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The Rapid Measurement and Monitoring of Selenite
Concentration by Turbidimetry Following its Conversion
to Colloidal State by Sulfite Reduction and Acidification

Nicolas Geoffroy and George P. Demopoulos

Department of Mining and Materials Engineering, McGill University, Montreal, QC, Canada

In this study, the rapid reduction of selenious ions using sulfite
species at negative pH is described and its use as analytical technique
in combination with turbidimetry is proposed. It was found that
Se(IV) can be reduced quantitatively at ambient temperature via a
combination of sulfite reduction and ultra-acidification with sulfuric
acid to a colloidal form that can be determined using turbidimetry.
The developed analytical procedure can accurately and reproducibly
measure Se(IV) concentrations down to 1 mg/L. For concentrations
above 20 mg/L dilution is necessary. Common transition metal ions
such as iron(II), copper(Il), or zinc(II) up to 10 g/L concentration
were found not to have noticeable influence on the precision of the
method. Finally the developed technique was shown to be equally
effective with real Se(IV)-bearing industrial solutions generated in
a zinc concentrate roasting operation, hence making the method
particularly useful as a fast and simple process monitoring and
control tool.

Keywords analytical; selenious acid; selenite; selenium; sulfur
dioxide; turbidity

INTRODUCTION

Various extractive metallurgical industries generate
dilute effluent sulfuric acid solutions coming from scrubber
off-gases (1,2). These solutions generally contain small
concentrations of various impurity elements and are also
saturated with sulfur dioxide coming from the roasting
process. One such impurity element is selenium, the removal
of which from acidic effluents may be accomplished via a
variety of technologies (3). For acidic effluents generated
in the zinc industry selenium tends to be present as selenite
in complex matrix solutions and at relatively high concen-
trations, more than 10 mg/L. For these types of solutions
chemical reduction appears to be the preferred method to
eliminate selenium (4).
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One such industrial reduction process that is based on
sodium dithionite (a powerful reducing agent) is employed
by the Canadian Electrolytic Zinc Company (CEZinc,
Valleyfield, Canada) (1,2). The chemistry of this process
was described in a recent publication by the present
authors (5). In this case, selenium(IV) is reduced to elemen-
tal form. The precipitate, once filtered, is disposed off while
the weak acid solution is neutralized before being released
in the environment. The selenium precipitation reaction
can be summarized by:

H,SeO3 + 2H,SO0y + 2Na,yS,04 — Se(s) + 450,

1
+ 2Na,SO4 + 3H,0 M

While the dithionite reduction process for selenium-bearing
acidic effluents has many advantages such as very fast reac-
tion rates, high efficiency, and low toxicity, it also has a few
drawbacks. The two main ones are the relatively high cost
of sodium dithionite and the subsequent partial redissolution
of the selenium precipitate. During an investigation on the
later problem, the authors of this work discovered that the
redissolution phenomenon is caused by dithionite decompo-
sition by-products and that high concentrations of the reduc-
ing agent worsen the problem (6). In other words, if large
excess dithionite is used (and this happens commonly
because of the variable selenium loads), this constitutes sig-
nificant economic losses but also complicates compliance
with environmental regulations because of the ensued rapid
selenium redissolution. In order to avoid these problems,
the selenium concentration in the weak acid must be known
before the dithionite treatment so the appropriate amount of
dithionite reagent can be administered. This is accomplished
currently via inefficient, relatively complex, and time con-
suming analysis using standard analytical methods such as
atomic absorption spectroscopy (AAS). Because of this
problem a project was launched into the development of a
fast and simple technique to monitor the selenite concen-
tration in weak acid solutions of industrial interest.

The first trials involved the use of ion selective electrodes,
well known analytical tools that have been developed for
the most common anions and cations. Two types of ion
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selective electrodes are commonly available. The first one,
known as solid state clectrodes, are commonly used to
monitor the concentration of (uncomplexed) transition
metal cations. The second type, known as membrane elec-
trodes are generally used to monitor common anions such
as perchlorates, nitrates, and carbonates (7). While com-
mercial selenite electrodes were not available, the literature
provided the description of several prototypes, of both the
membrane and solid-state types (8-16). After thorough
screening in the context of the intended application that
involves a complex corrosive industrial weak acid, most of
them were found unsuitable because of efficiency, dura-
bility, or interference issues. A potentially promising design
involved the use of silver selenide and copper sulfide as the
solid-state electrode (15). But despite following the same
procedure to prepare the electrodes and consulting with
the original authors (18), the obtained results were found
to be extremely erratic and unreliable. Hence no further
work with ion selective electrodes was pursued.

