
Talanta 67 (2005) 806–815

Retention profile, kinetics and sequential determination of
selenium(IV) and (VI) employing 4,4′-dichlorodithizone

immobilized-polyurethane foams

M.S. El-Shahawi∗, M.A. El-Sonbati
Chemistry and Environmental Science Department, Faculty of Science at Damietta, Mansoura University, Mansoura, Egypt

Received 1 December 2004; received in revised form 2 April 2005; accepted 4 April 2005
Available online 23 May 2005

Abstract

Polyurethane foams (PUFs) loaded with the chromogenic reagent 4,4′-dichlorodithizone (Cl2H2DZ) have been investigated for the quantita-
tive retention, chemical speciation and sequential determination of traces of inorganic selenium(IV) and (VI) from aqueous media containing
bromide ions. The retention profile of selenium(IV) onto the reagent loaded foam followed a dual-mode sorption mechanism involving both
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bsorption related to “solvent extraction” and an added component for surface adsorption. The kinetics and thermodynamic chara
elenium(IV) uptake onto PUFs have been studied. The kinetics of selenium(IV) sorption onto PUFs was found fast, reached equ
ew minutes and followed a first-order rate constant in presence of bromide ions in the extraction media. The thermodynamic param�H,
Sand�G, indicated the exothermic and spontaneous nature of the sorption process. The sorption and the recovery percentages

elenium(IV) from fresh water by the proposed loaded foam columns were achieved quantitatively. The height equivalent to theor
HETP), the number of layers (N), breakthrough capacity and the critical capacity for selenium(IV) uptake onto Cl2H2DZ loaded foam
olumns were found to be 1.3, 103, 8.6 and 7.2 mg/g, respectively. The method was successfully applied for the chemical spe
equential determination of inorganic selenium(IV) and/or (VI) species spiked to fresh and industrial wastewaters.
2005 Published by Elsevier B.V.
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. Introduction

Selenium enters into natural waters through seepage from
eleniferous soils and industrial waste and liberated into the
nvironment (in soil) through complex biogeochemical re-
ction forming organoselenium compounds[1]. These com-
ounds are more toxic than inorganic selenium compounds
nd absorbed by plants such as cabbage and mustard[2,3].
owever, trace amounts of selenium have been found to be
ssential to maintain normal body metabolism[4], since it

akes part in the glutathione peroxidase enzyme[4,5]. Se-
enium(IV) species can also enhance our ability to protect
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against certain cancer and heart diseases[6,7]. The maxi-
mum allowed tolerance limit of selenium is <0.1 mg/m3 in
air, <0.05�g/ml in water and≤80�g/kg in soil[8].

Polyurethane foam (PUF) sorbent represents a chea
efficient separation and preconcentration media with ste
increasing versatile application in inorganic species ana
[9,10]. Applications of PUFs are of great importance in o
coming many pollution hazards of inorganic pollutants
bringing them to an acceptable concentration in water
other media[9]. Selenium and tellurium have been sor
from HCl and HBr media by polyether and polyester-ba
polyurethane foam[11].

Recently, a number of solid sorbents involving untre
and treated foamed plastics have been tested as supp
the reversed-phase extraction chromatography[12–22]. The
broad range of surface functional groups present in the
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unit of PUF influences its retention properties and reactiv-
ity. PUF unloaded or immobilizing specific chromogenic
reagents have been successfully employed on-line for the
preconcentration, separation and determination of different
inorganic species in natural and fresh waters and biological
samples[15–19].

The present work is aimed at developing simple, con-
venient and low cost procedures for the preconcentration,
chemical speciation and sequential spectrophotometric de-
termination of inorganic selenium(IV) and (VI) ions in water
employing the reagent 4,4′-dichlorodithizone (Cl2H2DZ) im-
mobilized PUFs. The kinetics and thermodynamic character-
istics of the sorption step onto PUF are critically discussed.
Several adsorption models will be used for the retention
of randomly distribution sites of equal energy in which
Freundlich and Langmuir adsorption isotherms are most
commonly used. The mechanism of selenium(IV) sorption
employing dithizone or dithizone analogues is a subject of
contradictory opinions[23,24].

2. Experimental

2.1. Reagents and materials

All chemicals used were of analytical reagent grade and
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dissolved in chloroform, precipitated with cyclohexane and
finally dried in vacuum (mp 125◦C). Elemental analysis of
C13H10N4SCl2—required: C = 53.2%, H = 3.4%, N = 19.1%
and Cl = 24.2%; found: C = 53.9%, H = 3.5%, N = 19.4% and
Cl = 25.1%.

2.3. Apparatus

A Soxhlet extractor and a lab-line Orbital mechanical
shaker SO1 (UK) were used for the foam purification and
batch retention experiments. Glass columns (18 cm× 15 mm
i.d.) were used in the flow experiments. A single beam Dig-
ital Spectro UV–VIS RS Labomed, spectrophotometer with
quartz cell (10 mm path length) and a pH meter model 3305
(JENWAY) were used for the absorbance and pH measure-
ments of the test solutions, respectively.

