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ABSTRACT

Selenium (Se) is an essential trace element to humans and animals due to its
function as an antioxidant and catalyst for the production of active thyroid hormone.
However, it is toxic at high concentrations, which can cause diseases and death to humans.
Selenium is released to the environment from sewage sludge and industrial facilities such
as mining, oil and gas processing, power generation, coal combustion, metals and
petrochemical industries. Selenium removal from contaminated wastewaters is necessary
due to its toxicity and potential harm to human health and the environment. Selenium can
be removed from wastewaters using biological or chemical/physical processes. However,
each of these processes has its own limitation. For example, biological treatment of
selenium requires several hours of hydraulic residence time and chemical/physical
processes either produces unstable selenium-bearing residuals or concentrated liquid
waste byproduct.

Reductive precipitation of selenium is an attractive process because it can convert
the soluble forms of selenite and selenate to insoluble elemental selenium. This study
investigates selenite (Se(IV)) removal from water via reductive precipitation using sodium
sulfide at neutral pH. Also, this study investigates the effect of UV light irradiation as an
activation method to enhance Se(IV) reduction.

Analysis of precipitated solids using XPS, SEM, and XRD indicated that Se(1V)
was reduced to elemental Se or solids composing of Se and sulfur (S) (e.g. SenS8-n). High-

resolution S 2p spectra suggested the presence of sulfur oxyanions, monosulfide (S%),



polysulfides (Sn?), and elemental sulfur. SEM images showed large irregular aggregates
that were dominant at acidic pH than neutral pH, and they were more noticeable in the
presence of UV light. Additionally, it was observed from XRD patterns that elemental
selenium (layered plate shape) was dominant in the absence of UV light. Whereas, cyclic
Se-S precipitates (SesSs) with orange color were dominant in the presence of UV light.
Selenite was effectively removed at neutral pH, regardless of the presence of UV
light. UV light did not enhance Se(1V) removal at tested conditions, but it affected the
solid morphology and its composition. Complete removal of selenite was achieved in less

than five minutes at sulfide dose to initial Se(IVV) molar ratios above 11.5.
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NOMENCLATURE

DCP 2,4 dichlorophenol
AOP Advanced oxidation process
ARP Advanced reduction process

Attenuated Total Reflectance-Fourier Transform Infrared

ATR-FTIR
Spectroscopy
BE Binding Energy
DDW Deoxygenated Deionized Water
EPA U.S. Environmental Protection Agency
FGD Flue gas desulfurization
FWHM Full Width at Half Maximum
HA Humic Acids
ICP-OES Inductively coupled plasma-optical emission spectrometry
IC lon Chromatograph
MCL Maximum Contaminant Level
MDL Method Detection Limit
NSPS New Source Performance Standards
PFOA Perfluorooctanoic acid
ORP Oxidation-Reduction Potential
USEPA The US Environmental Protection Agency
RO Reverse Osmosis
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Se(IV)
uv

uVv-B
UVv-L
uv-M
UV-N

VC

XRD

XPS

Scanning Electron Microscopy — Energy Dispersive Spectroscopy
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Selenite

Ultraviolet light

Ultraviolet light from broadband lamp
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Ultraviolet light from medium pressure mercury lamp

Ultraviolet light from narrowband lamp
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1. INTRODUCTION

Selenium (Se) is a naturally occurring trace element.! It is an essential element in
small traces for humans and animals.?® However, it is toxic at high concentrations.* This
makes the margin between nutritional deficiency (< 40 pg/day) and potential toxicity (>
400 pg/day) very narrow.> Therefore, selenium intake should be controlled by humans
and animals.

Anthropogenic activities such mining, smelting operations, metal industry, power
generation, and petroleum refining release selenium into the environment. High levels of
selenium are released from coal or sour crude oils containing sulfur levels larger than 0.5
%.° Cassella et al.® found selenium in the range of 0.03 - 1.4 mg/L in industrial effluents
and process wastewater due to its presence in crude oil. Selenium concentration in mining
water ranged from 3 pg/L to 12 mg/L.° Vance et al.X° reported selenium concentrations in
wastewater generated from Glue Gas Desulfurization (FGD) ranged between 1 mg/L and
10 mg/L.

Maximum contaminant level (MCL) of selenium is 50 pg/L according to the US
Environmental Protection Agency (EPA) standards for drinking water.2!! The San
Francisco Regional Water Quality Control Board set a limit of 50 pg/L of total selenium
in the effluent wastewater from refineries.® High concentrations of Se above the MCL may
cause adverse health effects to people, including hair or fingernail loss, numbness, and
kidney and liver damage.>*!! Recently, the EPA released a Final Rule, which sets effluent

limitations and standards for six distinct wastewater streams from steam electric power



plants. The specific limits of this rule include a daily maximum concentration of 5 pg/L
for selenium in FGD wastewaters.?

Selenium exists in nature primarily as elemental Se, selenite (Se(IV)), or selenate
(Se(VI)).21 The fate of selenium in water and soil is governed by the mobility of the
compound species.***® With the increase of pH, the solubility and mobility of selenium
increase.'®” This is due to the effect of hydroxyl ion in modifying selenium ion adsorption
capacity.’® Elemental selenium is relatively insoluble in water, and it is less toxic
compared to other forms.’

Technologies available for removing selenium from water or wastewater include
ion exchange, membrane filtration, biological reduction, co-precipitation, chemical
reduction using zero valent iron, adsorption onto activated alumina.?*181° However,
these technologies have disadvantages that make them unattractive for selenium removal
from wastewaters.>!320.21 These disadvantages are listed in Table 1.222* The overall goal
of this research is to study the effectiveness of selenite (Se(IV)) removal via reductive
precipitation using sulfide at neutral pH and investigate the effect of system variables on
the kinetics of selenite removal. Additionally, the application of UV light a method of

enhancing Se(IV) removal by producing highly reactive reducing radicals was examined.



Table 1. Disadvantages of currently available technologies for selenium removal.??23

Treatment Type

lon exchange

Membrane
filtration

Biological
reduction

Zero-valent iron

Ferrihydrite
adsorption

Disadvantages

Resin needs to be replaced if it cannot be regenerated; this means
high disposal cost. Backwashing for the resins is required.
Anions (such as sulfates and nitrates) can compute with selenium
removal

Regenerated streams need treatment/ disposal

Not able to remove selenate

High capital and operating cost

Pretreatment and chemical addition are needed

Membrane fouling

Frequent monitoring and membranes maintenance

Brine treatment and safe disposal is a challenging task

The difficulty of selenium removal in the presence of high nitrate
concentrations. It can be solved by a pre-treatment or proper
selection of the microbial communities

Long hydraulic residence time in required

High chemical consumption

Waste disposal handling

Low removal efficiency

Long residence time

High chemical consumption

Generation of large quantities of sludge which needs to be
disposed as a hazardous waste

Not able to remove selenate; it has to be reduced to selenite first
Release of selenium from ferrihydrite residuals



2. BACKGROUND

2.1 Selenium Chemistry

Elemental selenium is a solid that occurs naturally in the earth as a metallic gray
to black crystals.®1° It is found primarily in an anoxic environment such as sediments.®
Selenium has four oxidation states VI, 1V, 0, -11;1617:242 selenides (Se(-11)), amorphous
or polymeric elemental selenium (Se(0)), selenites (Se(1V)) and selenates (Se(V1)). Se(1V)
and Se(VI) are mobile forms of selenium and they are usually found as oxyanions
selenates (Se0Z~) and selenites (Se037), while Se(0) and Se(-11) are relatively immobile
because of the low solubility of their solid phases.'*?® Se(IV) is more toxic than other
forms, and thus, most of the treatability studies focused on Se(IV) removal.*3% Se(1V) is
a weak diprotic acid, and it can exist as H2SeOs, HSeOs", or SeOz? (pKa1 = 2.64 and pKaz
= 8.4) depending on the solution pH. ©

The Eh-pH diagram of selenium in water is shown in Figure 1.2 This figure is for
the selenium-water system at 25 °C, and it shows the thermodynamic equilibrium as a
function of pH and oxidation-reduction potential (ORP) conditions.?>?"?® The change in
pH or redox potential can cause a shift in equilibrium between different molecular forms.?
Nevertheless, these shifts are controlled not only by thermodynamic equilibrium but also

by the kinetics of their underlying reactions.?®



Based on the Eh-pH diagram, in the pH range of 5-7, the species at equilibrium are
Se, HSe", HSeOs and Se0.*.1%% According to literature, SeOs> and HSeOs are the
primary species that exist at neutral environmental pH.” Zero-valent selenium, and
hydrogen selenide (H2Se) can be found under reducing conditions. The pKa values for
hydrogen selenide (H.Se) are 3.89 and 15, therefore in the pH range of most natural

waters, HSe” will be the primary Se species with oxidation state of -11.13

redox potential (V)

0.6 (

MO+ FFHH20HT TS
-1.04 . ik g eeraenn
14-' > $ e 2
1.8+ -
UGS W AN [ A Tdin [ Wi |
-2 0 L 4 6 8 0 12 v 1%
pH

Figure 1. Eh-pH diagram for selenium species in water.?®
5



2.2 Oxidation-Reduction Reactions of Se

The feasibility of contaminate removal via redox reactions is based on the
thermodynamic feasibility and kinetics of the reactions.?® Various contaminants are
removed from water via redox reactions. Typical contaminants that are removed from
water with the aid of redox reactions are heavy metals, cyanides, sulfides and organic
pollutants such as phenol, chlorophenols, pesticides, ammonia nitrogen, amines and sulfur
containing compounds.®® However, the Kinetics of the process can hinder the applicability
of redox reaction in water treatment.?® There is a broad range of reducing agents that have
been proposed for selenium (IV) removal. These include hydrazinium, zinc powder,
metallic copper, and others.?>®! Also, some of the studies that investigated selenite
reduction utilized stannous chloride, hydroxylammonium compounds, sulfur dioxide,
hydrogen peroxide, and nanoscale zero valent iron.3* Additionally, Geoffroy and
Demopoulos?®?! reported that selenite in zinc refinery acid effluents was reduced by
sodium sulfides in less than 10 minutes and with sodium dithionite in less than a minute
at very low pH (~ 1.3). They reported that selenium was removed by formation of
selenium-sulfur precipitates which were stable at pH values up to pH 7.
2.3 Ultraviolet (UV) Light as Activating Agent in Advanced Reduction Processes

UV light has been widely used in advanced oxidation processes (AOPs)*” and has
been recently evaluated in advanced reduction processes (ARPs) as an activating method
for reduction of oxidized contaminants in water.%®*> UV lamps that were used in ARPs
include: low-pressure mercury lamp (UV-L) (a monochromatic at 254 nm), broadband

UV lamp (UV-B) (wavelength: 280 nm to 320 nm with a major peak at 312 nm) and



medium pressure mercury lamp (UV-M) (wavelength: 320 nm to 380 nm with a major
peak at 365 nm).“**! ARPs is a new class of treatment processes that has proven its
effectiveness to reduce various oxidized contaminants such as vinyl chloride (VC), 1,2-
dichloroethane and perfluorooctanoic acid (PFOA)*#44  bromate, nitrate, and
perchlorate, 38394346

Reducing agents that have been investigated in ARPs include sulfide, sulfite,
dithionite, and ferrous iron. Table 2 summarizes previous research work on advanced

reduction processes.

Table 2. Previous research work on advanced reduction processes.?%38:40-45
UV lamp type and

Target Reducing Agent corresponding Final Product = Ref.
Compound
wavelength*
Dithionite, Sulfite, UV-L Acetylene
VC Sulfide and and Chloride
; (253.7 nm) X
Ferrous iron ion
- - 46
Bromate Sulfite UV-M (200 - 600 nm) Bromide 39

UV-L (254 nm)
Nitrate Dithionite UV-M (200 - 600 nm) Ammonia 38
UV-L (253.7 nm),
perchlorate, Dithionite, Sulfite, UV-B (311 nm),

PFOA, and Sulfide and electron beam, - 4
DCP* Ferrous iron ultrasound, and
microwave
1,2- gﬁ?}[ﬁzug:(?’ UV-M (384 nm) and Ethene or 0
dichloroethane sul ﬁ’ e UV-B (312 nm) ethane

*Wavelength of the UV mentioned in the table represent the major/maximum peak for the range
of wavelength for UV-M and UV-B.
+DCP: 2,4 dichlorophenol



2.4 Sulfide (photo)chemistry

Sulfide dissociates in water into sulfide ion (5%), bisulfide ion (HS") and hydrogen
sulfide (H2S), where the distribution of species depends on solution pH, as shown in Figure
2.47 Sulfide ion is a strong base that reacts with water rapidly to form HS™ and gaseous H,S

based on Eq. (1).*” S and HS™ are odorless nonvolatile ions, where H,S is gas with a

strong rotten egg smell.*’

S2- +2H,0 = OH™ + HS™ + H,0 5 H,S(g + 20H" 1)
o4l I T =
§ ﬁ——nga \\\(/ HS <1 2 —
. - —— - -
¢ o ..’(.'- 7 :‘ 9 _F-In[!l 11 l;ﬁh 13
pH

Figure 2. Distribution of sulfide species in water as a function of pH at 20°C.*’

Sulfide is activated by UV light and produces reductant radicals. According to Liu
et al., sulfide solution showed light absorbance peak at a wavelength around 230 nm.*

Eq. (2) -Eq. (7) “®* illustrate the photolysis of bisulfide ion (HS").

HS™ S Hs*™ ?)
. hv o

HS  >H4+ S (3)

H+ HS™ - H,+ S°*~ (4)



H+H- H, (5)

H+ S~ = HS™ (6)
28" - S (M
Net 2HS™ - Hy, + S5~ 8

reaction:

Linkous et al. reported that sulfide ion (mainly bisulfide) produces sulfur when it
is oxidized using UV light. The oxidized species is primarily disulfide ion, whereas
hydrogen is generated from the reduction of water. The rate of gas generation is a function
of pH in the range were HS™ species is dominant.*

S;” (aq) + HyS (aq) = S (s) + 2HS™ (aq) 9)

A literature survey on other reducing reagent chemistry and photochemistry that
were utilized in this study are discussed below.