The other method selected for the evaluation was
UV-Visible spectrophotometry involving the use of 3-3 dia-
minobenzidine and papaverine, two reagents known to react
with selenious ions to produce colored complexes (orange
and blue, respectively) (17-21). However, the complex nat-
ure of the industrial weak acid, especially the high amount
of dissolved sulfur dioxide, caused interactions with both
reagents, preventing the formation of colored complexes.
Visible spectroscopy has also been used quantitatively on
colloidal selenium precipitates formed by reduction by stan-
nous chloride. However, it has been reported that the
Beer-Lambert law was only followed for 1 to 10 mg/L sel-
enium concentrations; a low and narrow range for industrial
applications (22).

Interestingly, during these investigations, it was noticed
that the industrial weak acid, when mixed with large
amounts of concentrated mineral acids, formed also a red
colloidal precipitate. Subsequent analysis showed that less
than 0.5mg/L of selenium remained in solution after the
acid treatment and that the precipitate was too coarse to
be measured directly with visible spectroscopy. However,
the turbidity of the solution was found to vary linearly with
the amount of selenium originally present in solution. It
thus became possible to develop the present selenium deter-
mination method for industrial weak acid solutions using a
simple turbidimeter.

EXPERIMENTAL

The majority of tests was performed with a synthetic
weak sulfuric acid solution containing between 1.27107°
and 0.00633 mol/L (1 and 500 mg/L) of Se (IV) at pH 1.3
(adjusted with H,SOy,). This range of concentration and
pH were chosen as they represent typical conditions encoun-
tered in industrial zinc refinery acid effluent solutions (1).
Reagent grade selenium dioxide from Sigma-Aldrich
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(>99.5% SeO,) was used as the source of selenious species.
Unless otherwise noted, all the experiments were performed
at 23°C.

The turbidity of the final solution was measured using a
HF Scientific Micro 1000 turbidimeter equipped with an
infrared lamp. The pH of the solution was monitored using
a Thermo Scientific Orion Sure-Flow pH glass electrode
(EW-05718-55). The concentration of dissolved selenium
in the samples was measured using regular atomic absorp-
tion spectrometry (AAS) with an air/acetylene flame. The
precipitates were characterized using X-ray diffraction
spectroscopy (Filips PW 1710, Cu anode, K-Alpha
1.54060 A, scan rate: 2 °20/min and electron microscopy
(Hitachi S-3000N FEG SEM).

RESULTS AND DISCUSSION
Background

As mentioned in the introduction, the ultra-acidification
of the Se(IV)-bearing CEZinc weak acid solution resulted in
the formation of colloidal selenium. The reducing agent
involved here was apparently given the roasting gas origin
of the acid, sulfur dioxide (SO,). The latter is a well-known
reducing agent with a standard reduction potential equal to
0.16 V. The relevant reduction reaction of selenium (IV) by
SO, is given by Eq. 1. By employing the Nernst equation
(Eq. 2) to the typical industrial solution parameters
(25°C, [H,SO4=0.1M, [SO,]=0.1M, [Se]=0.003M
(230 ppm)) it is determined that the above reduction reac-
tion is thermodynamically feasible (E =0.54 V).

HzSCO3 (aq) + 2802 (aq) + HQO — 2H2$O4 + SC(S) (1)

RT [H,SO04)
—In

AE =2 AE° — —_—
nkF [H2S603][S02}

=054>00 (2

However, in practice, the above reaction only occurs to a
limited extent, this being so due to unfavorable kinetics. It
has now been discovered that ultra-acidification accelerates
the reaction leading to colloidal selenium formation, a
phenomenon exploited in developing the analytical pro-
cedure described in this paper. Before the demonstration/
application of this new procedure to the actual industrial
solution (described section titled “Application to SO, - con-
taining industrial solution”) results are presented involving
synthetic solutions.