2.4. General extraction procedures

2.4.1. Batch experiments
In a dry 100 ml polyethylene bottle, an accurate weight

(0.5± 0.01 g) of the reagent Cl2H2DZ loaded foam cubes was
shaken on a mechanical shaker for 2 h with 50 ml of an aque-
ous solution containing selenium(IV) ions at 5�g/ml concen-
tration level at 20± 0.1◦C and at the required pH adjusted
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cids were used without further purification. A stock s
ion (1000�g/ml) of NaHSeO3 was prepared in double d
illed water. A stock solution of the reagent Cl2H2DZ (0.1%,
/v) was prepared in 10 ml chloroform. The solution w
ept refrigerated prior to use under acidified aqueous
ion containing sulphuric acid (0.2 M) and sodium sulph
0.1 M). Commercial white sheets of open cell polyether
UFs (25 kg/m3) were used. The foam cubes (10–15
dge) were cut from the foam sheets, washed, dried at◦C
or 2 h [22] and finally stored in plastic bottles for furth
se. The reagent Cl2H2DZ loaded foam cubes were prepa
y mixing the dried foam cubes with chloroform contain
l2H2DZ at 0.02% (w/v) (50 ml/g dry foam) with efficie
tirring in the presence of sulphur dioxide for 30 min
ere dried as reported earlier[22]. The reagent Cl2H2DZ im-
obilized PUFs was found stable for up to 20 h. The Cl2H2DZ

mmobilized PUFs (�4.0 ± 0.01 g) were packed in a gla
olumn as reported earlier[22].

.2. Synthesis of 1,5-di-(4-chlorophenyl)-3-
ercaptoformazan (Cl2H2DZ)

The reagent Cl2H2DZ was prepared by the nitrofo
azyl method [25]. The nitroformazan was recryst

ized from ethanol, converted to 1,5-di-(4-chlorophen
-mercaptoformazan and finally purified by dissolution
hloroform. The chloroform extract was stripped with

ute sodium hydroxide solution (2%, w/v) and finally po
ng the extract into sulphuric acid (0.5 M). The solid reag
as washed with ethanol until it became acid free, d
y diluted HCl or NaOH. After phase separation, a 10
liquot was assayed spectrophotometrically at 435 nm[23].
he amount of selenium(IV) retained on the foam cubes
etermined from the difference between the absorbance

enium(IV) solutions before (Ab) and after (Af ) shaking with
he reagent Cl2H2DZ foam cubes. The extraction percent
%E) and the distribution ratio (D) of the selenium(IV) upta
n the loaded foam were calculated employing the equat

E=
(
Ab − Af

Ab

)
× 100 (1)

= %E

100− %E
× v (ml)

w (g)
(2)

herev is the sample volume in milliliters andw is the weigh
f the reagent foam cubes in grams. Following these p
ures, the kinetics, retention and thermodynamic studies
dopted. All experiments were performed in triplicate at
ient temperature (20± 0.1◦C). The results are the avera
f three independent measurements and the precision in
ases was±2%. The expected statistical error in the %Eand
calculations is within the range of±2.4.

.4.2. Column experiments
An aqueous solution (2–3 l) of tap, deionized or

ustrial wastewater samples spiked with selenium(IV
.05–1�g/ml level at the optimum experimental conditio
as percolated through the foam (4.0± 0.01 g) packed co
mn at 2.5 ml/min flow rate. Under these conditions sorp
f selenium(IV) took place. The selenium(IV) content

ore percolation and in the effluent solution was measur
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435 nm against a reagent blank[23]. The sorbed selenium(VI)
species on the foam column were then eluted with 20 ml chlo-
roform at 3 ml/min flow rate and measured[23].

2.5. Sequential determination of selenium(VI)

Transfer an aliquot (10 ml) of the aqueous solutions con-
taining 0.5–10�g/ml of selenium(VI). The solutions were
then reduced to selenium(IV) with HCl (6 M) by boiling for
15 min in a closed system (to avoid the evaporation of se-
lenium species) and cooled as reported earlier[11]. The pH
of the test solution was then adjusted to pH� 0–1 by few
drops of saturated NaOH. The produced selenium(IV) solu-
tions were diluted to 10 ml and analyzed as reported[23] via
their standard curves prepared under the same experimental
conditions.

3. Results and discussion

3.1. Absorption spectra

The electronic spectra of the reagents H2DZ, Cl2H2DZ

and their selenium(IV) chelates in CHCl3 are summarized
in Table 1. The characteristic infrared (IR) frequencies of
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found: C = 42.8, H = 2.7, N = 15.5 and S = 8.04). The IR spec-
trum of the isolated solid complex was compared with the IR
spectra of the selenium(IV) salt and the free reagent Cl2H2DZ

recorded separately in KBr discs and as a mechanical mix-
ture of selenium(IV) with the Cl2H2DZ in 1:2 molar ratio.
The characteristic IR frequencies observed at 3436 (br), 1636
(s), 1487 (s) and 440 cm−1 are safely assigned toν(N–H),
ν(N–N), σ(N–H) + (–C N–), ν(N–C–S) andν(Se–Cl)[24],
respectively.