For sulfite, upon irradiating it, sulfite anion radical and hydrated electrons are formed as
shown in Eq. (10).4041.50
503 5 S0y + ez (10)

Nevertheless, the dominant species in the solution could be sulfurous acid (H2SO3)
(with pKa values of 1.86 and 7.18°%), bisulfite (HSO3") (with pKa 1.77°2 and around 7.0%%),
or sulfite (SO3?) (with pKaz of 7.252) depending on pH. 44! At acidic conditions, bisulfite
(HSO3) and metabisulfite (S20s*) (with pKa value around 1.8%) become more
distinct.*%415* Hence, reducing species at low pH could be HSO3™ and S20s> as well.

Bisulfite has a thermodynamic equilibrium with metabisulfite® as shown in Eq. (11).



2HSO3 - S,02™ + H,0 (11)

Upon irradiating sulfite solution, bisulfite can absorb minor amount of UV light,
and it is unable to produce radicals, nor produce transients during photolysis at room
temperature.>® On the other hand, metabisulfite can produce sulfite and sulfur dioxide
radicals upon irradiation as Hayon et al. reported.> Generally, sulfite aqueous solution
shows different absorption peaks at different pH values***® and initial sulfite
concentrations.>®

Dithionite is a very strong reducing reagent. According to literature, dithionite
(S204%) decomposes to multiple species: sulfite (SOs%), sulfate (SO4%), bisulfite (HSO3"
), metabisulfite (S,0s%), thiosulfate (S;0s%) and trithionate (S3Os%). These ions were
identified according to Holman et al.>” using attenuated total reflectance- fourier transform
infrared spectroscopy (ATR- FTIR) spectra at acidic conditions.>” The decomposition is
highly depended on the acidity of the solution as Cermék et al. reported after extensive
studies on dithionate decomposition.®® Additionally, Cermék et al. reported that in the
absence of oxidizing agents, the major decomposition products of dithionite are
thiosulfate, polythionates or hydrogen sulfide.®® At extremely acidic conditions, dithionite
decomposes to form sulfur dioxide and sulfur as shown below. >7°

2H,S,0, = 350, + S + H,0 (12)
At weakly acidic or weakly alkaline solution, thiosulfate and bisulfite are found to

be the products of dithionite decomposition as depicted in Eq. (13).58

25,03 + H,0 —» 2HSO3 + S,03%” (13)
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Geoffroy and Demopoulos reported that dithionite subsequently (Eq. (13)) reacts
with thiosulfate, producing hydrogen sulfide as shown in Eq. (14), this makes the
decomposition of dithionite is very complex.?

S,02~ + S,0% + 2H,0 + H » H,S + 3HSO; (14)

At anaerobic conditions, dithionite readily decomposes to S203% and HSO37/S,05>
" This decomposition occurs fast as the pH decreases.®’ Dithionite is believed to
dissociates to sulfur dioxide radical ions (SO3) via hemolytic splitting of the weak S-S
bond.®%®1 The most stable decomposition products determined based on literature®? are
trithionate and thiosulfate ions (stable ions) and no others are likely to be formed. Some
of the reduction reactions of dithionite as reported in bleaching reactions in pulp and paper

production are as follow (Eq. (15) through Eq. (17)):%3

S,05~ + 2H,0 —» 2HSO3 + 2H* + 2e~ (15)
S,05~ + 2H,0 - S,0f™ + 4H* + 4e~ (16)
S,0£~ + 4H,0 - 2HSO; + 6H™ + 6e~ ()

Due to the decomposition of dithionite and the acidic pH of the reaction solution,
the actual concentration of dithionite in the solution at the start of the experiment is not
necessarily the same as the theoretical concentration.®’

Furthermore, the absorbance of dithionite was reported to be around 315 nm.
However, Amonette et al. observed equilibrium between sulfoxyl radicals and the
dithionite. Hence, dithionite might not be necessarily the species giving the absorption at
315 nm.%* Lambeth et al.®> emphasized the presence of sulfoxyl ion at basic conditions
when reducing proteins in the presence of dithionite.
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In general, the reactive species in produced upon UV light irradiation are believed
to include sulfur dioxide radical (SO3"), sulfite radical (SO3™), agueous electron (e3q),

hydrogen atom (H), and excited bisulfite ion (HS™*), their generation are shown below:*°

h

Dithionite/ UV ARP: $,02~ 5 S0
h

Sulfite/ UV ARP: S03~ 5 S03™ + €aq

. hv hv

Sulfide/ UV ARP: HS™ - HS™* and H,S - H"+ HS®
hv

Fe?/ UV ARP: Fe** —» Fe3* +egq
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3. RESEARCH OBJECTIVES AND TASKS

3.1 Research Objectives

This research is to investigate the effectiveness of reductive precipitation of
selenite (Se(lV)) and the application of UV light as an activating method. The effects of
system parameters ( pH, reducing reagent dose, initial Se(IVV) concentration, reaction time,
and the presence of organic matter) on the removal of selenite in the absence and presence
of UV light were evaluated. The surface morphology and composition of the precipitates
formed were identified using SEM/EDS, XPS, and XRD analysis. The specific objectives
of this research are:
3.1.1 Objective I: Develop Experimental and 4nalytical Procedures

The aim of this task is to develop batch experimental procedures to study the
reductive precipitation of selenite and the effectiveness of UV light in reducing the target
contaminant. The standard calibration curve for selenite was developed. The maximum
detection limit from accuracy and precision tests were determined to define the minimum
concentration that can be measured accurately for total soluble selenium. Quartz cells and
glass beakers were used as the batch reactor systems in this research.
3.1.2 Objective 1I: Evaluate Kinetics and Equilibrium Characteristics

This objective aims at identifying the best combination of reducing reagents
(sulfite, sulfide, dithionite, or ferrous iron) and UV lamp (UV-L, UV-B, and UV-M) as an
activation method through screening tests. Then batch Kkinetic experiments were
conducted, with varying experimental parameters to determine their effects and the
optimal conditions for the contaminant removal. The experimental parameters that were
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studied are solution pH, reducing agent dose, initial selenite concentration, and light
intensity.
3.1.3 Objective 111: Characterize the Reaction Mechanism and Produced Solids

This objective is to identify the characteristics of solids formed during the
reductive precipitation reactions and to use the results of solution and solids analysis as
well as information available in the literature to understand reaction mechanisms of Se(IV)

removal.
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4. METHODOLOGY

4.1 Materials

Na SeO3 (sodium selenite, Sigma, 99%) was used as the source of Se(lV).
Reducing reagents include sulfide (sodium sulfide hydrate, >60%), sulfite (sodium sulfite
anhydrous, Na>SOs, Mallinckrodt Chemicals, ACS reagent 98%), dithionite (sodium
hydrosulfite, Sigma, >82%), and ferrous sulfate iron (FeSOs-7H20, ACS reagent, >99%).
For the investigation of the effect of natural organic matter and inorganic salts, humic
acids sodium salt (Aldrich), sulfate (sodium sulfate anhydrous, EMD, 99.0%) and
carbonate (sodium carbonate, VWR, 99.9%) were used. A stock solution of humic acids
and inorganic salts was prepared at 1000 mg/L: 0.25 g humic acids sodium salt was
dissolved in 250 mL and was mixed for 30 min before use.

All solutions were prepared in 10 mM phosphate solution using 1 M sodium
phosphate buffer solution (pH 7.0, BDH) to adjust pH at pH 7. 1.0 N HCI (hydrochloric
acid, ACS reagent, 37%) or 1.0 N NaOH (sodium hydroxide, ACS reagent, 97%) was used
as needed to adjust pH.

4.2 Experimental Procedure

Batch kinetic experiments for selenite reduction conducted in the presence and the
absence of UV light. All solutions were prepared in an anaerobic chamber (Coy
Laboratory products Inc. Grass Lake, MI, USA), which contains 99.999% nitrogen and
equipped with an oxygen and hydrogen analyzer to monitor their concentrations in the

chamber (Coy Laboratory products Inc. Grass Lake, MI, USA).
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All reagent solutions were prepared using reagent grade chemicals and
deoxygenated deionized water (DDW). DDW (18.2 MQ) was acquired by a Barnstead
Nanopure filter system and purged with N2 gas (purity > 99.99 %) for approximately two
hours. Then, the purged water was stored in the anaerobic chamber until its usage for
solutions preparation.

The reducing reagent solution was prepared freshly to avoid any oxidation during
storage. A stock solution of Se(lV) was added to a solution including the reducing reagent
then the mixture was agitated with a magnetic stirrer. The pH of the solution during the
experiment was monitored. Samples were taken at the regular time intervals and filtered
using 0.45 pm or 0.2 um membrane filter papers before analysis for Se(1V).2
4.2.1 Reactor Setup

In the screening experiments, a closed reactor system of UV-transparent quartz
cells of 17 mL volume and 1 cm thickness were used as the batch reactors for experiments
outside the anaerobic chamber. The experimental setup is shown in Figure 3. The quartz
cells were purchased from Starna company (Starna 32/Q/10, Spectrosil® Quartz) and they
have an interior diameter of 47 mm, depth of 10 mm, and the cells are tightly closed with
a PTFE stopper.

Another reactor system was used in this research which was an open reactor of a
250 mL beaker that was placed on a stirrer (Thermos Scientific Cimarec stirrer) with a
constant speed (around 92 rpm * 5.0%%) in the anaerobic chamber. The setup for
irradiation system in the anaerobic chamber is shown in Figure 4. The breaker was

wrapped with aluminum foil to avoid light penetration into the solution during
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experiments. The purpose of using this reactor system was to allow solution mixing during
the experiments. The distance between the top surface of the solution and the UV lamp
installed in the chamber was 4.2 cm.

At aregular time intervals, around 10 mL of the sample was taken out of the reactor
using a tight syringe, filtered using 0.45 pm or 0.2 um membrane filter papers (PALL Life
Science, Support ®-200). The filtrate was analyzed using ICP-OES instrument for total
soluble selenium concentration. The filter paper including the solid precipitate was
separated from the filter-holder and stored in the anaerobic chamber and dried for solids

analysis.

hv

7 B
UVssansparent OV fraidiation Quartz Reactor UV Chamber
quartz reactors chamber in the lab

Figure 3. Experimental setup for quartz cells closed reactors.
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Figure 4. Experimental setup of beaker open reactor system with mixing.

4.2.2 UV Lamps

Four different UV lamps were used in this study: Three UV lamps, T-8C, T-8M,
and T-8L were purchased from Vilber Lourmat Company. T-8C lamp is monochromatic
at 254 nm (UV-L), and T-8L and T-8M shows a primary wavelength at 365 nm in the
range of 320-380 nm (UV-M), and at 312 nm in the range of 280-320 nm (UV-B),
respectively. The UV box (14.5 (H) x 33 (D) x 26 (W) cm, BioLink, Vilber Lourmat) is
equipped with five individual UV lamps (T-8C, T-8M, and T-8L) of 18 W, as shown in
Figure 3. The distance between the lamps and the quartz reactor is 15 cm. Another UV
lamp is TUV PL-L Lamp purchased from Philips, which emits short-wave UV radiation
at 253.7 nm. The light intensity was measured using ST-512 light meter (UVC, 220-275
nm, calibration point 254 nm) or ST-513 light meter (UVAB, 280-400nm, calibration
point 365nm). Before conducting any irradiation experiment and measuring the light
intensity, the lamp was warmed up for 10 minutes to reach a constant output. The

anaerobic chamber is equipped with a UV-L lamp (TUV PL-L Lamp by Philips that
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irradiates short-wave UV with a peak at 253.7 nm), and its light intensity is measured
using ST-512 light meter. The light intensity of the TUV PL-L was approximately 6400
HUW/cm? whereas the light intensity of T-8M UV lamps was around 4600 pW/cm?; both
measured at a vertical distance of 12 cm from the lamp.
4.3 Analytical Procedure

Analytical procedures were developed for Se(IV) concentration measurements.
Total selenium concentration in solution was measured using inductively coupled plasma-
optical emission spectrometry (Thermo Scientific iCAP 6000 Series ICP-OES) equipped
with a recirculating chiller (ThermoFlex 900), and AutoSampler (ASX-260). The
conditions of ICP-OES were RF power of 1150 W, pump rate of 50 rpm, nebulizer gas
flow of 0.7 L/min and coolant gas flow of 12 L/min. Sulfate analysis was performed by
Dionex ion chromatography (ICS-5000). The chromatograph was equipped with AS-AP
auto-sampler, a dual gradient pump, anion self-regenerating suppressor (ASRS 300, 2
mm) with a 7.0 mA applied current, and eluent generation module. The mobile phase was
2.4 mM NaHCO3/0.8 mM Na2COs at a constant flow rate of 0.25 mL/min and an injection
volume of 1200 pL at 30 °C. Perkin Elmer (Lambda 25) UV-Vis spectrophotometer was
used for measuring light absorbance via a quartz cell with 1 cm optical path length. The
method detection limit (MDL) and method quantification limit (MQL) for selenium were
1.7 pg/L and 5.6 pg/L respectively. Selenium species analysis in the stock solutions
indicated the presence of small amount of selenate, so it was subtracted from the measured
total selenium concentration to give the concentration of selenite in the solution. The pH
of the solution was measured by pH-meter (VWR Portable pH-meter (model SympHony
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— SP80PC) and Orion, Thermo Scientific,c USA with pH meter probe (Orion
8107UWMMD, (ROSS Ultra pH/ ATC Triode, USA))). UV absorbance of reducing
reagent solutions was measured using UV-VIS Spectrometer. The solids formed were
stored in the anaerobic chamber until being analyzed. Solid samples were analyzed using
x-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) - energy
dispersive spectroscopy (EDS) and X-ray diffraction (XRD).