Results

The synthetic weak acid solution was composed of
selenious ions 1.27°107° and 0.00633mol/L (I and
500mg/L) of selenium and dilute sulfuric acid (pH 1.3).
In this solution 0.156 M (10 g/L) of anhydrous sodium sul-
fite (Na,SO3) was added as reducing agent. Since this com-
pound is very soluble in water (>2.5kg/L of solution), its
dissolution was fast and easy. Once the salt was totally
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dissolved the solution was ultra-acidified with the addition
of concentrated acid causing an immediate reaction. It
was found that to obtain full and almost instantaneous
reduction of Se(IV) to Se(0), a volume of concentrated min-
eral acid equal to that of the test solution was needed. Con-
centrated sulfuric (ACS grade, 98% w/w) and hydrochloric
acid (ACS grade, >36% w/w) were both tested and found to
be equally efficient to convert all the selenium(IV) in col-
loidal form. The colloidal Se produced with hydrochloric
acid aggregated and settled faster than that produced with
sulfuric acid (an hour or two hours as opposed to more than
twelve). Thus, if hydrochloric acid is used, the turbidimetry
measurements will need to be performed more quickly,
since once the selenium precipitate has settled, no reliable
turbidity measurement can be made.

Discussion

Here the beneficial effect of ultra-acidification in acceler-
ating the reductive production of colloidal selenium precipi-
tate is discussed on the basis of the relevant sulfur dioxide/
sulfite/acid equilibrium expressed by Eq. (3).

SOz(aq) +2H,0 «~ HSO; + H30+ (3)

Undissociated sulfurous acid (H,SO3) and sulfite ions (SO?)
can be neglected from this analysis since the former species
does not appear to exist in aqueous solutions and the latter
is only present in negligible amounts because of the very
low second dissociation constant of sulfurous acid
(6.24 x 10®) (23). The equilibrium amount of aqueous sulfur
dioxide can be determined using Eq. 4 (28). At 25°C the reac-
tion constant (K) is equal to 1.28 x 10%. Moreover, according
to literature, the constant decreases with temperature elev-
ation due to the exothermic nature of the reaction (24).

y[HSO5™| % y[H307)

K= ([Total dissolved SO,] — [HSO37]) (4)

Upon addition of sulfuric acid addition the SO,/HSO;~
equilibrium (Eq. 3) shifts towards the formation of aque-
ous sulfur dioxide because of the combined effect of proton
activity /concentration effect and temperature elevation.
The sulfur dioxide can then react with the selenious ions
to produce an elemental selenium precipitate and sulfuric
acid (Eq. 1).

Colloidal Selenium Precipitate

In order to characterize the elemental selenium precipi-
tate formed during the reduction reaction, 100mL of a
1g/L Se(IV) solution with 10g/L (0.156 M) of dissolved
sodium sulfite was mixed with 100mL of concentrated
(36% w/w) hydrochloric acid. The solution immediately
turned brick red and the precipitate was separated (following
its apparent aggregation) using a 0.2 um filter. Interestingly,
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some selenium colloidal nanoparticles remained in solution
since the filtrate exhibited a light yellow-green color (25).
The precipitate was then washed, dried and observed using
scanning electron microscopy. The pictures shown in
Fig. 1, reveal that the precipitate is made of spongy aggre-
gates of sub-micron (200-300 nm) elongated primary parti-
cles. The as-produced precipitate was visibly composed of
red amorphous selenium. This was confirmed (see XRD
pattern in Fig. 2) via its recrystallization in boiling toluene
solution (5,26).

Turbidimetry

Following the conversion of selenite to colloidal selenium
via the combined action of sulfite reduction and ultra-
acidification tests were performed to determine the optimum
set of conditions for conducting the turbidity measurements.
Among the parameters tested were the range of selenium
concentration that provides a linear range of turbidity, the
effect of sulfite concentration, and the possible interference
by third ions.