Preliminary investigation has shown that the reagent
Cl2H2DZ immobilized PUF forms a red colored complex with
selenium(IV) in the aqueous solution containing HCl (4 M)
and NaBr (2 M). The produced complex was easily retained
from the aqueous solution onto the PUF cubes. The reagent
foam combines both the selectivity of the chelating agent
and/or the advantageous rapidity of kinetic process between
trace metal ions in the aqueous phase and the chromofoam in
the foam membranes. Thus, the analytical utility of this re-
action for the separation, chemical speciation and sequential
determination of inorganic selenium(IV) and (VI) was found
possible in both static and dynamic modes.

3.2. Retention profiles of selenium(IV) sorption onto
Cl2H2DZ loaded PUF
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S 513 (s)
he solid reagents and their selenium(IV) chelates in ch
orm and in parallelpiped PUFs are also included inTable 1
he electronic spectra of the reagents showed two
esolved absorption bands in the region of 454–429
15–627 nm, whereas their selenium(IV) chelates sho
ne well defined single band in the range 416–435 nm
slight basochromic shift in the PUFs (420–440 nm).

ntroduction of chlorine atoms into thepara positions o
he two phenyl nuclei of dithizone analogue (Cl2H2DZ)
eads to a slight hypsochromic shift for the band at 429
nd basochromic shift for the band at 627 nm comp

o dithizone (Table 1). The molar absorptivity (ε) value
max 627 nm decreased to 2.43× 104 l mol−1 cm−1 and a
29 nm increased to 2.39× 104 l mol−1 cm−1 for the reagen
l2H2DZ compared to H2DZ in CHCl3 (Table 1). Since th
eometry of the complex Se[(HDZ)2] Cl2 was found tetrahe
ral [23,24], the corresponding complex of Cl2H2DZ is most

ikely tetrahedral. This suggestion was also confirmed f
he analytical data of the chelate [SeC26H18S2Cl4]Cl2 given
n Table 1(required: C = 42.9, H = 2.5, N = 15.4 and S = 8

able 1
haracteristic absorption IR (cm−1) and electronic (nm) spectral data f
hloroform, respectivelya

ompound Wavenumber (cm−1)

ν(N–H) ν(N–N) δ(N–

l2H2DZ 2942 (br) 2374 (w) 1504

2DZ 2960 (br) 2365 (w) 1515
e(Cl2HDZ)2Cl2 3436 (m), 3280 (s) 1636, 1580 15
e(HDZ)2Cl2 3215 (m), 3280 (m) 1610 (s), 1580 (s) 1
a s: strong, m: medium, w: weak, sh: shoulder and br: broad.
In the aqueous solution containing NaBr (2 M), the amo
f selenium(IV) ions sorbed onto the reagent Cl2H2DZ loaded
oams was found to depend on the solution pH. There
he sorption profiles of selenium(IV) ions from the aque
olution onto the reagent loaded foams were investigat
arious pH 0–12. The sorption percentage of selenium
ecreased with increasing the solution pH and maximum

ake was achieved in the range of pH 0–2 indicating
he protonated active sites of PUF are more compatible
or the sorption of the complex spices of selenium(IV).
ecrease in the selenium(IV) uptake by the reagent lo

oams at pH > 2 is attributed to the instability of the comp
ormed between selenium(IV) and the reagent Cl2H2DZ and
ubsequent hydrolysis at higher pH. Thus, in the subse
ork, the solution pH was kept at pH 0–2.
In acidic medium (2 M HCl), the nitrogen atom

he amide (–NH–CO–O–) and/or oxygen atom of e
–CH2–O–CH2–) groups of the PUF have strong tende
ither to donate the loan pair of electrons to the ce
etal atom or to take the hydroxonium (H+) ions to form

reagents H2DZ and Cl2H2DZ and their selenium(IV) chelate in KBr disc a

λmax (nm) ε× 10−4 l mol−1 cm−1

C N–) ν(N–C–S)

1490 (s), 1450 (s) 627, 429 2.43, 2.39
1505 (s), 1465 (s) 615, 454 3.58, 1.79
1487 416 9.01
1501 (s) 435 7.01
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ammonium and hydroxyl ions, respectively, to neutralize the
charge of the produced complex anion in the retention pro-
cess[26]. The selenium(IV) ion in its complex is most likely
not bonded directly to the active sites of the PUFs but it exists
as an entity like quaternary ammonium salt. Thus, the most
probable sorption mechanism of selenium(IV) from aqueous
bromide media at pH < 2 onto Cl2H2DZ immobilized PUFs
could be proceeded as follows[9,26]:

H2SeO3(aq)+ 2H+ + 2Cl− � SeOCl2(aq)+ H2O (3)

SeOCl2(aq)+ 4Br− � [SeOBr4]2−
(aq) + 2Cl− (4)

[SeOBr4]2−
(aq) + 2Cl2H2DZ(foam)

� [Se(Cl2HDZ)2Br4]2−
(foam) + H2O (5)

The produced anionic complex of selenium [Se(Cl2-
H2DZ)2Br4]2− on the PUFs is further interacted with the pro-
tonated urethane nitrogen (–NH2COO–) and/or ether oxygen
(–CH2HO–CH2–) linkages of the PUFs to form a complex
ion associate with PUFs as follows:

Urethane group:

[Se(Cl2HDZ)2Br4]2−
foam + –+NH2COO–

� [Se(Cl HD ) Br ]2− · [–NH COO–]2+ (6)
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Fig. 1. Rate of sorption of selenium(IV) at 10�g/ml concentration level
onto Cl2H2DZ immobilized foams (0.5± 0.01 g).

by Cl2H2DZ loaded foams was approximately slow and max-
imum equilibrium has reached a constant value in 2 h shaking
time with the PUF and then leveled off with increasing time
>2 h. Consequently, 2 h shaking time was adopted in the sub-
sequent experiments. This conclusion was supported by the
rate of selenium(IV) sorption by Cl2H2DZ loaded foams and
the average half-life time (t1/2) of equilibrium sorption as
calculated fromFig. 1was in the range 7.8 min.

The effect of the reagent Cl2H2DZ concentration
(0.01–0.05%, w/v) immobilized onto the PUF on the ex-
traction of selenium(IV) at concentration level 5�g/ml was
investigated. No significance effect on the sorption of sele-
nium(IV) was observed. Thus, immobilized Cl2H2DZ–PUFs
of 0.02% (w/v) was selected in the subsequent retention ex-
periments.

The effect of foam dose (w) and batch factor (v/m) on
the retention of selenium(IV) at 10�g/ml concentration level
onto Cl2H2DZ loaded foams was also investigated. The sorp-
tion of selenium(IV) increased on increasing the foam dose
up to 0.5 g of the reagent foam. Thus, in the subsequent work,
0.5 g loaded foam was employed. The extraction percentage
of Se(IV) uptake by the reagent loaded foam decreased up to
45% extraction with increasing the sample volume from 25
to 500 ml.

The influence of cation (Li+, Na+, Ca2+, Cs+, K+ and
NH4

+) size as metal chlorides and their concentrations on
t -
t .
T ction
o ions
o pro-
c

3
C

to
C ct in
p the
m us,
2 Z 2 4 2 2(foam)

Ether group:

[Se(Cl2HDZ)2Br4]2−
foam + –CH2

+HO–CH2

� [Se(Cl2HDZ)2Br4]2−
foam · [CH2HO–CH2]2+

foam (7)

The pKa values of protonation of ether oxygen and am
itrogen are−3 and−6 [26], respectively. Thus, the eth
roups of the PUFs in HCl (2 M) media are easily pro
ated as compared to the amide nitrogen and the int

ion of [Se(Cl2H2DZ)2Br4]2− species appears to be m
tronger.

The influence of mineral acid, e.g., HCl, HNO3, HClO4 or
2SO4 (1 M), on the selenium(IV) uptake onto Cl2H2DZ im-
obilized PUFs indicated that the sorption is quantitativ
Cl. The sorption percentage of selenium(IV) increases

ncreasing HCl concentration up to 4 M and in the presen
aBr (2 M). Increasing the acidity (HCl) higher than 4 M h
negative effect due to the degradation of the foam an
ossible reduction of selenium(IV) to elemental selen
herefore, in the subsequent experiments, a solution

aining HCl (4 M) and NaBr (2 M) was selected as a sorp
edium for further extraction studies of selenium(IV).T

esults obtained are in a good agreement with the da
orted elsewhere[11]. Thus, “solvent extraction” is the mo
robable mechanism for selenium(IV) uptake by the rea
l2H2DZ immobilized foams.
The effect of shaking time on the uptake of selenium

t 10�g/ml concentration from aqueous media by Cl2H2DZ

oaded foams was carried out. The retention of selenite
he sorption profile of selenium(IV) at 10�g/ml concentra
ion level onto the immobilized Cl2H2DZ foam was studied
he results showed no significance effect on the extra
f selenium(IV) in the presence of different concentrat
f the salts. Thus, in the subsequent work, the sorption
edures were carried out without salt addition.

.3. Kinetic behavior of selenium(IV) sorption onto
l2H2DZ loaded foams

The kinetic behavior of selenium(IV) sorption on
l2H2DZ immobilized foams depends on two transport a
arallel, i.e., film diffusion and intraparticle diffusion, and
ore rapid one will control the overall rate of transport. Th
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Fig. 2. The sorbed concentration of selenium(IV) onto Cl2H2DZ loaded
foams vs.t1/2 at 25± 0.1◦C.

the sorbed selenium(IV) concentrationqt (mol g−1) at time
t was plotted, versust1/2 to test the Weber–Morris equation
[27]:

qt = Rd(t)1/2 (8)

whereRd is the rate constant of intraparticle transport in
mmol g−1 min–1/2. The plot ofqt versust1/2 was found lin-
ear (Fig. 2) up to 100 min and deviates as the shaking time
increases. In the initial stage, the diffusion rate was slow and
decreased with passage of time indicating that the adsorption
rate is film diffusion controlled at the early stage of sorp-
tion in batch reactor. The value ofRd was computed from
the slope of the Weber–Morris plot (Fig. 2). The line does
not pass through the origin confirming particle film diffusion
along with intraparticle diffusion[26]. The value ofRd was
estimated to be 90 mmol g−1 min–1/2 in good agreement with
the data reported by Saeed et al.[28,29].