The samples were scanned with XRD (Ultima IV, Cu anode) over the range of 0 —
70° at a rate of 1°/min. The sample to be analyzed will be placed into the sample holder
(microscope slide glass) ensuring smooth sample Element identification and fitting for the
obtained patterns were done using PDXL2 software. The patterns smoothing was made
using standard data processing-Rigaku software with Savitzky-Golay’s method, and
background subtraction was employed using Sonneveld-Visser’s method.

For SEM/EDS analysis, the samples were coated with gold Leica EM SCD050 for
120 s at 30 mA and 50 V. The samples will be mounted on a sample holder using carbon
tape. Then the non-conducting samples will be coated with a thin layer of gold. SEM-EDS
analysis will be performed under vacuum. The particles were captured using Quanta 400
FEI in high vacuum with 10 mm distance between the lenses and the sample, and electron
emission at 25.0 kV. The particle images were captured at a magnification in the range
15,000x to 30,000x. The elements were qualified using EDAX-Apollo XP. EDS analysis
was conducted using spot analysis for selected particles. Due to small amounts of formed

solids, it was not possible to separate enough amount of solids from the filters for

20



characterization with SEM/EDS. Therefore, the filter papers including solids were
analyzed, and the version filter papers without solids were also analyzed for comparison.

For XPS analysis, a Kratos (Manchester, UK) Axis Ultra DLD X-ray
Photoelectron Spectrometer (XPS) with a monochromatic Al electrode anode source was
used at 75 W. Survey scan for the samples were obtained, along with acquisition of high
resolution spectra (narrow scan) to obtain the oxidation states of Se, S, O, and C. The
survey scans were recorded with pass energy and sweep of 80 eV and 2 respectively. The
narrow scans used 10 eV as pass energy and, at least, sweep of 3. In both scans, the hybrid
lens was used, with the emission of 5 mA and voltage of 10 kV. The obtained spectra
peaks were corrected according to C 1s binding energy as a reference, as the shift occurs
due to charging effect. The narrow scan spectra of Se 3d, S 2p, and O 1s were fitted using
XPSPEAKA4.1 fitting program with a Gaussian-Lorentzian peak function with a Shirley-
type optimization background subtraction corrections. The obtained peaks from XPS
analysis are corrected based on the chemical shift in the binding energy of the carbon peak,
as shown in Figure 5. In order to calibrate the shifts of spectra, the spectra peak of C 1s at
284.5 + 0.1 eV was used as a reference.” Then, the adjusted intensity-binding energy
spectra of O 1s, S 2p, and Se 3d elements are analyzed, along with survey spectra of the
samples. Based on the peak width, it can be resolved into smaller peaks that correspond
to the oxidation state of the element. The narrow scan spectra of O1s, S 2p, and Se 3d
were fitted using XPSPEAK 4.1 fitting program with Gaussian-Lorentzian function
through background subtraction corrections using a Shirley-type optimization. The

obtained XPS spectra are quantified in terms of peak position, peak intensity, and the full
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width at half maximum (FWHM). Peak position resembles the elemental/ chemical
composition; intensity corresponds to the amount of material on the surface, and FWHM

indicates the chemical state change and the physical influence.®’
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Figure 5. High-resolution C 1s XPS spectra.

Generally, the initial concentration of selenite in experiments is 0.11 mM, unless
otherwise specified. The high initial concentration of selenite was considered in order to
be able to obtain an adequate amount of solids for the purpose of solid analysis. All
experiments were performed at room temperature. For irradiation experiments, samples
taken at time zero represent the samples taken right after mixing, but before any

irradiation.
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5. RESULTS AND DISCUSSION

Batch screening test was performed to identify the best combination of reducing
reagents and UV light source that achieves the highest removal efficiency within the
shortest reaction time. In the kinetic experiments, three controls were prepared and tested:
one includes selenite alone [blank (no reagent, no UV light)], one includes selenite with
UV irradiation [reagent control (no reagent, but UV light)] and one includes selenite and
the reducing reagent without irradiation [light control (no UV light, but reagent)].

5.1 Screening Experiments for Selenite (Se(1V)) in a Non-Buffered Solution

Combinations of four reducing reagents (dithionite, sulfite, sulfide and ferrous
iron) and three different UV-light sources (UV-L, UV-M, and UV-B) each was evaluated
for selenite removal. The solution pH was not buffered throughout these experiments. The
molar ratio of reducing reagent dose to selenite concentration was fixed at 46 times. The
initial pH of the solution with dithionite, sulfite, sulfide or ferrous iron were 5.30, 9.11,
11.97, and 7.50, respectively. The experimental conditions are shown in Table 3. The
applied irradiation time was three hours. At regular intervals, around 10 mL of the sample
was taken from the reactor, filtered using 0.45 um membrane filter paper with a disposable

syringe filter unit and analyzed for selenite concentration.
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Figure 6 shows the results of the control experiments. The experimental results
showed that Se concentration was constant with reaction time, regardless of the type of
UV light source in the absence of reducing reagent. This indicates that selenite was not
reduced by UV light in the absence of reducing reagent.

The results of screening experiments are presented in Figure 7 and show that
dithionite-UV-L combination is the most efficient for Se(IV) removal among all
combinations. Dithionite/UV-L ARP achieved almost complete Se(IV) removal
approaching final concentration of 0.001 mM within 60 minutes reaction time. Selenite
removal by ferrous iron was ranged between 70% and 80% regardless of the presence of

UV or its light source. Sulfite and sulfide showed less than 5% Se(IV) removal in all cases.
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Table 3. Experimental conditions of screening experiments without pH adjustment.

qInitial _ o Remova

Se(lIV) | Reducing Reagent UV irradiation pH |
No. cone. -

Conc. . ngh't . .
(mM) Type (mM) Type |nten3|t)2/ Initial | Final (%)
(LW/cm?)

1 0.109 None 0 None - 8.79 | 7.60 0.20
2 0.109 None 0 UV-L 4470 8.79 | 8.70 | 0.643
3 0.109 None 0 UVv-B 547 8.79 | 8.70 6.70
4 0.109 None 0 Uv-M 1661 8.79 | 8.70 2.11
5 0.0977 | Dithionite 5 None - 530 | 5.20 0.41
6 0.0977 | Dithionite 5 UV-L 4702 5.30 | 3.40 100
7 0.0977 | Dithionite 5 UVv-B 640 530 | 3.90 46.0
8 0.0977 | Dithionite 5 UvV-M 2052 5.30 | 4.70 10.1
9 0.115 Sulfite 5 None - 9.11 | 8.40 1.31
10 0.115 Sulfite 5 UV-L 4374 9.11 | 9.80 4.10
11 0.115 Sulfite 5 UVv-B 210 9.11 | 8.70 3.49
12 0.115 Sulfite 5 UVv-M 1910 9.11 | 8.70 1.90
13 0.0948 Sulfide 5 None - 120 | 11.8 0.21
14 0.0948 Sulfide 5 UV-L 4515 12.0 | 11.8 1.37
15 0.0948 Sulfide 5 UVv-B 555 12.0 | 11.8 3.10
16 0.0948 Sulfide 5 UVv-M 1901 12.0 | 11.7 4.40
17 0.108 Fe?* 5 None - 7.50 | 3.30 69.4
18 0.108 Fe?* 5 UV-L 4920 7.50 | 3.30 73.6
19 0.108 Fe?* 5 uUVv-B 615 7.50 | 3.30 80.3
20 0.108 Fe?* 5 UvV-M 2074 7.50 | 3.30 87.2

& Measured concentrations right after mixing Se(IV) and reducing reagent before starting
UV irradiation.
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Figure 6. Effect of UV light on Se(IV) concentration. Experimental condition: [Se(I\V)]o
= 0.11 mM, reaction time = 3 hrs, the solution pH was not buffered. The pH is the value
measured at tirag = 0 min.
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Figure 7. Results of screening experiments using different combinations of reducing
reagents and UV-light sources in 3 hours. Experimental conditions: irradiation time = 3
hours, [Se(IV)]o = 0.11 mM, reducing reagent dose = 5.0 mM, and the solution pH was
not buffered.
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Figure 8 shows visual images of the filters carrying the precipitated solids at
different conditions. The dithionite-UV-L combination showed yellow-colored solids, and
the of dithionite-UV-B combination showed orange-colored solids. This indicates that
when dithionite decomposition species irradiated with different UV light sources, they can
produce different radical species that react with selenite in different ways (Figure 8a).

Demopoulos and Geoffroy?® have found that selenious acid species was effectively
reduced in a weak acidic solution using sodium dithionite. They reported that at the pH
values of < 1.7 and a dithionite 3 times above initial Se concentration, the precipitation
reaction started immediately within less than a minute after the dithionite addition was
completed. They obtained a precipitate composed of red amorphous selenium.?’ When
ferrous iron was used, the color of the solids was orange-yellowish color regardless the
presence of irradiation.

The solution color of the Se-dithionite mixture with UV irradiation for 4 hours is
shown in Figure 9. The solution color became milky yellow. Geoffroy and Demopoulos®
found a light yellow precipitate in Se-dithionite solution in several minutes after the start
of the reaction and turned into a light yellow milky liquid, which was attributed to sulfur
precipitates formed during the reaction of dithionite decompositions, Eq. (18). Also, they

reported that the precipitates were very fine and stable.

2H,S+ HSO; + H" - 35,1 + 3H,0 (18)
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Figure 8. Visual representation of solids retained on the filter papers with dithionite (a),
sulfite (b), sulfide (c), and ferrous iron (d).
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Figure 9. Solution color with and without dithionite after four hours of UV-L irradiation.
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5.2 Screening Experiments for Selenite (Se(1V)) in a Buffered Solution

Screening experiments were conducted using reducing reagent solutions prepared
in 10 mM phosphate solution to adjust pH at 7. The four reducing reagents and a mixture
of dithionite and sulfite were combined with three different UV-light sources to evaluate
selenite removal at neutral pH. The molar ratio of reducing reagent dose to initial selenite
concentration was 46. The experimental conditions for this set of experiments are shown
in Table 4. The applied UV irradiation time was four hours in the UV box.

As shown in Table 4 and Figure 10, there is no significant selenite removal in
buffered solutions at pH 7, regardless of UV irradiation, except with sulfide. Selenite was
completely removed by sulfide alone and by sulfide-UV-L combination. Selenite removal
efficiencies of 97.2% and 99.0% by sulfide/UV-B and sulfide/UV-M, respectively (Figure

10). The solution pH was consistent during the reaction time.
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Table 4. Experimental conditions of screening experiments in a buffered solutions.

—
SIQ(IR%I Reducing Reagent UV irradiation pH Removal
No. L_onc. _
Conc. . ngh't o .
(mM) Type (MM) Type |nten5|t32/ Initial | Final (%)
(MW/cm?)
1 0.108 Dithionite 5.0 None - 6.87 | 6.77 0.00
2 | 0.0954 Dithionite 5.0 UV-L 4505 6.91 | 6.79 0.00
3 | 0.0935 Dithionite 5.0 uVv-B 366 7.01 | 651 0.00
4 0.0935 Dithionite 5.0 UVvV-M 1194 7.01 | 6.52 3.85
5 0.107 Sulfide 5.0 None - 7.04 | 7.52 100
6 | 0.0957 Sulfide 5.0 UV-L 5030 7.04 | 7.34 100
7 0.109 Sulfide 5.0 UVv-B 342 7.13 | 7.10 97.2
8 0.109 Sulfide 5.0 UVvV-M 1204 7.13 | 7.04 99.0
9 0.0975 Sulfite 5.0 None - 749 | 7.46 4.10
10 0.109 Sulfite 5.0 UVv-L 4688 751 | 7.48 6.24
11 | 0.118 Sulfite 5.0 uv-B 365 7.12 | 6.80 5.16
12 0.118 Sulfite 5.0 uv-M 1165 7.12 | 6.79 2.70
13 | 0.108 Fe2+ 5.0 None - 7.02 | 6.89 7.14
14 0.111 Fe2+ 5.0 UVv-L 4858 6.94 | 6.50 10.6
15 | 0.0993 Fe2+ 5.0 UVv-B 365 6.92 | 6.65 5.64
16 | 0.0993 Fe2+ 5.0 UVvV-M 1165 6.92 | 6.57 8.36
17 0.111 | Sulfite/Dithionite | 2.5/2.5 None - 6.99 | 7.01 244
18 | 0.116 | Sulfite/Dithionite | 2.5/2.5 | UV-L 4932 6.99 | 6.63 5.44
19 0.113 | Sulfite/Dithionite | 2.5/2.5 | UV-B 406 7.12 | 6.69 5.24
20 0.113 | Sulfite/Dithionite | 2.5/2.5 | UV-M 1252 7.12 | 6.68 6.75

& Measured concentrations right after mixing Se(lV) and reducing reagent before starting

UV irradiation.
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Figure 10. Results of screening experiments in pH 7 buffered solutions after 4 hours of

irradiation. Experimental conditions: [Se(IV)]o = 0.11 mM, reducing reagent dose = 5.0
mM.

In Figure 11, the solution (selenite-sulfide) color was changed from yellow to
milky yellow color (Figure 11a) with UV-L irradiation. On the other hand, the solution
color did not change over the reaction time of four hours in the absence of UV irradiation
(Figure 11b). In the case of UV-B and UV-M irradiation, there was no noticeable change

in the solution color.
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Figure 11. The color changes of selenite-sulfide solution with UV-L irradiation (a) and
without UV-L irradiation (b) in 4 hours. Experimental conditions: [Se(1V)]o = 0.11 mM,
light intensity = 4565 pW/cm?, reducing reagent concentration = 5.0 mM, and the solution
pH was buffered at pH 7.