Linear Concentration Range

It was found that for test solutions containing more than
12.5mg/L of soluble selenite ions the turbidity to be rather
high making the measurements prone to error (deviation

(]

1.5kV 12.5mm x30.1k SE(U)

FIG. 1. Scanning electron microscope image of the colloidal selenium
precipitate (following drying).
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FIG. 2. XRD pattern of the selenium precipitate after toluene treatment,
compared to that of hexagonal synthetic selenium (red dots, ICDS:
00-006-0362). (Color figure avilable online)

from linearity). It is thus necessary to dilute the solution,
after the reduction procedure, in order to lower the
selenium concentration within the linear range of turbidity
measurements. For determining the most suitable
dilution ratio (linear range), two sets of tests were per-
formed. In these tests, 5 and 10 mL samples were mixed
with the same volume of concentrated sulfuric acid and
diluted to 100 mL using volumetric flasks. The results are
shown in Figs. 3 and 4. Also in Fig. 5 a picture of the vari-
able concentration colored solutions is provided.

As can be seen, both sets of results are linear up to a
certain concentration (100 and 250 mg/L for the ten and
twenty dilution factors, respectively) and start leveling off
after that point. The upper limit of linear response is
15mg/L Se. Thus, the dilution ratio has to be adjusted
to lower the selenium concentration within the 1-15mg/
L linear range.

1400
1200
1000

800

600

Turbidity (NTU)

400

200

0 100 200 300 400 500 600
Se (mg/L)

FIG. 3. Turbidity as function of initial selenium concentration for a
dilution factor of ten (Conditions: 10 mL of sample, 0.1 g of Na,SOs;,
10mL of 98% w/w sulfuric acid, mixed for a few seconds and diluted to
100 mL using deionized water, average of five tests). (Color figure avilable
online)
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FIG. 4. Detail of Fig. 3 with linear regression. (Color figure avilable
online)

Spectator-Ion Effects

Tests were also performed to evaluate possible inter-
ference effects from transition metal ions commonly found
in industrial solutions, like Zn(II), Fe(IT) and Cu(II). These
metal ions were added into the solution at 1 g/L for cupric
ions and 10 g/L for the ferrous and zinc ions (the maximum
concentration encountered in industrial acid effluent
solutions). No reaction between sulfite and these ions took
place nor interference with the turbidity measurements was
encountered. In addition, selenate-bearing solutions in lieu
of selenite were tested but proved not suitable for appli-
cation of the reduction/acidification/turbidimetry method
because of selenate’s resistance to reduction.

Sulfite Concentration Effect

To evaluate the effect of the sulfite/sulfur dioxide con-
centration on the turbidity results, 5 mL samples containing
100mg/L of selenium (IV) and different concentrations

1200
1000

800

Turbidity (NTU)
()]
=1
o

400
200
0
0 100 200 300 400 500 600
Se (mg/L)
FIG. 5. Turbidity as function of initial selenium concentration for a

dilution factor of twenty (Conditions: SmL of sample, 0.05 g of Na,SOs3,
5mL of 98% w/w sulfuric acid, mixed for a few seconds and diluted to
100 mL using deionized water, average of five tests). (Color figure avilable
online)
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FIG. 6. Detail of Fig. 5 with linear regression. (Color figure avilable online)

of sodium sulfite were mixed with the same volume of
concentrated sulfuric acid and diluted to 100 mL with
deionized water. The results, shown in Fig. 6, indicate that
sulfite concentration can have a significant effect on the tur-
bidity of the final solution. While the exact phenomenon
behind this effect is not totally clear, it appears to involve
the formation of elemental selenium particles of slightly dif-
ferent morphologies, affecting the turbidity readings (in all
cases less than 0.5mg/L of selenium was left in solution).
Thus, care should be taken to use the same sulfite concen-
tration and preferably between 0.16 and 0.32M (20 and
40 g/L) Na,SO; to minimize any interference with selenium
concentration determination.