Moreover, the kinetic data were also determined from the
mass action process, which assumes that the movement of
selenium(IV) complex into the pores of PUFs is a diffusion
process regardless of the mechanism used. This is achieved
employing the Lagergren equation[29,30]:

log(qe − qt) = logqe −
(
k

t

2.303

)
(9)

whereq is the sorbed concentration of selenium(IV) onto
P nt
o
i s of
a rbed
c ate
c

(F)
o
R

B

l e ori-
g in

Fig. 3. Lagergren plot of the kinetics of the sorption of selenium(IV) at
10�g/ml concentration level onto Cl2H2DZ loaded foams (0.5± 0.01 g) at
25± 0.1◦C.

the case of the Morris–Weber equation[27] test and indicated
that a “particle diffusion” mechanism is not only operative for
the kinetics of [Se(Cl2HDZ)2]Cl2 retention onto PUF. There-
fore, the retention profile of the selenium(IV) chelate involves
three steps: bulk transport of SeOCl2 and/or [SeOBr4]2− in
solution, film transfer involving diffusion of these species
within the pore volume of the PUFs and/or along the pore
wall surface to an active sorption sites and finally formation
of [Se(Cl2HDZ)2]Cl2. The actual sorption of SeOCl2 on the
interior surface site is slow; hence, it is the rate determin-
ing step. Thus, film and intraparticle transport are the main
predominating factors controlling the sorption rate.

3.4. Sorption isotherm of selenium(IV)

The sorption profile of selenium(IV) from the bulk aque-
ous solution containing HCl (4 M) and NaBr (2 M) onto the
Cl2H2DZ loaded foam was determined over a wide range
of equilibrium concentration (5–100�g/ml). The amount of
selenium(IV) ions retained on the loaded foams is plotted ver-
sus their corresponding remaining concentration in the bulk
aqueous phase. The data revealed that, at low or moderate

F at
1 t
2

e
UF at equilibrium (mol g−1) andk is the overall rate consta
f the sorption process. The plot of log(qe− qt) versus time

s shown inFig. 3. The graph indicated that the proces
dsorption is first-order reaction with respect to the adso
oncentration[31] and the numerical value of the overall r
onstantkwas found equal to 0.012 min−1.

The value of Bt, which is a mathematical function
f qt/qe, can be calculated for each value ofF employing
eichenburg equation[32]:

t = −0.4977− 2.303 log(1− F ) (10)

A plot of Bt versus time (Fig. 4) at 25± 1◦C was found
inear up to 60 min and the line does not pass through th
in as observed earlier[22]. This behavior was observed
ig. 4. Reichenburg plot of the kinetics of selenium(IV) uptake
0�g/ml concentration level onto Cl2H2DZ loaded foams (0.5± 0.01 g) a
5± 0.1◦C.
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Fig. 5. Plot of the distribution ratio of selenium(IV) uptake onto Cl2H2DZ

loaded foams (0.5± 0.01 g) vs. the initial concentration of selenium(IV).

selenium(IV) concentration, the amount of selenite ion re-
tained on the Cl2H2DZ loaded foams varied linearly with
the corresponding selenium(IV) concentration remaining in
the aqueous solution. The equilibrium was approached from
the direction that selenium(IV) rich reagent foams suggest-
ing a first-order behavior. These results are in good agree-
ment with data reported[28,29,31]. The extraction capacity
of selenium(IV) from the sorption isotherm is relatively low
(4.4 mg/g loaded foam) and the equilibrium is approached
at low analyte concentration. The distribution ratio (D) de-
creased with increasing selenium(IV) concentration and the
foam membranes became saturated with the retained species
(Fig. 5). Thus, theD fell off as the saturation was approached
and the diffusion of the solute through the hydrodynamic
boundary layer took place in the sorption step. The most
favorable D values were found for more dilute solutions.
Thus, intraparticle transport and film diffusion may be the
steps controlling molecular diffusion at the macropores of
the PUF sorbent[29,30]. Therefore, “solvent extraction” is
the most probable mechanism for selenium(IV) sorption from
the aqueous solution by the reagent loaded foams.

Several models, e.g., Langmuir, Freundlich and Dubinin–
Radushkevich (D–R) isotherms[33–35], were used to de-
scribe the variation of the sorption data of selenite ions
over a wide range of equilibrium concentrations onto PUFs.
Based on the kinetic consideration, the familiar form of
L near
f

w le-
n n-
c ss of
s e
m f ad-
s and
b y of
s plot
o -

Fig. 6. Langmuir sorption isotherm of selenium(IV) uptake at various con-
centration levels onto Cl2H2DZ loaded foams (0.5± 0.01 g) at 25± 0.1◦C.

sorption model and is a linear graph throughout the entire
concentration range of selenium(IV). The sorption parame-
tersQ andb for the system evaluated from the slope and in-
tercept ofFig. 6were found equal to 0.013± 0.003 mol g−1

and 16± 1.0 dm3/mol, respectively. The values ofQ andb
showed good retention of selenium(IV) ions onto the PUF.