Based on the screening tests, it can be concluded that sulfide is the most efficient
reducing agent for Se(IV) removal from water at neutral pH. UV light irradiation did not
affect Se(IV) removal efficiency, but it affected the color of the solids formed which
indicates that the UV light irradiation resulted in the production of solids phases that could
be different than those formed with sulfide alone. Therefore, sulfide-UV combination was
chosen for further investigation to evaluate effects of experimental conditions, to

understand reaction mechanisms, and to characterize the precipitated solids.
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5.3 Effects of Experimental Conditions on Selenite Removal by Sulfide

In the presence of sulfide, selenite concentration rapidly decreased in the first few
minutes at neutral pH, regardless of the presence or absence of UV light. Geoffroy and
Demopoulos®! reported that the precipitation reaction between selenious acid and sulfide
started immediately upon mixing of the two compounds, and the reaction was completed
in less than 10 minutes.
5.3.1 Effect of pH

Batch experiments were conducted to investigate the effect of pH on selenite

removal in sulfide solution at three different pH values (pH 4, 7 and 11) in the absence
and the presence of UV light. The molar ratio of reducing reagent dose to selenite
concentration was 46, and the total reaction time was 30 minutes. The conditions of the

experiments that were conducted are shown in Table 5.
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Table 5. Experimental conditions for investigating the effect of pH.

4nitial Reducing
Se(1V) Reagent Conc. UV irradiation pH Removal
No Conc.
' Light
(mM) (mM) Type | intensity | Initial | Final (%)
(uW/cm?)
1 0.0944 0.00 None - 422 | 4.21 1.27
2 0.0947 0.00 UV-L 6442 426 | 4.37 2.32
3 0.0815 5.00 None - 3.42 | 3.66 100
4 0.0966 5.00 UV-L 6282 406 | 4.42 100
5 0.0976 0.00 None - 7.04 | 7.06 0.922
6 0.0968 0.00 UV-L 6520 7.07 | 7.06 1.76
7 0.104 5.00 None - 7.06 | 7.12 98.9
8 0.104 5.00 UV-L 5654 6.88 | 7.12 98.2
9 0.0953 0.00 None - 11.0 | 11.0 0.210
10 0.0958 0.00 UV-L 6355 10.98 | 10.96 1.15
11 0.0955 5.00 None - 11.0 11.1 450
12 0.0980 5.00 UV-L 6535 109 | 111 2.55

& Measured concentrations right after mixing Se(1V) and reducing reagent before starting
UV irradiation.

Figure 12 shows no selenite removal at pH 11 and no solids were observed on the
filter paper when the solution was filtered. However, selenite concentration was
completely and rapidly removed within less than 5 minutes at both pH 4 and pH 7
regardless of the presence of UV irradiation. According to the acid-base equilibrium of
sulfide solution, the dominant sulfide species at pH 4 is H2Sg) and both H2S(q) and HS”
co-exist at pH 7 while HS™ and S? species coexist at pH 11 as was shown earlier in Figure

2. The fact that HS™ is present with appreciable concentration at pH 7 and pH 11 and no
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selenite removal was obtained at pH 11, this implies that neither HS™ nor S reacted with

Se(1V) to form Se-containing solids. This also indicates that the sulfide species that reacted

with and precipitated Se(IV) is H2S@q). The reaction mechanisms of Se(IV) removal with

sulfide will be discussed later in subsequent sections.

(a)
s
E
o
'g e e ———————— L+
o
=
[}
o
5 —o— pH 4
(&} o pH7
S -o-- pH 11
T
(7}
o
o
2
[e}
w ] ol g g g
0 5 10 15 20 25 30
ReactionTime (min)
14
—o— pH4
12 o pH7
=P ————— P e = —<o—- pH 11 [
10
L 8
o] o o o o o
6
4 h O_‘—()—I
24 . |
0 5 10 15 20 25 30

ReactionTime (min)

= 012
=
E
g 1 S — S e S e P R v e S L 4
s
£ 008
[}
g
8 0.06 - ” g:;
L
2 004 - pH 11
(]
(%}
(]
= 002
3
o o
9 0.00 ° . ° .
0 5 10 15 20 25 30
Irradiation Time (min)
14
—e— pH4
12 A e pH7
-y ——y————— AP S et ¥ -w-pH11 Iy
10
L 8
. . . [ . ° ’
6
4 4?*"”_'—.—_‘/._‘—.\—0
2 . T .
0 5 10 15 20 25 30

Irradiation Time (min)

Figure 12. Effect of pH on Se(IV) removal by sulfide and pH change with time (a) sulfide,
no UV and (b) sulfide and UV-L). Experimental conditions: [Se(IV)]o = 0.11 mM, light

intensity = 6298 nW/cm?.
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The SEM and EDS results of the version filters are shown in Figure 13. The filter
papers have 0.2 um pores, and it is made out of polyethersulfone. EDS results showed the
presence of sulfur. As of selenite-sulfur containing samples, selenium absorption peaks
were at 1.37 keV (SeLa), 11.22 keV (SeKa) and 12.9 keV (SeKp) approximately, where
the last peak was relatively low compared to the other two peaks. As for S absorption peak

was at 2.31 keV (S Ka).

Figure 13. SEM/EDS analysis of a filter membrane, which does not contain solids.

SEM-EDS analysis of precipitated solids was performed, and the ratio between Se
and S present in the particles were obtained to understand the nature of solids precipitated.
Figure 14 shows that UV irradiation affected the morphology of the solids regardless of
the pH of the solution. In the presence of UV light, it is likely that precipitates became

more irregular aggregates at both pH 4 and pH 7 (Figure 14), and it was more noticeable
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at pH 4 compared to that at pH 7. In the absence of UV irradiation, the precipitates formed
larger agglomerates at pH 7 than at pH 4. At pH 4, UV light enhanced the formation of
larger irregular aggregates with S/Se wt% ratio of 0.49 in the absence of UV. At pH 7 in
the presence of UV, agglomerated irregular solids with S/Se wt% ratio of 0.32 were
obtained by EDAX. The low S/Se ratios in these two cases could be attributed to the
formation of elemental selenium and/or solids containing both S and Se with high Se
stoichiometric ratio in the solids. On the other hand, particles with S/Se wt% ratio around
5 were formed at pH 4 with UV and at pH 7 in the absence of UV. This could be due to
the formation of elemental sulfur and/or solids containing both S and Se with high S
stoichiometric ratio. Geoffroy and Demospoulos?! reported that orthorhombic sulfur was
formed from sulfide reaction with Se(IV) reaction, which supports the hypothesis that
elemental sulfur is formed with S/Se wt% in EDAX of 5. According to published data,?!8
large agglomerates, irregular and amorphous precipitates is likely to be associated with
elemental sulfur and Se-S precipitates, whereas, elemental selenium shows more regular
and crystallized structure (layered, hexagonal or rectangular and long plate solid). As
depicted from the data below, amorphous solids were associated with the high intensity of

sulfur, hence, higher S/Se (wt% in EDAX).
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a.pH 4, no UV

b. pH 4, UV

c.pH 7, no UV

d.pH7, UV

S/Se = 0.49
(Wt% in EDAX)

S/Se=5.37
(Wt% in EDAX)

S/Se=5.57
(Wt% in EDAX)

$/Se=0.316
(Wt% in EDAX)

Figure 14. SEM/EDS results on solids formed in Se-S? solution at: (a) pH 4 without UV,
(b) pH 4 with UV, (c) pH 7 without UV, and (d) pH 7 with UV. Experimental conditions:
[Se(1V)]o = 0.11 mM, [S?Jo=5 mM, TUV PL-L lamp, t = 30 min.

To study the characteristics of sulfide species in the solution, the UV absorbance
of NaS solution was measured at different pH values. Some solutions were irradiated by
UV light to investigate photolysis reaction of sulfide, and the results are shown in Figure
15. At pH 3.36, the absorbance spectrum will be due to the presence of H.S, which was
similar to the results obtained by Guenther et al.%® and Linkous et al.*® Figure 15 shows an
absorbance peak at 230 nm, and the intensity increased with increasing the pH value.
Therefore, the peak at 230 nm could be attributed to the presence of HS or S,

According to Guenther et al.®® the absorbance peak at 230 nm corresponds to HS
and hence, it is the species responsible for the UV absorbance in the sulfide solution. Based
on Figure 2, the concentration of HS™ decreases as pH increases above pH 11. However,
the peak at pH 12.5, where dominant species is S%, has a higher intensity than the peaks

where HS' is the dominant species. Linkous et al.*® reported that NazS crystals dissociate,
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and the solutions contain bisulfide ion (HS"), rather than sulfide ion (S*) due to conjugate
base hydrolysis According to Eg. (19), which could explain the increase in absorbance at
230 nm with pH increase.*®
S$?~(aq) + H,0 - HS (aq) + OH™ (aq) (19)
Guenther et al.®® reported that due to the formation of polysulfides at high pH, the
absorption spectrum might be complicated, and the absorption at 230 nm might not only

contribute to the presence of HS™ merely.
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Figure 15. Absorption spectra of sulfide solution prepared in 10 mM phosphate buffer at
different pH values with no UV light irradiation. Conditions: [S?o= 0.312 mM and anoxic
condition.
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The only observed peak in the range of pH values shown in Figure 15 was at 230
nm. The percentage of HS™ at pH values 3.36, 5.9, 7.09, 9.04, 11.1 and 12.5 calculated by
Visual MINTEQ 3.17% at 25 °C are 0.022%, 7.07%, 54.3%, 99.1%, 99.99% and 99.998%,
respectively. This proves that at pH values ranging above 9, S% species dissociates to HS"
which is consistent with the absorbance spectra at 230 nm.

Figure 16 through Figure 19, shows the absorption spectra of sulfide solution
irradiated by UV-L lamp. At pH 4, hydrogen sulfide (H2S) is the dominant species
(99.9%). At pH 7, there is almost equal distribution between H,S and HS™ (45.7% and
54.3% respectively’®). At pH 9, hydrogen sulfide ion (HS") will be dominant species
(99.1%). At pH 11, 99.99% of sulfide species exist as HS".

The absorption spectra of sulfide solution at pH 4 as shown in Figure 16 did not
change with UV-L irradiation over time, and it is similar to the spectrum at pH 3.36
without UV irradiation shown in, Figure 15 with an approximate absorption of 0.214 at

230 nm. This indicates that H2S species does not undergo photolysis upon irradiation.
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Figure 16. UV spectra of sulfide solution prepared in anoxic conditions at pH 4 with UV-
L irradiation over time. Conditions: [S*]o= 0.312 mM, light intensity = 4900 uW/cm?, and
anoxic condition.

Figure 17 through Figure 19 show decrease in the peak intensity at 230 nm with
increasing UV-L irradiation time and a broad peak appears at a higher wavelength which
was obvious at pH 7. The broad peak at high wavelengths matches the results reported by
Linkous et al.*® of a NaHS solution after 273 min photolysis and by Dzhabiev and Tarasov
49 and Hara et al.” for Na,S solutions undergone photolysis. This broad peak is similar to
the peak obtained for S2~ reported by Linkous et al.*® with a slight shift. This indicates
that upon irradiation of sulfide solution with UV-L at pH 7, disulfide (and polysulfides)

are produced based on the following reaction schemes:*
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HS™ +hv—> HS™"

(Scheme 1)
HS™ 4+ HS™ = [(HS),]™" = H,+ S5~
HS™ 4+ hv—> HS™”
HS™ + H,0 » S°l + H, + OH™
(Scheme 2)

S%+ HS™+ OH™ - S2~ + H,0
2HS™ —» H, + S~

Linkous et al.*®, Hara et al.”*, and Dzhabiev and Tarasov*® reported that upon the
irradiation of sulfide solution, hydrogen gas is produced, and its production increases with
the increase of light intensity and with the increase of sulfide concentration, which may
explain the bubbles observed in the quartz cell when sulfide solution was irradiated. When
HS" is the dominant species in sulfide solution, reaction presented by Eq. (20) takes place
and because there is almost equal distribution between H>S and HS™ at pH 7, the reaction
in Eq. (9) also takes place, where the reaction shifts to HS™ again due to the presence of
H.S that serves as an acid equivalent.*®

2HS™ 4+ hv - H, + S2- (20)

In the case of sulfide absorbance at pH 9 and pH 11 (Figure 18 and Figure 19),
broad spectra and a small peak at around 305 nm appeared. According to Hara et al.”*, an
absorption band appears at 317 nm upon the irradiation of the sulfide solution using a 1000
W Hg high-pressure lamp. Based on the reported data by Hara et al.”* and Linkous et al.*,

the broadband peak can correspond to S,04% or S;%.
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Absorbance results indicate that sulfide can be irradiated with UV light and
converted to other sulfur species with time. The production of these species and their
reactions in the S-Se system could cause the change in solid color and morphology that

were observed when the solution was irradiated.
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Figure 17. UV spectra of sulfide solution prepared in anoxic conditions at pH 7 with UV-
L irradiation over time. Conditions: [S*]o= 0.312 mM, light intensity = 4900 uW/cm?.
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Figure 18. UV spectra of sulfide solution prepared in anoxic conditions at pH 9 with UV-
L irradiation over time. Conditions: [S*]o= 0.312 mM, and light intensity = 4900 uW/cm?.
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Figure 19. UV spectra of sulfide solution prepared in anoxic conditions at pH 11 with
UV-L irradiation over time. Conditions: [S?]o= 0.312 mM, light intensity = 4900 pW/cm?.
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In order to better understand the mechanisms or reactions and precipitated solids
composition in Se-S system, XPS analysis was conducted on precipitates formed during
Se(1V) reduction experiments. The XPS spectra of solids formed in a solution including
Se(1V) and S(-11) were obtained for different pH values, sulfide doses, UV irradiation and
reaction time. In order to obtain the oxidation status of the surface of solids, narrow scan
spectra for O 1s, S 2p, and Se 3d were acquired. The experimental conditions of the
samples investigated by XPS are presented in Table S6. Information about O 1s, S 2p, and
Se 3d XPS spectra of solid including binding energy (BE), full width at half maximum
(FWHM), and area for peaks of the analyzed samples are provided in Table A7.

Binding energies from the literature are shown in Table Al through Table A5 for
0 1s, S 2p, and Se 3d. Binding energies of S 2p XPS spectra include sulfides (5%, S2%),
polysulfides (Sn¥), elemental sulfur, sulfite, bisulfite, sulfate, and sulfur-containing
oxyanions.