Application to SO,- Containing Industrial Solution

Tests performed on industrial weak acid showed that the
amount of dissolved sulfur dioxide (the method of determi-
nation is described in the Appendix) can vary widely accord-
ing to various parameters, such as storage time and exposure
to air, agitation, and temperature. It was determined gener-
ally to be between 5 and 25 g/L of the total dissolved SO,
corresponding to 0.08 and 0.40 m sulfite. In order to com-
pensate for this effect, it is possible to add sulfite ions or
to use a higher dilution factor. For example, complex

o

FIG. 7. Color variation of solutions of different turbidity following 20x
dilution (from left to right 50, 100, 250, and 500 mg/L initial selenium
concentration).
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Sodium sulfite concentration (mol/L)
FIG. 8. Turbidity as function of sodium sulfite concentration for a

dilution factor of twenty (Conditions: 5mL of sample, 0.040, 0.079,
0.159, or 0.317mol/L of Na,SO;, 5SmL of 98% w/w sulfuric acid, mixed
for a few seconds and diluted to 100 mL using deionized water). (Color
figure avilable online)

industrial samples taken at several weeks interval were
tested using the turbidimetry method. It was found that
using a dilution factor of 40 compensated for variations in
the sulfite effect and allowed accurate measurements to be
performed. The obtained results are presented in Fig. 7.

Analytical Flowchart

Based on the work reported above, turbidimetry can be
applied to selenium (IV) concentration analysis as per the
flowchart of Fig. 8. Thus, typically sodium sulfite of at least
0.160 M concentration is added (if not already present) to
the weak acid solution containing Se(IV) anywhere between
a few to several hundreds mg/L of selenite. After that an
equal volume of 98% sulfuric acid is added to produce the
colloidal selenium. Prior to turbidity (T) measurement the
appropriate dilution is required to operate within the linear
turbidity vs concentration range.

100
90 -
80
70
60 -
50
40
30
20
10

y=1.0354x-11.038
R?=0.9902

Turbidity (NTU)

0 20 40 60 80 100
Se (mg/L)

FIG. 9. Turbidity as function of initial selenium concentration for a
dilution factor of forty (conditions: SmL of industrial weak acid sample,
SmL of 98% w/w sulfuric acid, mixed for a few seconds and diluted to
200 mL using deionized water). (Color figure avilable online)
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Se bearing aqueous sample

J

Sulfite addition (if needed)

J

Addition of sulfuric acid (volume
equal to that of sample)

\A

Dilution with deionized water
(ten or twenty times)

\A

Turbidity measurement

FIG. 10. Flowchart of the selenium(IV) measurement technique (in
order to obtain a linear concentration range, dilution factor of ten should
be used for selenium concentrations below 50 mg/L and twenty up to
250mg/L. A sodium sulfite concentration above 0.160mol/L is recom-
mended in all cases).

CONCLUSION

Selenite ions can be very rapidly reduced to a colloidal
form using dissolved sulfur dioxide/sulfite salt (above
0.1 M of dissolved SO,) if the solution is ultra-acidified
using a strong mineral acid. The turbidity of the colloidal
solution, once properly diluted, can be measured and
related with excellent precision to the original selenium con-
centration. This analytical procedure is very fast, simple,
and cost-effective making it highly suitable for industrial
use. The method is free of interference effects by transition
metal ions such as iron(Il), copper(Il), or zinc(Il). The
method is not applicable to selenate analysis.
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APPENDIX-DETERMINATION OF DISSOLVED
SULFUR DIOXIDE

In order to measure the concentration of dissolved
sulfur dioxide/sulfite in the industrial solution, sodium
permanganate can be used according to:

580; + 2MnO4~ + 2H,0 — 580,4>~ + 2Mn’* +4H"
(6)
The reaction can be monitored because of the color differ-

ence between Mn’" (purple) and Mn>" (light green) ions.
When a slight purple color remains in solution for more
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than a few seconds, the titration is complete, the volume
of permanganate solution used is recorded, and the amount
of dissolved sulfur dioxide is determined. A drawback of
this technique is that the ferrous salts present in solution
can also be oxidized by the permanganate ions according to:

10FeSO4 + 2KMnO4 + 8H,SO4 — K»SO4 + 2MnSOy
+ 5F€(SO4)3+8H20
(7)

If the concentration of ferrous ions is known, it is possible
to account for it when calculating the dissolved sulfur diox-
ide concentration. Based on Eqs. 6 and 7, 0.57 g of dis-
solved sulfur dioxide is overestimated for every g/L of
iron present in solution. While it is also possible to remove
the iron using a cationic ion exchange resin (such as Dowex
G-26H), experience has shown that a significant fraction of
dissolved sulfur dioxide is lost when the acid is agitated and
passed through the resin.
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