The sorption data were also subjected to Freundlich sorp-
tion isotherm[34] in the following form:

logCads= logA+ 1

n
logCe (12)

whereA and 1/nare Freundlich parameters related to the
maximum sorption capacity of solute (mol g−1). These pa-
rameters encompass maximum sorption capacity of solute
(mol g−1), the surface heterogeneity and the exponential dis-
tribution of active sites and their energies. The values ofAand
1/n computed from the intercept and slope of the linear plot
of logCadsversus logCe (Fig. 7) over the entire concentration
of selenium(IV), were found equal to 0.024 mmol g−1and
0.6, respectively. The value 1/n< 1 indicates favored adsorp-
tion and that the sorption capacity is slightly reduced at
lower equilibrium concentration. The isotherm does predict

F con-
c
2

angmuir sorption isotherm can be expressed in the li
orm [33]:

Ce

Cads
= 1

Qb
+ Ce

Q
(11)

here Ce is the equilibrium concentration (M) of se
ium(IV) in solution,Cads the adsorbed selenium(IV) co
entration onto the reagent loaded foams per unit ma
orbent at equilibrium (mol g−1),Q a constant related to th
aximum sorption capacity of solute per unite mass o

orbent required for monolayer coverage of the surface
is an equilibrium constant related to the binding energ
olute sorption that is independent of temperatures. The
f Ce/CadsversusCe shown inFig. 6strictly follows the ad
ig. 7. Freundlich sorption isotherm of selenium(IV) uptake at various
entration levels onto Cl2H2DZ loaded foams (0.5± 0.01 g) at pH∼ 1 and
5± 0.1◦C.
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saturation of selenium(IV) onto the solid surface of the
reagent immobilized PUF and the infinite surface coverage
is predicted mathematically indicating a multilayer sorption
of the surface.

The Dubinin–Radushkevich isotherm model[35] is pos-
tulated within adsorption space close to adsorbent surface to
evaluate the sorption free energy and to get some informa-
tion about the nature of bonding, i.e., either physicosorption
or chemisorption. The D–R isotherm can be linearized as
follows:

lnCads= lnKDR − β 2 (13)

where KDR is the maximum sorption capacity of sele-
nium(IV) retained,β the activity coefficient constant related
to the sorption free energy of the transfer of the solute from
the bulk solution to the solid sorbent (mol2 kJ2) and is
polanyi potential which is given by the equation:

= RT ln

(
1 + 1

Ce

)
(14)

whereR is the gas constant (0.0834 kJ mol−1 K−1) and T
is the absolute temperature in Kelvin. The plot of lnCads
versus 2 shown inFig. 7 is linear indicating that the D–R
isotherm is obeyed for selenium(IV) sorption over the en-
tire concentration range. The numerical values ofKDR andβ
c qual
t
r het-
e herm
m ener-
g e
e to
t

E

T l
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n

3

ent
C at
2 ion
s s
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�

�

Fig. 8. Dubinin–Radushkevich (D–R) sorption isotherm of selenium(IV) up-
take at various concentration level onto Cl2H2DZ loaded foams (0.5± 0.01 g)
at pH∼ 1 and 25± 0.1◦C.

where�H, �Sand�G are the enthalpy, entropy and Gibbs
free energy changes, respectively, andKc is the equilibrium
constant depending on the fractional attainment (Fe) of the
sorption process of selenium(IV) onto the Cl2H2DZ immo-
bilized PUFs at equilibrium. The plots of logKc and logD
versus 1/Twere found linear (Fig. 9) over the entire range of
temperature (295–333 K). The numerical values of�H and
�Sas calculated from the slope and intercept of logKc versus

Fig. 9. Plots of equilibrium constant,Kc (1), and distribution coefficient,D
(2), vs. 1/T(K−1) for the sorption of selenium(IV) at 10�g/ml concentration
level from aqueous solution onto Cl2H2DZ loaded foams (0.5± 0.01 g).
alculated from the slope and the intercept were found e
o 25.32± 0.23�mol g−1 and−0.0062± 0.0005 mmol2 kJ2,
espectively. Assuming the surface of the reagent foam is
rogeneous and an approximation to a Langmuir isot
odel is chosen as a local isotherm for all sites that are
etically equivalent, the quantityβ related to the mean fre
nergy (E) of the transfer of 1 mol of solute from infinity

he surface of PUF can be expressed by the equation:

= 1√−2β
(15)

he value ofEwas found within the range of 2.9± 0.1 kJ/mo
onfirming solvent extraction and physical sorption of s
ium(IV) complex onto PUF (Fig. 8).