All the obtained Se 3d XPS peaks lie in the range of binding energies of elemental
selenium. Binding energies of elemental Se(0) were found in the range of 54.64 eV - 57.5
eV (refer to Table A5) according to NIST XPS database.”” Naveau et al.”® have
demonstrated that elemental Se is observed between 54.9 eV and 56.3 eV. Han et al.’
reported that reduced species of selenium produce spectra with peaks in the range of 53.7
eV —56.3 eV. Most of the obtained Se 3d spectra has one peak with a split, and the doublets
were in the range of 54.5 — 56.5 eV, where this peak was attributed to elemental selenium.

S 2p XPS obtained peaks lies in the binding energies range of 156 eV - 172 eV. S

2p spectra were fitted with fixed doublets of S 2p12and S 2pss2 spin orbitals with binding
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energy separation of 1.2 eV, and 2:1 area ratio. Sulfur will be present in various forms due
to disproportionation and species such as elemental sulfur (So), sulfide (S%), disulfide (S2*
), polysulfides (S»%), sulfate (SOs%), tetrathionate (S4O¢>), dithionate (S:0¢%), and
thiosulfate (S203%) could be present. Elemental sulfur is assigned to spectra in the range
in the range of 162.9 eV - 164.8 eV. As mentioned previously, Na.S solution at neutral
pH is found in the form of H>S and HS". Additionally, polysulfide ions and sulfide ions

can be present during photolysis of HS™ ion according to Eq. (2) and the following

equations.
HS™ 4+ HS™ - [(HS),]™* » H, + S%~ (21)
2HS™ - H, + S2~ (22)
S27 + 2e” — 2852~ (23)

Upon the reduction of selenium, elemental sulfur is formed along with sulfide
photochemical decomposition sulfur species such as disulfide ions and polysulfide ions.
When selenium reacts with sulfide, it is anticipated that selenium will be reduced, and
sulfide will be oxidized. Smart et al.” reported that the binding energy of oxidized sulfur
species are as follow: S? (160.1-161.2 eV), S,* (162.1-162.6 eV), Sn> (161.9-163.2 V),
and Sy°(163.0-164.2 eV).

O 1S XPS spectra were found between 530 eV — 534 eV, with two major peaks at
531.4 eV and 533.1 eV. Generally, O 1s peaks are associated with metal oxides, hydroxyl
and water have binding energies in the range of 529.5 eV - 533 eV.” O 1s associated with
water shows a peak at binding energy in the range of 532.80 eV - 538 eV according to
NIST XPS database.’
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The effect of pH on the species involved in the solid formation during the
experiments was investigated in the presence and the absence of UV-L light. O 1s, S 2p
and Se 3d XPS de-convolution spectra of the solid formed are shown in Figure 20 and
Figure 21 in the presence and absence of UV, respectively. In the presence of UV-L light
(Figure 20) and at pH 4, there are two major peaks centered at 531.6 eV and 533.2 eV
which were attributed to HSO3™ or S;03%, and molecular H2O respectively. However, at
pH 7, there are five peaks doublets for a better fitting and simultaneously, the peak at
531.6 eV became asymmetric. The five peaks are located at located at 530.3 eV, 530.9
eV, 531.3 eV, 532.5 eV, and 533 eV. The results of O 1s XPS spectra indicates the
production of sulfur-containing anions, which are detected at low binding energies, along

with structural hydroxyl anions.
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Figure 20. High-resolution O 1s, S 2p, and Se 3d XPS de-convolution spectra of the
solids formed in Se(1V)-S(-11) solution in the presence of UV- L at pH 4 and pH
7.Experiment conditions: [Se(IV)]o= 0.11 mM, [S*Jo= 5.0 mM, t = 10 min at pH 4; t =
90 min at pH 7.
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Figure 20. Continued
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Figure 21. High resolution O 1s, S 2p and Se 3d XPS de-convolution spectra of solid
formed in Se(IV)-S(-11) solution in the absence of UV- L after 10 min reaction time.
Experiment conditions: [Se(1V)]o= 0.11 mM, [S?*]o= 5.0 mM.
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Figure 21. Continued

For S 2p XPS spectra, there are two major areas. At lower binding energies, there
are mainly three peaks centered at 161.5 eV, 162.7 eV and 163.3 eV with doublets spin
orbitals with 1.2 energy separation as shown in Figure 20, which corresponds to S%, Sp%,
and So respectively. The peaks at higher binding energies (166 eV — 170 eV) correspond
to sulfur-containing oxyanions. The presence of oxyanions is strong evidence for sulfide
oxidation in the solutions, which supports the fact that selenite is reduced in the presence
and sulfide was oxidized. In this region, there are two constituent peaks, centered at 167.5
eV and 168.7 eV, which may contribute to one species with two different spin orbitals as
the energy gap is 1.2 (S20s* or HSOs). Based on published data, sulfur-containing

oxyanions have similar binding energies. Hence, it is difficult to identify the peaks. The
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information of binding energies of sulfite, sulfate, bisulfite, and sulfur-containing
oxyanions from the published data are tabulated in Table A4. The peak at 1.67.5 eV lies
within the range of tetrathionate (S40¢%), along with bisulfite (HSO3") and thiosulfate
(S203%). Han et al.” reported that tetrathionate lies in the range of 167.2 eV — 167.6 eV.
Also, multiple reports in the literature (Table S4) reported that thiosulfate and bisulfite
have binding energy at around 167.7 eV. However, assignment of the peaks of higher
binding energy in S 2p spectra was confirmed with the peaks from O 1s spectra. Rickett
and Payer” and Lindberg et al.” reported that the peak at around 167.4 eV and 167.2 eV
corresponds to bisulfite and thiosulfate, respectively. Hence, tetrathionate was excluded.

When comparing the two energy bands in S 2p spectra, the area percentage of the
peaks attributed to S* were 55.5% and 41.7 % at pH 4 and pH 7, respectively. These
results can indicate the presence of sulfur in Se-S precipitates and its formation is
favorable at low pH. This observation is supported by SEM/EDS analysis results that show
more amorphous agglomerated particles at pH 4. Overall, O 1s and S 2p did not show any
shift in binding energies by varying pH. However, Se 3d shifted to higher energy at pH 4
relative to spectra obtained at pH 7. The peaks centered at 55.1 eV and 55.9 eV at pH 7
shifted to 55.4 eV and 56.2 eV at pH 4, respectively. This indicates a change in oxidation
sate of Se by varying pH from 7 to 4. Reduced Se species (e.g. Se(-1) or Se(-11)) may be
oxidized to elemental selenium at low pH.

In the absence of UV-L light, there was no change in the species involving oxygen

as it can be revealed from O 1s XPS de-convolution spectra (Figure 21). There are two
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constituent peaks centered at 531.6 eV and 533.2 eV which contributes to HSO3™ or S;022,
and molecular H20 respectively; similar to the case with UV irradiation.

For S 2p XPS spectra, there are two major areas. At pH 4 and at lower binding
energies, there are mainly three peaks centered at 161.25 eV, 162.9 eV, and 164 eV which
correspond to S%, Sy?, and Sp respectively. The peaks at higher binding energies (166 eV
— 170 eV) show two constituent doublets centered at 167.2 eV and 168.6 eV, which may
contribute to S,03? or HSOs™ respectively. Nevertheless, at pH 7, there are only two
doublets at low binding energy (161.5 eV and 164 eV), which corresponds to S? and So,
respectively. At higher binding energies, relatively the same peaks as in pH 4 were
obtained in addition to a small singlet peak at 168.6 eV, which corresponds to SO4>
according to binding energies reported in literature. This indicates that the peak at 532 eV
in O 1s spectra corresponds to SO4* rather than H,O. When comparing the two energy
bands in S 2p spectra, the area percentage of the peaks attributed to S* was 60.5 % at pH
4, and it was 27.8 % at pH 7. This indicates the presence of Se-S precipitates and its
formation is more favorable at low pH even in the absence of UV-L. The percentage of
polysulfide detected was more noticeable in the presence of UV at low pH, which supports
the dimerization/ photolysis of sulfur-radicals as will be discussed in reaction mechanisms
section. In the presence of UV, the area percentages are 11.2% and 9.5% at pH 4 and pH
7, respectively. In the absence of UV, the area percentages are 5.2% and 1.4% at pH 4 and
pH 7, respectively. The area percentage of elemental sulfur was less than 2%, expect for
the sample obtained in the absence of UV at neutral pH, where its area percentage was

69.2%. This significant difference can be due to sulfur sublimation in the XPS under
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ultrahigh pressure. However, SEM/EDS results confirm the detection of elemental sulfur
crystals at neutral pH in the absence of UV (Figure 14c).

From Se 3d XPS de-convolution spectra, it can be revealed that Se 3d shifted to
higher binding energy at pH 7. The peaks centered at 55.1 eV and 55.9 eV at pH 7 shifted
to 55.4 and 56.2 eV at pH 4, respectively. The peaks centered at 54.8 eV and 56.0 eV at
pH 4 shifted to 55.0 eV and 56.2 eV at pH 7, respectively. S 2p and Se 3d high-resolution
deconvolution spectra support the reduction of selenite to elemental selenium and selenide
with sulfide, in both the presence and absence of UV-L light. Additionally, Se-S
precipitates formation may be more favorable at pH 4 than at pH 7. All the peaks shown
in the de-convolution spectra of Se 3d corresponds to elemental selenium, expect the peak
at the lowest binding energy (54.8 eV) that was attributed to a more reduced form of
selenium. Naveau et al.” reported that the peak at a binding energy of 54.8 eV
demonstrates Se(-1), or Se(-11) sorbed on pyrite. The formation of Se(-1I) is more probable
in the form of SeS as S 2p spectra show doublet of S%. The percentage area of Se(-11) is
higher at pH 4 regardless of the presence of UV, but 26.2% higher in the absence of UV.
5.3.2 Effect of Sulfide Dose

Table 6 shows the experimental conditions used to investigate the effect of initial
sulfide dose on Se(IV) removal. Figure 22 shows the effectiveness of Se(I1V) removal at
different sulfide doses when the initial Se(1V) concentration was 0.11 mM. The initial S*
/Se(1VV) molar ratio ranged between 0 and 46. The solution of the pH was maintained at
pH 7, and it showed less than 0.4 pH unit change during the reaction time. When S? was

above 1.27 mM, Se(1V) was not detected at the first sampling time of 2 min, regardless
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the presence of UV light. In the presence of UV irradiation, Se(IV) removal behaved
similarly to that observed in the absence of UV. This indicates that the rate of precipitates
formation was not affected by UV irradiation at sulfide doses above 11.5 times initial
Se(1V) concentration. At neutral pH, the Se(lV) species present are HSeOs™ (90%) and
Se03*(10%).”” Based on experimental results and solids analysis described in previous

sections, the reactions that were involved in Se(IV) removal with sulfide could be as

follows:
HSeO; + 2HS™ + 3H* - Sey+ 2§, + 3H,0 (24)78
HSeO; + 2H,S+ H* - Sey, + 2S,+ 3H,0 (25)
HSeO; + 2HS™ + 3H* - SeS+ S+ 3H,0 (26)
HSeO3 + 2HS™ + 3H* - SeS, + 3H,0 (27)

Although light absorbance of sulfide solutions showed that HS™ species is
converted to other sulfur products under UV irradiation, at high molar ratios of S*/Se(IV)
above 11.5, there was still enough HS™ present in the solution to react with Se(1V) and
form solids especially, the reaction was very rapid and was complete before HS™ was
consumed by photolysis in the presence of UV light. This explains the similar removal
rate of Se(1V) in the presence and absence of UV light at high sulfide dose (Figure 23). At
low molar S?/Se(1V) ratios, the removal efficiency of Se(IV) removal was slightly less in
the presence of UV light than in the absence of UV light. This could be due to the

consumption of HS™ by photolysis during UV irradiation.
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Table 6. Experimental conditions for investigating the effect of sulfide dose on Se(1V)
removal.

o -
Initial Se(1V) Sulfide UV irradiation pH Removal
NO conc. dose.
Light
(mM) (mM) Type | intensity | Initial | Final (%)
(uW/cm?)
1 0.0923 0.00 None - 7.04 7.06 0.975
2 0.0935 0.00 UV-L 6520 7.07 7.06 1.93
3 0.0959 0.065 None - 7.04 6.98 27.5
4 0.0884 0.065 UV-L 6977 7.09 6.99 13.7
5 0.0874 0.130 None - 6.90 7.02 50.5
6 0.0856 0.130 UV-L 6977 6.92 7.01 29.1
7 0.0815 0.260 None - 6.89 7.27 93.1
8 0.0833 0.260 UV-L 6977 6.99 7.25 78.3
9 0.115 1.27 None - 7.06 7.10 99.9
10 0.101 1.27 UV-L 6950 7.03 7.04 97.4
11 0.102 5.00 None - 7.06 7.12 100
12 0.102 5.00 UV-L 5654 6.88 7.12 100

& Measured concentrations right after mixing Se(1V) and reducing reagent before starting
UV irradiation.
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Figure 22. Effect of sulfide dose on selenite removal rate (a) in the absence of UV light,
(b) in the presence of UV light. Experimental conditions: [Se(IV)]o = 0.11 mM, light
intensity = 6298 uW/cm?, and pH 7.
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Figure 23. Selenite removal efficiency at different sulfide doses. Experimental conditions:
[Se(IV)]o = 0.11 mM, light intensity = 6298 pW/cm?, t =5 min, and pH 7.

Selenite removal efficiency increased linearly with increasing sulfide dose at
reached its maximum efficiency at S>/Se molar ratio of 11.5, regardless of the presence
of UV light.

