto Se(VI)
adsorption as summarized in Fig. 9, about 68, 44, 38, and 16%
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Se(VI) adsorption at pH 2, 3, 4 and 5 respectively is noted
for 10 ppm Se(VI)/5 ppm SeCN". As noted for the binary
Se(VI)/Se(IV) systems (Figs. 2c and 2d), addition of Se(IV) to
the Se(VI)/ SeCN-system also results into decreased Se(VI)
adsorption (Fig. 9a). The effect of Se(IV)onto 5 ppm Se(VI)
removal (in the presence of 5 ppm SeCN") as given in Fig. 9b
indicates decreased Se(VI) adsorption of 24%, 43%, and 9%
at pH 2, 3 and 5 respectively, compared to 91%, 88%, and 9%
Se(VI) adsorption at pH 2, 3 and 5 respectively in the absence
of Se(IV). A further increase in Se(IV) concentration from
5 ppm to 10 ppm (Fig. 9b) results in a further decrease in
Se(VI) adsorption onto TiO,. Qualitatively similar Se(IV)-ef-
fect trends are observed for the adsorption of 10 ppm Se(VI)
(Fig. 9c) and 5 ppm Se(VI) (Fig. 9d) in the presence of 10 ppm
selenocyante. The adsorption trends in Figs. 9a—d are similar
to the binary systems discussed in Figs. 2c and 2d i.e., an
increase in both Se(IV) and Se(VI) concentrations causes a
decrease in Se(VI)’s overall removal. Also except for the 5
ppm Se(IV)/10 ppm Se(VI)/5 ppm SeCN-system the model
underestimates Se(VI) adsorption (Figs. 9a—-d).

The effect of SeCN- onto Se(VI) adsorption was also
investigated for the tertiary systems mentioned in Fig. 9.
No significant effect is noted for the 10 ppm Se(VI) and 5
ppm Se(IV) system, i.e., at pH 2, 45%, 44% and 47% Se(VI)
adsorption is noted for 0, 5 and 10 ppm SeCN- concentra-
tions respectively and a qualitatively similar trend is noted
for 5 ppm Se(VI). Also the effect of SeCN- on to Se(VI)
adsorption in the presence of 10 ppm Se(IV) shows no signif-
icant differences though the overall Se(VI) adsorption is low.
These adsorption trends were qualitatively similar to the
binary systems discussed in Figs. 6a and 6b that strengthens
our earlier comment that Se(VI) adsorption is not affected
by the presence of SeCN~. This trend is further supported
by the outcomes from the combined effect of Se(IV)/Se(VI)
species onto SeCN-removal that also shows no specific
trend. In summary the results and observations presented
in this work are very important and aforementioned spe-
cific adsorption trends should be carefully considered for an
effective treatment of respective selenium species using the
TiO, based processes under competitive conditions.

4. Conclusions

Competitive adsorption of Se(IV), Se(VI) and SeCN-
species onto TiO, was studied under a varying and wide
ranging set of conditions and variables, and the respective
adsorption results were also successfully modelled using
the Diffuse Layer Model. For mixed Se(IV) and Se(VI) binary
systems, high Se(IV) adsorption was noted with no notice-
able Se(VI) effect onto Se(IV) adsorption even up to 10 ppm
Se(VI). However Se(VI) adsorption was markedly affected
by the Se(IV) species. This was explained based on higher
relative affinity of TiO, surface sites for Se(IV) compared to
Se(VI) with the former species forming an inner-sphere type
complex. Also the Se(IV) adsorption gradually decreased
between pH 2 and 4 followed by a sharp decrease till pH 7
whereas for Se(VI) species, a sharp decrease in adsorption
was noted from pH 2 to 5. Nevertheless results from the
binary Se(IV) and SeCN- mixed systems indicated no such
competitive adsorption trend and similar was also noted
for the binary Se(VI) and SeCN- mixed adsorption studies.

Furthermore findings from the tertiary Se(IV), Se(VI), and
SeCN- studies showed similar adsorption trends. In general
the adsorption results above pH 4 showed Se(IV) > SeCN~>
Se(VI). For adsorption modelling out of several surface com-
plexation possibilities tested (for wide ranging binary and
tertiary mixed conditions) an inner sphere type complexi.e.,
Ti-SeQO,” reasonably predicted Se(IV) adsorption whereas
Se(VI) and SeCN- adsorptions were well predicted consider-
ing outer sphere complexes, i.e., Ti-H,0-5eO,” and Ti-H,O-
SeCN respectively. Results from the present work indicate
that Se(IV), Se(VI), and SeCN- species can be effectively
removed from respective aqueous streams under varying
mixed competitive conditions using the TiO, based adsorp-
tion process with a careful control of process parameters.
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