.5. Thermodynamic characteristics of selenium(IV)

The sorption behavior of selenium(IV) onto the reag
l2H2DZ immobilized foams was critically investigated
2, 40 and 60◦C to determine the nature of the retent
tep of selenium(IV) by the PUF at 10�g/ml level aqueou
ample (100 ml) and the optimum experimental conditi
he thermodynamic parameters of selenium(IV) uptake
een evaluated employing the equations:

nKc = −�H
RT

+ �S

R
(16)

G = �H − T �S (17)

G = −RT lnKc (18)
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1/T(Fig. 9) were found equal to−17.1 and−55.8 kJ/mol, re-
spectively. The negative value of�H and the data ofKc and
D given in Fig. 9 reflect the exothermic behavior of sele-
nium(IV) uptake from the aqueous solution by the PUFs and
non-electrostatic bond formation between the adsorbent and
the adsorbate. Similarly, the negative value of�Smay be
indicative of the slow sorption of Se(Cl2HDZ)2Cl2 chelate
and ordering of ionic charges without a compensatory dis-
ordering of the complex sorbed onto the active sites of the
PUF [13]. The negative value of�Sof selenium(IV) sorp-
tion indicates that the freedom of motion of selenium(IV) is
more restricted in the foam membrane than in solution. Since
the sorption process involves a decrease in free energy, the
�H is expected to be also negative, which is confirmed by
the data obtained. Furthermore, as the temperature increases,
the physical structure of membrane may be changing which
can affect the strength of the intermolecular interactions be-
tween the foam membrane and selenite ions. For example,
the higher temperature may cause the membrane matrix to
become more unstructured and affect the ability of the polar
segments to engage in stable hydrogen bonding with selenite
ions, which would result in a lower extraction. The negative
value of�G (−566 kJ/mol) at 295 K, with a correlation factor
of 0.9956, indicates spontaneous and physicosorption nature
of retention onto PUF. The increase in the�G value with
temperature may be due to the spontaneous nature of sorp-
t the
e char-
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Fig. 10. Breakthrough curve of selenium(IV) uptake at 0.05�g/ml con-
centration level from aqueous solution onto Cl2H2DZ immobilized foam
(4± 0.01 g) packed column at 5 ml/min.

lated through the loaded foam column at 5 ml/min. The S-
shaped curve (Fig. 10) represents: (i) the breakthrough vol-
ume and (ii) the volume needed to reach bed saturation of
selenium(IV). It is clear that the raising position in the curves
has a large shape, indicating a high transfer rate of sele-
nium(IV) sorption in the membrane forming the skeleton of
the foam material and a high rate of equilibrium attainment
between the analyte and the reagent immobilized foams. The
HETP andN values for selenium(IV) uptake onto Cl2H2DZ

loaded foams were calculated from the breakthrough curve
(Fig. 10) employing equation[19]:

N = V50V
′

(V50 − V ′)2
= L

HETP
∈ (19)

whereN is the number of theoretical plates,V50 the volume
of the effluent solution at center of the S-shaped of the break-
through curve where the concentration is one-half the initial
concentration,V′ the volume at which the effluent solution
has a concentration of 0.1578 of the initial concentration and
L is the length of the foam bed in millimeters. The values of
HETP andNwere found equal to 1.3± 0.1 mm and 103± 4,
respectively.

The analytical performance of the Cl2H2DZ loaded foam
column was also determined from the values ofN, HETP,
critical and breakthrough (BC) capacities[9,36]. The critical
c
c ate.
T s
c

B

w ),
V
m was
f ded
ion and is more favorable at low temperature confirming
xothermic sorption process. These results and the flow
cteristics of the PUF suggest the possible use of the re

oaded PUFs in column operations for the enrichment
eparation of inorganic selenium(IV) and (VI) species f
arge sample volumes of water.

.6. Chromatographic behavior of selenium(IV)
etention onto Cl2H2DZ loaded PUFs

Columns packed with Cl2H2DZ loaded foams were su
essfully employed for the separation of selenium(IV)
hese experiments, aqueous solutions (2–3 l) of double
illed water containing selenium(IV) at 0.05–1�g/ml con-
entration level, HCl (4 M) and NaBr (2 M) were percola
hrough the foam packed column at 2.5 ml/min flow r

separate blank experiment was also carried out. An
is of selenium(IV) in the effluent solution of the load
oam packed column after shaking with CHCl3 [24] agains
reagent blank indicated complete sorption of selenium
he sorbed selenium(IV) chelate on the foam memb
as then recovered from the foam column with chlorof

20 ml) at 3 ml/min flow rate. Satisfactorily recovery perce
ges (≥95%) of the tested selenium(IV) ions were obta
y the proposed loaded foam columns.

The column performance was calculated from the va
f height equivalent to theoretical plate (HETP) andN es-
imated from the breakthrough capacity curve. Thus, a
us feed solution (5 l) containing selenium(IV) at 0.05�g/ml
oncentration level in HCl (4 M)/NaBr (2 M) was perc
apacity of selenium(IV) ions onto Cl2H2DZ loaded foam
olumn was found equal to 7.2 mg/g at 2.5 ml/min flow r
he BC of selenium(IV) onto Cl2H2DZ loaded foam wa
alculated employing the equation[35]:

C = V50Co

m
(mg/g) (20)

hereCo is the initial concentration (�g/l) of selenium(IV
50 the feed volume (ml) at 50% extraction andm is the
ass (g) of the dry foam beds in foam column which

ound equal to 8 mg/g for selenium(IV) sorption onto loa
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foams at 2.5 ml/min (Fig. 10). This value is quite good as
compared to other solid support like Voltalef, silica gel and
solid inorganic ion exchanger column[36,37].