Figure 24 and Figure 25 show the SEM/EDS results in the absence and presence
of UV irradiation, respectively. At 115 S?/Se(1V) molar ratio (Figure 24c), more layered
precipitates were found compared to that at 11.5 and 46 S?/Se(IV) molar ratios (Figure
24a and Figure 24D, respectively). Figure 25 shows the effect of sulfide dose on results of

SEM/EDS analysis of solids formed in a solution containing Se and sulfide at pH 7 after
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10 min of irradiation. Commonly, larger agglomerates of precipitates were found at higher
sulfide dose in the presence of UV light (Figure 25a vs. Figure 25b). A different structure
of precipitates was observed with increasing sulfide concentration. When the molar ratio
of S%/Se is 3.5, smaller precipitates were found. When the molar ratio of S2/Se increased
from 3.5 to 46, the precipitates formed larger agglomerates. When S*/Se was 115, more
regular structures were found that showed higher intensities of Se than S. At 10 minutes,
more regular precipitates were found when the ratio of S?/Se was 115 in the presence of

UV irradiation, compared to that in the absence of UV.

a. 11.5x b. 46x c. 115x

S/Se =0.826 (Wt% in EDAX) | S/Se = 1.94 (wt% in EDAX) | S/Se =0.423 (wt% in EDAX)

Figure 24. SEM/EDS analysis results of solids formed in Se-S? solution at pH 7 without
UV irradiation when sulfide dose was 11.5 times (a), 46 times (b), and 115 times (c) to
initial Se concentration. Experimental conditions: [Se(IV)]o = 0.11 mM,
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a. 3.4x b. 11.5x c. 46x d. 115x

S/Se=0.793 S/Se =1.40 S/Se = (i)1.10 and (ii) 0.678 S/Se =0.268
(Wt% in EDAX) (wWt% in EDAX) (wt% in EDAX) (Wt% in EDAX)

Figure 25. SEM/EDS analysis results of solids formed in Se-S? solution at pH 7 with UV
irradiation when sulfide dose was 3 times (a), 11.5 times (b), 46 times (c), and 115 times
(d) to initial Se concentration. Experimental conditions: [Se(IV)]o = 0.11 mM, TUV PL-
L lamp and t = 10 min.

In order to understand the behavior of selenite-sulfide system in the absence versus
the presence of UV light irradiation, light absorbance of the solution at different sampling
times was measured as shown in Figure 26. The peak at 230 nm for the molar ratio of
reducing reagent dose to selenite concentration 11.5 in the absence of UV-L light did not
change significantly with time after 10 min reaction time. In the presence of UV-L light,
the peak decreased by 64.4%, 89.9% and 89.9% at 10 min, 30 min, and 60 min
respectively. The decrease of the absorption peak at 230 nm with time under UV
irradiation indicates the HS™ photolysis producing radical species that react with Se(IV) to
form elemental selenium, S-Se solids, and/or elemental sulfur. Figure 26b supports the

cyclic production of HS™ as shown by Eq. (9).
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In order to quantify the concentration of HS™ present in the solution, the molar
absorptivity of sulfide solution was calculated by varying its dose in the absence of
irradiation (Figure A5a). The calculated molar absorptivity was 10165 L mol*cm™ for HS
present in sulfide solution prepared at pH 7. Figure 27 shown the absorption spectra of
sulfide solution under UV irradiation and it supports the photolysis of HS™ over irradiation
time and the appearance of a new absorption band at higher wavelengths, which increases
over time. The absorbance at 254 nm, which is the wavelength of light produced by UV-
L lamp, increased up to 10 min, then starts to decrease slightly as shown in Figure 28. This
indicates the effectiveness of UV-L lamp in irradiating sulfide during the first 10 mins.
However, upon photolysis of HS", the produced species absorb less light at the produced

wavelength by UV-L lamp.
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Figure 26. UV absorbance spectra of Se-sulfide solution at different conditions in the
absence of UV light (a) and in the presence of UV-L light (b). Experimental conditions:
[Se(1V)]o = 0.11 mM, [S%]o = 1.27 mM, light intensity (T-8C lamp) = 4300 uW/cm?, pH

7, and anoxic condition.
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Figure 27. Absorbance spectra of Se-sulfide solution showing the effect of UV-L light
over time. Experimental conditions: [S*]o = 1.25 mM, light intensity = 4041 pW/cm?, and

pH 7.
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Figure 28. Absorbance of sulfide solution over time at 254 nm upon UV-L irradiation.
Experimental conditions: [S*]o = 1.25 mM, light intensity = 4041 uW/cm?, and pH 7.
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Figure 29 shows O 1s, S 2p, and Se 3d XPS spectra of the solid formed in Se(1V)-
S(-11) solution in the absence of UV-L at different sulfide initial doses. Figure 30 shows
the deconvolution spectra. O 1s and S 2p XPS spectra at the three different S>/Se molar
ratios show a similar trend, expect Se 3d XPS spectrum, which was shifted. Additionally,
it is observed that at S*/Se molar ratio of 11.5 and 115, peak centered at 531.4 eV in O 1s
became asymmetric, showing a shoulder at lower binding energy, which was fitted with
two doublets. The shift in the binding energy of Se 3d depends on sulfide dose and shifted
to higher binding energy at S?/Se molar ratio of 46. The main peak located at 55 eV
(higher binding energy) was shifted towards a lower binding energy at high sulfide doses.
This implies that higher sulfide dose in the solution initially can lead to the production of
more reduced selenium species such as (Se(-1) and Se(-11)). At S*/Se molar ratio of 115,
the peak observed at binding energy 54.8 eV was attributed to Se(-1) or Se(-11), as it was
reported by Naveau et al.” that the peak at a binding energy of 54.8 eV demonstrates Se(-
1), or Se(-11) sorbed on pyrite. Figure 30, O 1s XPS de-convolution spectra show three
major peaks. For S*/Se molar ratio of 11.5 and 115, the three peaks are at 530.9 eV, 531.5
eV, and 533.1 eV which correspond to OH", HSO3™ or S;03> and H-O, respectively. For
S%/Se molar ratio of 46, peak at 531.4 eV corresponds to HSOs™ or S;03%, and 533.1 eV
and 533.4 eV, which was attributed to H,O (or 531.1 eV peak corresponds to SO4> based
on S 2p spectra). It was reported that binding energy at 531.0 eV or 531.1 eV corresponds
to hydroxyl ion.”® However, except hydroxide ion the peaks ranged between 530 eV and
532 eV may be attributed to O1s from species such as S,0s%, S20s%, S206*, SOs-, and

S04 .based on the reported data in literature (Table Al1). S 2p XPS de-convolution spectra
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show two major areas. Low binding energy region (158 eV — 166 eV) shows two
constituent doublets with S 2ps, peaks at 161.2 eV, 162.4 eV, and 164.1 eV which
correspond to S%, Sy* and S respectively. In the high binding energy region (166 eV —
170 eV), there are two constituent doublets. The peaks at 167.4 eV and 168.6 eV may
contribute to S;03% or HSO3™. At S?/Se molar ratio of 46, SO4>" peak appears at 167.4 V.
Se 3d XPS de-convolution spectra show five major peaks and most peaks found between
54 eV and 56 eV, which is attributed to elemental Se(0) according to binding energy values
reported in the literature (Table A5). The lowest energy peaks found between 54.5 and
54.8 eV (Figure 30) may be attributed to surface-bound Se(-11) or Se(-1).”® The high-
resolution XPS de-convolution spectra of S 2p and Se 3d again supports the observation
that Se(1V) was reduced to Se(0), and elemental sulfur was produced by sulfide oxidation.
This supports the following reaction between selenium and sulfide.
Se0%™ + 2HS™ + 4H* - Se(0) + 25(0) + 3H,0 (28)

The peak at lower binding energy for S 2p de-convolution spectra that are located
between 160.40 eV and 160.91 eV is consistent with results reported by Doyle et al.®,
which was attributed to monosulfide at surface defects.®’ Hence, the peaks observed at
low energy can be S? or due to surface defects. The percentage of the low binding energy
band are 43.4%, 45.7%, and 29.9% for S%/Se molar ratio of 11.5, 46 and 115, respectively.
The percentage of Se(0) calculated from the peak area, are 84.8%, 73.4% and 96.9% for
S%/Se molar ratio of 11.5, 46 and 115, respectively which is an indication of the formation

of a crystal monoclinic elemental selenium.8182
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Figure 29. High-resolution O 1s, S 2p and Se 3d XPS spectra of solid formed in Se(1V)-
S(-11) solution in the absence of UV- L after 10 min at pH 7 with S*/Se molar ratio of 11.5
and 115. Experimental conditions: [Se(IV)]o = 0.11 mM, [S*]o = 5.0 mM, and pH 7;
[Se(1V)]o=0.11 mM, [S*]o= 1.27.
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Figure 30. High-resolution O 1s, S 2p, and Se 3d XPS de-convolution spectra of the solid
formed in Se(1V)-S(-11) solution in the absence of UV- L for 10 min at pH 7 with S?/Se
molar ratio of 11.5, 46, and 115. Experimental conditions: [Se(IV)]o=0.11 mM.
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Figure 30. Continued
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5.3.3 Effect of Se(IV) Initial Concentration

The effect of the initial Se(IV) concentration on the effectiveness of its removal

was investigated and the experimental conditions and Se(IV) removal efficiencies are

shown in Table 7. Initial Se concentration was investigated at 0.0011 mM, 0.011 mM, and

0.11 mM. The applied UV irradiation time was 30 minutes in the anaerobic chamber using

TUV PL-L lamp. Results shown in Table 7 indicate that low removal efficiencies were

obtained at low initial Se(IV) concentrations in the presence of UV light irradiation. This

could be because at low Se(IV) concentration, sulfide dose is low too, and it could have

been photolyzed by UV light and consumed producing species with low concentrations

that are not effective in reducing Se(1V).

Table 7. Experimental conditions for investigating the effect of Se(IV) initial
concentration

aSe(I1V) Initial Reducing .
Conc. Reagent Conc. Radiation pH Removal
No. Light
(mM) (mM) Type | intensity | Initial | Final (%)
(uW/cm?)
1 0.102 5.00 None - 7.06 | 7.12 100
2 0.102 5.00 UV-L 5654 6.88 | 7.12 100
3 0.00728 0.510 None - 7.06 | 7.04 98.8
4 0.00778 0.510 UV-L 6755 6.98 | 7.13 80.3
5 9.24 x 107* 0.0513 None - 7.04 | 7.02 94.5
6 9.93 x 10~* 0.0513 UV-L 5714 7.01 | 7.09 53.5

& Measured concentrations right after mixing Se(1V) and reducing reagent before starting
UV irradiation.
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5.3.4 Effect of UV Irradiation

As mentioned earlier, experimental results showed that UV irradiation did not
affect the efficiency of Se removal as compared to results without UV light at the same
sulfide doses. Yet, UV irradiation affected the characteristics of solids formed as indicated
by the different colors of the precipitated solids when the solutions were not or were
irradiated with UV light. The effect of UV-L irradiation on the nature of the solid formed
was evaluated by analyzing samples using XPS at neutral pH after 10 min irradiation at
S%/Se molar ratio of 11.5. O 1s, S 2p, and Se 3d XPS spectra of the solid formed in Se(1V)-
S(-11) solution in the absence and presence of UV-L for the two cases are shown in Figure
31. At S%/Se molar ratio of 11.5 (Figure 31), there was no significant shift observed for
the narrow scan of O 1s and S 2p. However, in the presence of UV, there was a slight shift
to higher binding energy in Se 3d spectra. The major peaks shown in Se 3d de-convolution
spectra (Figure 32) are attributed to elemental Se indicate that selenite (Se(IV)) was

reduced to Se(0) in a solution, regardless of the presence of UV.
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Figure 31. High-resolution O 1s, S 2p, and Se 3d XPS spectra of the solid formed in
Se(1V)-S(-11) solution in the presence of UV-L and the absence of UV-L light. Experiment
conditions: [Se(1V)]o=0.11 mM, [S*]o=1.27 mM, pH 7, t = 10 min.
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High-resolution deconvolution spectra at S*/Se molar ratio of 11.5 for O 1s, S 2p,
and Se 3d are shown in Figure 32. At S*/Se molar ratio of 11.5, the peak observed at 533.1
eV which is attributed to molecular H2O decreased with UV irradiation as compared to
that in the absence of UV (Figure 32) (with peak areas of 856 and 1599 with UV and no
UV, respectively). The other two peaks at 530.9 eV and 531.5 eV contribute to OH and
HSOs or S,03%, respectively. For S 2p de-convolution spectra, three major doublets were
present at low binding energy, including elemental sulfur, with area percentage of 2.82 %
and 0.786 % in the presence and absence of UV, respectively. At a higher binding energy
of S 2p and in the absence of UV irradiation, the peaks assigned from S,03% or HSO3"
increased by 13.9%. This indicates that sulfide was oxidized to high oxidation states. Se
3d XPS de-convolution spectra show five major peaks with most peaks found between 54
eV and 56 eV, which can be attributed to elemental Se(0), expect the peak at 54.7 eV
attributes to Se(-11). The percentage of Se(0) in the sample calculated from the peak are

74.4% and 84.8% in the presence and absence of UV, respectively.

72



S/Se =115, UV, att =10 min O1s S/Se =115, UV, att= 10 min s2p

HSO, or $.,0,”

= =

E= S

D ey

2 £

;“c_'-; 1 S/Se =115, no UV, att= 10 min g S/Se =115, no UV, att=10 min

< P < — HSO, oS0,

2 k7]

2 g

) i=

=

538 536 534 532 530 528 526 172 170 168 166 164 162 160 158 156
Binding energy (eV) Binding energy (eV)

S/Se =115 UV, att=10 min Se 3d

Intensity (arbitrary unit)

58 56 54 52
Binding energy (eV)

Figure 32. High-resolution O 1s, S 2p, and Se 3d XPS de-convolution spectra of the solid
formed in Se(1V)-S(-11) solution in the presence of UV-L and the absence of UV-L light.
Experiment conditions: [Se(1V)]o=0.11 mM, [S*]o=1.27 mM, pH 7, t = 10 min.
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5.3.5 Effect of Humic Acids

HA is a major compound of humic substrates, with a molecular structure presented
in Figure 33,23 However, it can have different molecular structure depending on the
molecular weight.? It is soluble in alkaline to weak acidic solutions.® It was reported that
HA can act as free radicals scavenger in AOPs.88 In previous studies on iron reduction,
Li et al.®® reported that HA aided in the electron transfer process due to the presence of
functional groups (e.g., quinone, phenolic and carboxylate moieties). Hence, it is
considered as a redox-active organic compound that can affect oxidation-reduction
reactions if it present in contaminated waters.® Nevertheless, the dependency on HA in
the reduction of contaminants is not clear. HA can either aid the reduction/ removal of
selenite or enhance it, depending on the nature of the interaction between the species in
the solution. The binding mechanism of HA is highly depended on several factors
including cation bridging, water bridging, anion exchange, ligand exchange, hydrogen

binding and van der Waals forces, and the pH of the surrounding environment.®’

Figure 33. Humic acid molecular structure.
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Batch kinetic experiments were conducted to investigate the effect of the presence
of humic acids (HA) on selenite removal with sulfide. The experiments were conducted
using quartz cell of 17 mL capacity (1 cm thickness) as the reactor. The molar ratio of
reducing reagent dose to initial selenite concentration was 46. The reaction time was 60
minutes. Table 8 shows the initial conditions and Se(lIV) removal efficiency as affected
by the concentration of HA. Figure 34 shows the effect of HA on the kinetics of Se(IV)
removal. As the concentration of HA increases, the removal of selenite is hindered and the
reduction rate decreased with no change in pH regardless of the presence of UV light. De
Carvalho et al.® reported that selenium forms complexes with HA. Kamei-Ishikawa et
al.® reported that selenium is sorbed on HA surfaces.