3.7. Effect of diverse ions

To assess the selectivity of the proposed reagent Cl2H2DZ

immobilized PUFs, the uptake of selenium(IV) at 5–20�g/ml
concentration level from an aqueous solution (50 ml) under
the optimum experimental conditions was critically inves-
tigated in the presence of some diverse ions. It was found
possible to preconcentrate accurately 5–20�g/ml of sele-
nium(IV) in the presence of up to 500 mg/l of the following
ions: PO4

3−, N3
−, Mg2+, Ca2+, Cr6+, Na+, K+, Li+, NH4

+,
F−, Cl−, Br−, Al3+, Te6+, Se6+, WO4

2−, Cr3+ and Te4+.
In the presence of the ions Cu2+, V4+, Fe3+, MnO4

− and
NO3

− at 100�g/ml concentration level, the uptake of sele-
nium(IV) was not complete. In case of the ions Cu2+, V4+

and Fe3+, simple modifications of the sample solutions in-
volving addition of 0.50 ml of EDTA (0.1 M) and NaF (0.1 M)
were introduced to obtain complete sorption of selenium(IV).
The addition of NaN3 removed completely the interference
of KMnO4.

3.8. Applications
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investigated. An aqueous sample solution (100 ml) spiked
with selenite and/or selenate ions at a total concentration
of 1–10�g/ml, HCl (4 M) and NaBr (2 M) was percolated
through Cl2H2DZ immobilized foams packed column at
2.5 ml/min. Only selenium(IV) was quantitatively retained
as indicated from the analysis of selenium(IV) in the effluent
versus reagent blank[23]. The retained selenium(IV) species
were quantitatively recovered with chloroform (20 ml) at
2–3 ml/min. The recovered extract was transferred to a 50 ml
conical flask containing anhydrous sodium sulphate (1 g).
The flask was swirled to mix the contents and the free
Cl2H2DZ was then removed from the combined extracts
by shaking with dilute solution (10 ml) of NH3 (two drops
of concentrated NH3 solution in 25 ml of water). The or-
ganic extract was then shaken with dilute acetic acid (0.2%)
and the chloroform extract was transferred to a 50 ml vol-
umetric flask. The solution was made up to the mark with
chloroform. The absorbance of the organic extract was then
measured at 435 nm against a reagent blank with the aid
of standard curve. Satisfactory results with average recov-
eries in the range 98± 3.2% were obtained for the spiked
selenium(IV). Selenium(VI) was also determined by the pro-
posed reagent Cl2H2DZ after prior reduction to selenium(IV)
by HCl (6 M). The results (99.6± 1.2%) revealed good agree-
ment with the data obtained by the standard dithizone method
[23,24].
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.8.1. Removal of inorganic selenium(IV) and/or (VI) in
ater
The feasibility of the proposed foam method for the

ection and recovery of selenium(IV) and/or (VI) and total
rganic selenium(IV) and (VI) after prior reduction of Se(

o (VI) from natural and tap water was investigated on five
erent fresh, natural and wastewater samples. A 1 l of na
ater sample spiked with selenium(IV) and/or selenium
t various concentrations (5–10�g/l) was percolated throug

he reagent PUF packed column at 2.5 ml/min flow ra
he optimum conditions. Selenium(IV) was quantitatively
ained while selenium(VI) was passed through the col
ithout sorption. The retained selenium(IV) species on

oam column were then recovered with 25 ml chlorofo
t 3 ml/min flow rate and measured[24]. Selenium(VI) wa
lso retained after its prior reduction to selenium(IV) w
Cl (6 M) as described[24], recovered with chloroform an
etermined[11]. In the preconcentration of total inorganic

enium(IV) and (VI), the spiked water samples were initia
educed to selenium(IV) by HCl (6 M). The produced s
ium(IV) solution was quantitatively retained on the reag

oam column at 3 ml/min. Good recovery (95–98%) of the
ained selenium(IV) species was then obtained. The me
s possible to achieve excellent accuracy even in sample
igh content of dissolved solids.

.8.2. Sequential spectrophotometric determination of
elenium(IV) and/or (VI)

The validity of the proposed method for the sequen
etermination of selenium(IV) and (VI) in water was a
. Conclusion

PUF sorbent immobilized with Cl2H2DZ offers unique
dvantage over granular sorbent in rapid separation an
uential determination of inorganic selenium(IV) and (
fter reduction to selenium(IV) in extremely dilute aque
olution (ppb level) by flow mode from fluid water samp
he thermodynamic data confirmed the exothermic natu
elenium(IV) sorption onto the Cl2H2DZ immobilized PUFs
he kinetic data confirmed the intraparticle diffusion proc
nd the first-order model for the sorption step. The results
ided a deeper insight into the kinetics and sorption m
nism of selenium(IV) by PUFs. The great potentialitie
UF membranes are attributed to their inexpensivenes

arge scale of availability all over the world in many indust
pplications. However, work is still continuing for the che

cal separation and determination of inorganic and organ
enium(IV) and (VI) species in real samples by solid-ph
pectrophotometry. Other study will involve the possible
lication of on-line preconcentration and determinatio
elenium(IV or VI) by AAS.
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