Nevertheless, the presence of UV light enhanced the removal of selenite as the
reaction time proceeds in the presence of high concentrations of HA. De Carvalho et al.%®
reported that HA effect is eliminated upon UV irradiation. Wang et al.*® reported that the
molecular charge variation upon UV irradiation of HA enhanced HA removal at pH above
7. This could support the decrease in selenite concentration over the irradiation time at
high concentrations of HA. Furthermore, Wang et al.% reported that UV light produces
small molecular HA, which agglomerates. Therefore, it is proposed that selenite is
entrapped or sorbed on these HA agglomerates. The solid formed during the experiments
in the presence of HA was not influenced by the presence of UV, rather it was getting
darker as HA concentration increases. The greyish-brown color is expected to be due to

the presence of HA rather than Se-S precipitates.
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Table 8. Experimental conditions for investigating the effect of humic acids.

qInitial HA
Se(1V) UV irradiation pH Removal
conc.
No. Conc.
Light intensity . : 0
(mM) (mg/L) | Type (LW/cm?) Initial | Final (%)
1 0.110 0.00 None - 7.04 | 7.24 95.3
2 0.0988 0.00 UV-L 5030 7.04 | 7.22 99.9
3 0.120 10.0 None - 712 | 7.32 96.8
4 0.117 10.0 UV-L 4245 7.02 | 7.08 98.9
5 0.105 50.0 None - 718 | 7.27 50.3
6 0.103 50.0 UV-L 4158 7.00 | 7.08 85.1
7 0.110 100.0 None - 6.97 | 7.48 41.9
8 0.108 100.0 UV-L 4220 7.03 | 7.17 86.4

& Measured concentrations right after mixing Se(1V) and reducing reagent before starting

UV irradiation.

Soluble Se(IV) Concentration (mM)

Figure 34. The effect of humic acids concentration on selenite concentrations at different
initial HA concentrations in the absence of UV light (a) and in the presence of UV light
(b) when the molar ratio of S?/Se was 46. Experimental conditions: [Se(IV)]o = 0.11 mM,
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5.3.6 Effect of Sulfate and Carbonate on Se(IV) Removal with Sulfide

Batch experiments were conducted to investigate the effect of the presence of

sulfate and carbonate inorganic salts on selenite removal in sulfide solution. The molar

ratio of reducing reagent concentration to selenite concentration was 46. The reaction time

was 120 minutes. Table 9 shows the initial experimental and removal efficiencies of

selenite in the presence of sulfate or carbonate. Figure 35 shows the effect of these

compounds on the kinetics of Se(IV) removal.

Table 9. Experimental conditions for investigating the effect of inorganics.

Anitial
Se(1V) Inorganic UV irradiation pH Removal
No Conc.
' conc Light
(mM) Type (mMj Type | intensity | Initial | Final (%)
(uW/cm?)
1 0.115 None 0.00 None - 7.04 | 7.35 925
2 0.104 None 0.00 UV-L 5030 7.04 | 743 100
3 0.108 Sulfate 1.04 None - 6.95 | 7.59 97.4
4 0.108 Sulfate 1.04 | UV-L 3505 6.95 | 7.52 100
5 0.108 Carbonate 1.67 None - 7.06 | 8.54 95.6
6 0.108 Carbonate | 1.67 UvV-L 3250 7.06 | 7.75 98.8

& Measured concentrations right after mixing Se(lV) and reducing reagent before starting
UV irradiation.

Figure 35 shows that these inorganic salts did not have significant effects on the

Kinetics or the removal efficiency of selenite. However, the presence of anions under UV

irradiation resulted in slightly higher Se(IV) concentration during the first 30 minutes of
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reaction. The change of solution pH was around 0.5 units for experiments that were
conducted under UV irradiation regardless of the presence of anions. However, in the case
of carbonate and in the absence of UV, the pH increased by 1.48 units. The solid formed
were orange, and the color became lighter with time in the absence of UV, while in the
presence of UV, the solid formed was pale yellow to light green. It is worth noting that
total carbonate concentration at pH 7 is 83.99 % carbonic acid (H2COs) and 15.96 %
bicarbonate (HCO3).”° Fujikawa and Fukui®® reported that selenite sorption on magnetite
and hematite was reduced in the presence of sulfate. Goh and Lim®2 reported the

inconsequential influence of sulfate on selenium sorption on iron.
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Figure 35. Selenite concentrations and pH changes with 100 mg/L inorganic salts in the
absence of UV light (a) and in the presence of UV light (b). Experimental conditions:
[Se(1V)]o = 0.11 mM, [S?] = 5.0 mM, light intensity = 3378 uW/cm?, and pH 7.0.
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5.4 Solid Surface Analysis: XRD Results

Solid precipitates were produced at a high initial concentration of selenite (2.54
mM) with S%/Se molar ratio of 3 to precipitate enough solid for XRD analysis. The
solution color turned immediately milky orange. Black (dark gray), fine precipitates were
formed in the absence of UV, and in the presence of UV, large agglomerated orange
precipitates were formed (Figure 36), and the filtrate in both cases was clear. Figure 37
shows XRD patterns of the solid forms in the absence of UV light and its presence. In the
absence of UV light, XRD scan showed major peaks of high-intensity corresponding to
the spectra of elemental Se (00-042-1425), with minor peaks corresponds to the spectra of
Ses33Sa7 (01-071-0247). In the presence of UV light, XRD scan showed major peaks
similar to that of cyclic selenium sulfides (Ses02S4.08) (01-070-9556), in addition to minor
peaks of elemental selenium and elemental sulfur. The assignment of peaks of XRD
patterns are shown in Figure 38and Figure 39. Geoffroy and Demopoulos?! reported that
the precipitates formed in selenium and sulfide solution consisted of sulfur-selenium ring
molecules with the formula of SenSg-n, with n ranging between 2.5 - 3, in the region of 1.7
<S/Se <11and 1.7 < pH < 7. Additionally, Sedo et al.** Also, they reported the formation
of heterocyclic compounds having the formula SemSn (m+n = 8 or 9) when laser pulses
were applied onto a selenium-sulfur mixture.

The XRD analysis confirmed the observation from SEM images and XPS analysis.
The observation of irregular particles aggregates that were formed in the presence of UV

light, indicating the presence of selenium as Se-S precipitates. Also, aggregates with
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layered plate shape were formed in the absence of UV light, indicating the formation of

elemental selenium.

Figure 36. Solids formed in Se-S% solutions in the absence of UV light (a) and in the
presence of UV light (b). Experimental conditions: [Se(I1V)]o = 2.54 mM, [S?*]o = 7.66
mM light intensity = 6977 uW/cm?, and pH 7.
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Figure 37. XRD pattern of the precipitates formed from selenium-sulfide solution in the
absence and in the presence of UV, elemental selenium (03-065-1876) (red dots) and (01-
070-9556 ) (red squares), sulfur (00-042-1278) (blue crosses), Ses.3S4.7 (1-071-0247) (blue
circles) and Ses.02S4.08 (00-031-122) (black peaks). Experimental conditions: [Se(IV)]o =
2.54 mM, [S?]o = 7.66 mM, light intensity = 6977 uW/cm?, and pH 7.
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Figure 38. Peak assignments of XRD pattern of the precipitates formed from selenium-
sulfide solution in the absence of UV. Experimental conditions: [Se(IV)]o = 2.54 mM, [S*
Jo=7.66 mM, and pH 7.
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Figure 39. Peak assignments of XRD pattern of the precipitates formed from selenium-
sulfide solution in the presence of UV. Experimental conditions: [Se(IV)]o = 2.54 mM,

[S*]o = 7.66 mM, light intensity = 6977 uW/cm?, and pH 7.
u

5.5 Reaction Mechanism of Se(1V) Reduction by Sulfide

A proposed mechanism for the reduction of Se(1V) by sulfide in the absence and
presence of UV will be presented in this section based on the UV absorbance
measurements, XPS and XRD results. At pH 7, HS™ and H.S co-exist and HSeOs" is the
dominant selenium species and SeOs% exist as well as a minor species. The presence of
Se(-11) from XPS results indicates the reduction of selenite to lower oxidation states than
Se(0) in the presence of high sulfide dose. As shown in Figure 23, maximum selenite

removal, theoretically, is achieved at S*/Se molar ratio of 2.6-3, regardless of the presence

of UV light.
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As shown Eq. (24) — Eq. (27), HS" is the primary sulfur species involved in the
reduction of selenite. According to XPS results at pH 7, with S?/Se molar ratio of 46 in
the absence of UV, the species present are H.O, HSO3", SO4%, S, Se(0) and Se(-11). From
the equations above (Eg. (32) — Eg. (35)), the formation of H20O, Se(0) and Se(-11) are
proposed.

The oxidation of bisulfide ion to sulfate can be represented by the half-reaction
shown in Eq. (29), and the oxidation of elemental sulfur to bisulfite takes place as shown
in Eq. (31) where the yellow color of the precipitates formed proves the formation of
elemental sulfur.®* An alternative path for sulfur production in the reaction is reported by

De Carvalho? as shown in Eq. (31).

HS™ + 4H,0 - SO?~ + 9H™ + 8e~ (29)
HSO3 + 2H,S + H* - 3S, | 4+ 3H,0 (31)

High-resolution S 2p de-convolution spectra show no elemental sulfur peak, only
Sn2" that disappeared over reaction time. This proves that the oxidation of elemental sulfur
took place. Therefore, in the absence of UV light, selenite will react with H2S to produce
elemental selenium and elemental sulfur.

On the other hand, in the presence of UV light, the photolysis of HS™ occurs but
the reaction of HS™ and Se(IV) is rapid enough to be completed before a significant amount
of HS is photolyzed. The major difference between the presence and absence of UV light

is the side reactions of the produced species due to HS™ photolysis.
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In the presence of UV light, the detection of Se(-11) by XPS results indicates the
formation of Se-S precipitates, and the presence of S(-11) indicates the formation of SeS;
precipitates or due to excess sulfide concentration (Eq. (1)). According to XPS results at
pH 7, with S?/Se molar ratio of 46 in the absence of UV, the species present are H,0,
HSOs, SOs%, SO4%, S, Sp?, S(0), Se(0) and Se(-11). Based on the detected species, the
following reactions are proposed to take place in the system when the solution is irradiated
with UV light. Steudel®® reported that at pH 7, S* is more reactive radical compared to
HS*, where HS* is produced when HS" is exposed to free electrons; refer to Eq. (32) and
Eq. (33).%

HS™ - HS"+ e~ (32)
HS* = S™ + H* (33)

The produced sulfur radical will react spontaneously via dimerization, producing
S»%, which can react with sulfur radical (S™) to produce disulfide radical (S2™).% Steudel®
reported that disulfide radical can combine with sulfur radical producing trisulfide (Ss%)
or dimerize to produce tetrasulfide (S+%). Larger polysulfides can be produced by
analogous reaction approach, or trisulfide and tetrasulfide can be oxidized by HS* or S*-
to form Sn2-.%° This explains the presence of elemental sulfur and polysulfide ions in
precipitated solids identified by XPS results under UV irradiation (Figure 17 and Figure

26); refer to Eq. (34) — Eq. (36).

HS™ + H,0 > S° !l +H,+ OH™ (34)
S+ HS™ 4+ OH™ - S~ + H,0 (35)
nS®+ HS™ + OH™ - S2; + H,0 (36)

85



Additionally, the broad peak at high wavelength (Figure 17) was not present when
absorbance of Se-S solution was measured (Figure 26), indicating the consumption of
these species during the reaction and there was no significant increase in pH at S%/S molar
ratio of 46, but there was 0.97 increase in pH (from 7.09 to 8.06) when S?/S molar ratio

was 115. This can be described by the following reactions’?,

S,02~+hv > S+ S02- (37)
S03%” + H,0 + hv — S0~ + H, (38)
S27 + $03*” + 2H,0 + hv - S,03” + 20H™ + H, (39)

Furthermore, Eq. (24) — Eq. (27) supports the formation of H>O, and Se(0) in the
presence of UV as well. From the proposed reactions above, H»S is not directly involved
in the reduction of Se(IV); rather it dissociates to maintain the equilibrium in the system.
This is supported by the absorbance date (Figure 26). In the presence of UV, the 230 nm
peak decreases drastically with time indicating the consumption of HS".

Figure 39 shows the presence of Se-S precipitates having a formula of Ses02S4.98
(SesSs). In the presence of UV light, the reaction between hydrogen sulfide and disulfide
produced by sulfide photolysis can be expressed as shown in Eg. (40).

3HSeO0;”™ + 652~ + 15H* + hv > SesSs L + 75° | + 9H,0 (40)
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6. CONCLUSION

Reductive precipitation was a major reaction mechanism for selenite removal.
Selenite was effectively reduced by sulfide at neutral pH and anoxic conditions. Complete
removal of selenite was achieved at molar ratios of sulfide dose to initial Se(IV)
concentration above 11.5. The reaction between the two species involves the reduction of
selenite and oxidation of sulfide to their elemental states or the formation of Se-S
precipitates. These results were confirmed by solids analysis. XPS results obtained for all
experimental conditions investigated, high- resolution S 2p and Se 3d narrow scan showed
peaks attributed to elemental sulfur and elemental selenium, respectively. UV light
irradiation did not affect the removal efficiency or the kinetics of selenite removal.
However, UV light affected the morphology and composition of the precipitated solids.
SEM/EDS analysis of solids formed showed that particle morphology was affected by
sulfide dose and irradiation time, and the presence of UV light. More irregular particles
aggregates were formed in the presence of UV light, indicating the formation Se-S
precipitates. Aggregates with layered plate shape were formed in the absence of UV light,

indicating the formation of elemental selenium.
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These results were confirmed by XRD analysis. XRD patterns showed that in the
absence of UV light irradiation, elemental selenium was dominant. Whereas, when the
solution was irradiated with UV light, Se-S precipitates consisting of 8-member ring
molecules (SesSs) were formed beside elemental selenium.

The presence of HA affected the kinetics and removal efficiency. As the
concentration of HA increased, the removal efficiency of Se(1V) decreased. For prolonged
UV irradiation over time in the presence of HA, Se(lV) removal was enhanced at long
reaction times. The presence of sulfate and carbonate, at the tested conditions, did not have

significant effects on the kinetics of Se(IV) removal.
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Figure Al. Selenite concentrations and pH changes in blank control (no reagent, no UV)
(@) and light control (no sulfide, UV-L) (b).Experimental conditions: [Se(IV)]o=0.11 mM,
light intensity = 6298 uW/cm?,
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Figure A2. Solids produced in Se**-S? solution at pH 4 in a blank (a), light control (b),
reagent control (c), and rector (d). Experimental conditions: the initial Se concentration
was 0.11 mM and UV light intensity = 6442 uW/cm?,
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Figure A3. Solids produced in Se**-S% solution at pH 7 in a blank (a), light control (b),
reagent control (c), and rector (d).Experimental conditions: the initial Se concentration
was 0.11 mM and UV light intensity = 6520 uW/cm?.
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Figure A4. Solid formation throughout the experiment at pH 11. (a) Se and no UV-L. (b)
Se and Sulfide and no UV-L. (c) Se and UV-L. (d) Se and Sulfide and UV-L. Experimental
conditions: [Se(IV)]o = 0.11 mM, light intensity = 6298 pW/cm?.,
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Figure A5. Absorbance spectra of Se-sulfide solution for different concentration in the
absence of UV light (a), in the presence of UV-L light for 10 min (b) and the presence of
UV-L light for 30 min. Experimental conditions: light intensity = 4041 uW/cm?, and pH
7.
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Table Al. Binding energies of O 1s XPS spectra from the literature.

Species BE (eV) Formula | Reference
O 1s 532.8, 533.1, 533.3, 534.8, 535.1, 538 | H20 72
O 1s 532.2, 534.2 H.0 79
O 1s 531.1, 531.3, 532.1 Na;SOs | 2
O 1s 532.3 Na;SOs | 78
O 1s 532.5 H,SO0s |72
O 1s 531.9 Cuso4 |7
O 1s 530.7, 531.2, 531.7 Na;S0; | 2
O 1s 531.9 Na;SOs; | 7®
O 1s 531.4 NaHSOs | 7
O 1s 531.6, 531.8 NazS,0z | 2
O 1s 531.4 NazS,03 |
O 1s 531.8 NazS,03 | '
O 1s 531.3 NazS:04 |
O 1s 531.8 NazS,05 | '
O 1s 531.6 NazS,0¢ | 72
O 1s 529.4, 529.9, 530.1 Se,03 | 72
O 1s 531.0, 531.1 OH- 7
O 1s 531.2 Cu(OH), | ™

Table A2. Assignment of S 2ps/, from elemental sulfur collected from the literature.

Chemical
Spectral line | BE (eV) Formula state reference
S 2p 163.6, 164 S S(0) 72
S 2p3/2 162.9-164.8 S S(0) 72
S 2p3/2 162.9-164.8 Ss S(0) 72
S 2p 163.6, 164 Ss S(0) 72
S 2p 164 Ss S(0) 72
S 2p3/2 164.5 S S(0) 7
S 2p3/2 164.0 S S(0) %
S 2p3/2 163.6-164.2 Sulfur bulk (Sg°) S(0) o7
S 2p3/2 163.2-163.6 S(0) 4
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Table A3. Assignment of S 2p3/2: sulfides (S%, S»*) and polysulfides (S»%) from the
published data.

Chemical

Spectral line | BE (eV) Formula State Reference
S 2p3/2 160.6 Na,S s* 72
S 2p3/2 161.8 Na,S s* 72
S 2p3/2 161.2-162.8 s* !
S 2p3/2 162.3 s* 79
S 2p3/2 162.3 Bulk s* 79
S 2p3/2 161.5 Surface S~ 7
S 2p3/2 160.1-161.2 s* 74
S 2p3/2 162.7-164.1 So* !
S 2p3/2 162.1-162.6 Pyrite FeS; So* “
S 2p3/2 162.5 Pyrite Sy* S* o
S 2p3/2 161.9-163.2 Sn* “
S 2p3/2 163.5 Sn* 79
S 2p3/2 163.1-163.5 Sn* !
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Table A4. Binding energies of S 2p components HSO3", SO3", SO4%, S203%, $204%", S205>"
, 52062, S208%, and S406% from the published data.

Spectral line | BE (eV) Formula | Reference
S 2p 169 Na,SO; | %
S2p 168.4, 168.6, 169.2 NaSOs |
S 2p3/2 170.2 S04 %
S 2p3/2 168.5 S04 100
S 2p3/2 167.5, 168.6, 168.7, 168.8 NaSOs |
S 2p 166.7 Na,SO; | %
S 2p 166.6, 166.9, 167, 167.4 Na;SO; | ™
S 2p3/2 165.6, 166.4, 166.6, 167, 167.2 Na,SO; |
S 2p3/2 166.5 Na,SO; | 1®
S 2p3/2 167 SOs* 100
S 2p 166.4, 166.7 NaHSO; | 1%
S 2p 166.7, 167.4 NaHSO; |
S 2p 167.6 NaHSO; | 2
S 2p3/2 166.9 NaHSO; | 2
S2p 162.5, 162.9, 168.4 Na;S;03 | "
S2p 161.8, 167.9 Na,S,05 | ™™
S 2p 161.8, 167.9 NazS»03 |
S2p 167.2, 161.3 NazS203 | *
72
S 2p3/2 igég 1624, 1625, 1629, 1677, 1629, 1685, | \. o -
S 2p3/2 161.7, 167.7 Na,S;03 | 1
S 2p3/2 167.2 S,05% | ¥
S 2p 166.1, 168.2 NazS,0, |
S 2p 166.1 168.2 Na2S;04 |
S 2p3/2 166.6 NazS,04 | 1
S 2p3/2 165.9, 167.5 S,05 | 192
S 2p 168.8 Na2S,06 |
S 2p 168.4 Na2S206 | *
S 2p 168.7 NazS;0s | &
S 2p3/2 163.8, 167, 168.8, 169 Na2S40s | ™
S 2p3/2 167.2-167.6 Si0¢> |’
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Table A5. Se 3ds/2 binding energies of selenium compounds from the literatures.

Compound Oxidation state Binding energy References
Se Se(0) 54.9 eV 103
Se Se(0) 55.5eV 104
Se Se(0) 56.3 eV 105
Se Se(0) 54.64-57.5 72
Na>SeO3 Se(+4) 59.1 72
Na>SeO4 Se(+6) 61.6 72
Na>SeO3 Se(+4) 58.2 eV 105
Na;SeO3 Se(+4) 58.2 eV 73
Na2Se(S203)2 Se(+2) 56.9 72
SeO» Se(+4) 58.5eV 106
SeO; Se(+4) 58.8, 59.8, and 59.9 eV 72
H>SeOs Se(+4) 59.1eV 105
H2SeO3 Se(+4) 59, and 59.9 eV 72
Pyrite +Se(-11) | Se(-2) or Se(-1) | 54.8 eV 73
Pyrite + Se(IV) | Se(-2) or Se(-1) | 54.8 eV 3

Table A6. Experimental conditions of samples for XPS analysis.

Molar ratio of . b Time®
No-t rs2quseavye | P WV (min)

1 11.5 7 Yes 10

2 11.5 7 No 10

3 115 7 No 10

4 46 4 Yes 10

5 46 4 No 10

6 46 7 No 10

The solution pH was buffered to pH 7 using 10 mM phosphate solution, !Applied UV
light is UV-L lamp (Philips TUV PL-L lamp at 254 nm), and “Time is UV irradiation time

or reaction time.
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Table A7. Binding energies, full width at half maximum (FWHM), and area for peaks in
the Se 3d, S 2p, and O 1s XPS spectra of samples 1-9 in this study.

Sample no. Species BE (eV) FHWM Area Chemical State
54.77 0.453 215.17 | Se(-I) or Se(-1)
55.08 0.335 155.90 | Se(0)
Se 3d 55.4 0.6 198.88 | Se(0)
55.68 0.5 94.34 Se(0)
55.98 0.430 176.38 | Se(0)
161.30 1118.05 | 1.874 s>
162.50 22 0.937 * Doublet
1 163.10 342.713 | 0.897 Sn?
s 2p 164.30 21.414 0.448 * Doublet
164.35 73.369 0.586 S(0)
165.55 4.0 0.293 * Doublet
167.4 1005.909 |1.173 HSOs or S,03%
168.6 158.919 | 0.587 * Doublet
530.92 0.94 1187.08 | OH"
O 1s 531.54 0.96 2224.26 | HSO3 or S,05%
533.09 0.97 856.50 | H.O
54.66 0.4 120.567 | Se(-11) or Se(-1)
54.98 0.58 360 Se(0)
Se 3d 55.42 0.5 58.608 | Se(0)
55.73 0.434 218.474 | Se(0)
56.04 0.197 34.3523 | Se(0)
161.22 1138.07 |1.823 s>
162.42 27 0.912 * Doublet
5 162.92 177.213 | 0.76 SnZ
S5 164 130 1.38 * Doublet
P 164.12 14 0.38 S(0)
165.2 13 0.69 * Doublet
167.37 1535 0.9 HSOs or S,05*
168.59 400 0.89 * Doublet
530.89 0.93 2236.28 | OH"
0 1s 531.51 1 5218 HSO3 or S205%
533.12 0.84 1599.22 | H.0
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Table A7. Continued

Sample no. | Species BE (eV) FHWM [ Area Chemical State
54.6 0.5 195.911 | Se(-11) or Se(-1)
54.83 0.5 20.877 | Se(0)
Se 3d 55.21 0.4786 131.702 | Se(0)
55.63 0.51 331.679 | Se(0)
56.1 0.56 55.5013 | Se(0)
161.15 1328.396 | 1.797 s>
162.35 45 0.899 * Doublet
162.93 201.324 |[1.1 SnZ
3 52 164.13 12 0.55 * Doublet
164.2 33 0.5 S(0)
165.4 11 0.25 * Doublet
167.37 1945.782 | 1.041 HSO3 or S205%
168.57 444 0.52 * Doublet
530.87 0.98 3567.94 | HSO3 or S,0:*
0 1s 531.53 1.04 6898.19 | H.O
533.05 0.87 1814.16 | H.O
Se(-1) or Se(-
55.17 0.5 1532.86 SeEO)) )
55.43 0.41 1779.89 | Se(0)
Se 3d 55,65 0.21 272.445 | Se(0)
55.9 0.5 1220.35 | Se(0)
56.26 0.5 2215.69 | Se(0)
161.55 8777 1.73 s>
162.75 133 0.865 * Doublet
4 163.23 1710 0.89 SnZ
S 2p 164.43 100 0.445 * Doublet
164.5 255 0.506 S(0)
165.7 22 0.253 * Doublet
167.51 4600 1.25 HSOs or S,03%*
168.71 444 0.625 * Doublet
0 1s 531.56 1.41 14701.2 | HSO3 or S;05*
533.30 0.86 2111.67 | H.0

* The doublet is associated with the previous peak
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Table A7. Continued.

no. Sample Species BE (eV) FHWM [ Area Chemical State
54.83 0.6 2600 Se(-11) or Se(-1)
55.06 0.19 200 Se(0)
Se 3d 55.68 0.72 2270 Se(0)
55.9 0.5 150 Se(0)
55.98 0.5 94 Se(0)
161.5 902.085 | 2.04 s>
162.7 140.756 | 1.02 * Doublet
164 45 0.8 Sn?
5 S 2p 165.2 8 0.4 * Doublet
167.4 1579.545 | 0.79 HSOs or S,03*
168.6 50.015 | 0.395 * Doublet
168.5 1017.857 | 1.14 S04
169.7 8 0.57 * Doublet
531.28 1.45 8110 HSOs or S205%
O 1s 532.26 0.89 535.0007 | SO4*
533 0.9 1000 H.0
54.67 0.5 22.99 Se(-11) or Se(-1)
54.95 0.438234 | 133.7898 | Se(0)
Se 3d 55.25 0.315907 | 61.7494 | Se(0)
55.56 0.419969 | 147.703 | Se(0)
56.15 0.98 385.2236 | Se(0)
161.26 1201.212 | 1.928 s%
162.46 44 0.964 * Doublet
5 163.23 133 0.964 Sn®
S 2p 164.43 16 0.48 * Doublet
167.53 1820.135 | 0.969 HSOs or S205%
168.4 92.723 0.721 * Doublet
168.73 312 0.485 SO4>
169.6 6 0.36 * Doublet
531.34 1.26 9383.62 | HSOs or S;05*
O 1s 532.99 0.72 1200 SO4*
533.44 0.51 390.0313 | H20

* The doublet is associated with the previous peak
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