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Abstract

Flotation reagents, especially new chelating agentepresented by
a-nitroso$-naphthol, are the main components of cobalt migiragnage. This study
reports the degradation ofnitrosofi-naphthol by simulated UVA-B (280-400 nm)
activated systems using three common oxidants, dggar peroxide, sodium
persulfate and potassium monopersulfate at a ledrgracale using a photoreactor.
Parameters which can affect the degradation prosesee investigated and
comparison of the degradation performance of theetBystems were made. Based on
the results, UVA-B/sodium persulfate system exbibbibest performance towards the
removal ofa-nitrosof-naphthol with a lower cost of oxidant and energgsumption
compared to the others. The removal efficiency feasd to increase as the oxidant
dosage and the UVA-B power increases. Only potassinonopersulfate could be
activated by bicarbonate and chloride ions, and*Shas insignificant effect on the
removal efficiency ofu-nitrosof-naphthol for all systems while NOinhibited the
degradation ofu-nitrosof-naphthol. In the UVA-B/hydrogen peroxide systetme t
hydroxyl radical had a leading role in the degramhabdf a-nitrosof-naphthol, while
in the other two systems, the degradation-oitrosof$-naphthol was mainly caused
by the hydroxyl and sulphate radicals. Ten majortermediates from
a-nitroso$-naphthol degradation in the three oxidation systerare identified by gas
chromatography and mass spectrometry. In summiis, réport could be a great

input in developing UVA-B activated oxidants-basedatment technologies. The
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UVA-B/sodium persulfate system is strongly recomdezhfor its consideration in the

treatment of mine impacted wastewaters.

Capsule

UVA-B/SPS is the most efficient, economical andrggesaving technique for the

degradation o&NBN compared to UVA-B/HP and UVA-B/PMS systems.

Keywords: a-nitrosof-naphthol; UVA-B activated oxidant; Advanced oxidat

processes; Kinetics; Intermediate products
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1. Introduction

During the last decades, the availability of mihereh resources which can be
exploited with easy flotation is scarce, especiallfChina. As a result, new flotation
techniques which enabled economic exploitatioroef-grade sulfide ores have been
emerged [Dold, 2017. As a consequence, the demand and consumptionrasnof
flotation reagents have been dramatically increasaddwide ¢hu et al., 2018 and
more stable and highly efficient new types of ftmta reagents have been emerged.
a-Nitrosof-naphthol ¢NBN) (Table S), a derivative of the simplest polycyclic
aromatic hydrocarbon, naphthaleri&fdnyakova et al., 20),0has been used as a
substitute for traditional reagentdNpBN acts as a bifunctional mine chelating reagent
for oxide cobaltite flotationHu et al., 199y due to its active electron donating atoms,
N and O Mahmoud et al., 2090 The use ofuNBN is also entertained due to its
acid-resistant behavior and it is also cost eféectelative to other reagents.

Despite their advantages, these reagents andtthegformation products could
affect the environment and the biota, and furtleeiosisly jeopardize health of human
beings because of their high bioavailabilia(arunyeretse et al., 2017They can
also migrate in the environmewviaa surface runoff or leaching to the groundwater, and
in that way, contaminate larger water bodies. RetancegNBN is considered to be a
carcinogenic and toxic compound to the aquaticrusgas Pubchem, 2019 Besides,
it is very difficult to remove such flotation reage because of their high stability and

also, since the flotation reagents cannot be reedvecompletely during ore

4
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processing, some organic contaminants still existednine wastewaters. These
indicate that an efficient and cost-effective tneamt technology should be there to
control such contaminations in large quantities.

Due to the deleterious-effects of persistent omggollutants on the nature,
researches on their treatment technology, partigulen mines, have attracted
worldwide attention, gradually. Various physicalplbgical and chemical methods
have been adopted to remove flotation reagents fhemmine impacted wastewaters.
Physical methods such as adsorptioRezaei et al., 20)8 and coagulate
sedimentation \(fei et al., 2018 have certain limitations, such as high cost
requirement and the collected pollutants also neetleatment by other methods.
Biological methods which include biofilters, actied sludge, and bioremediation
(Cheng et al., 20)zhave a long treatment cycle and the microorgasigsed for the
waste treatment are selective. Chemical methods déonation Yan et al., 2015
photochemical@uo et al., 201)7and metal activated oxidation processesen et al.,
2018 have been mainly applied in treatment of cherhicsthble organic pollutants.
However, these methods require large quantitiehemicals and are not economical,
subjected to high operation and maintenance clostgder to develop clean, efficient
and energy-saving chemical methods in the treatrmeotganic pollutants in mine
wastewater, photolysis combined with other oxidatigprocesses such as
photoelectrooxidation olina et al., 2013),0zonation combined with ultraviolet

radiation Eu et al., 201phave drawn researchers’ attention.
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In UV/oxidant-based advanced oxidation process€3R#), UVC § = 200-280
nm) activate the available oxidants (such as hyemogeroxide (HP), sodium
persulfate (SPS) and potassium monopersulfate (PMSenerate radicals such as
hydroxyl radical (HO), sulphate radical (S0O) among others with its high energy
radiation and demonstrated very good applicabdityl efficiency in practical use
such as pollution control of antibioticsgo et al., 2013)pesticide residue<pan et
al., 2013 and other chemical syntheseghéng et al., 200)9 However, its
applicability is not economical due to the hightcasd high energy consumption of
UVC lamps compared with UVA-BA(= 280—400 nm, sunlight in the UV region of
the surface) Beck et al., 201 The use of UVA-B could be appreciated from the
economical points of view, and it has been usedhe photolytic degradation of
organophosphorus pesticideg/gber et al., 2009and pharmaceutical wastewater
(Armakovi et al., 2018

The present work was proposed to investigate amdpace the degradation of
aNBN in UVA-B/ (HP, SPS and PMSpystems. In this report, UV-visible
spectrophotometric method was employed for the tijaséime analysis obNBN and
effects of various experimental conditions includipH, oxidant concentration, UV
power and presence of anions on tiIN3N degradation performance was studied,
systematically. The extent of each the free radicantribution to the degradation
process has also been assessed and the degrapiaiducts were assayed with

GC-MS. It is worth mentioning that, to the besttloé authors knowledge, this is the
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first report to analyze and compare #W&pN degradation in the thresystems. It

should be also known that this work is the firsttefkind to study the performance of
UVA-B in activation of different oxidants, and tleeis no report which has compared
the effects of anion concentrations on the degradatf environmental pollutants by

different UVA-B activated oxidants.

2. Experimental

2.1. Chemicals and Reagents

All chemicals and reagents used in this study veéranalytical grade and were
used as received without any further purificati@NpN (purity,> 99 %) was obtained
from Thermo Fisher Scientific Inc. (Heysham, EngdlanSelected physical and
chemical properties afNBN is provided in the Supporting Informationaple S). A
chromatographic grade methanol (M&xt-butanol (TBA) and acetonitrile (ACN)
were obtained from Thermo Fisher Scientific Incai(FLawn, USA). HP (KHO,,
30 %), SPS (N#&,0s, purity,> 99 %), PMS (KHS® 0.5KHSQ- 0.5K,S0y, content
47 %), NaNQ (purity, > 99 %), NaSQ; (purity > 99 %), NaCl (purity> 99 %),
NaHCGQ;- 10H:0 (purity,> 99 %), NaHPOs- 2H,0 (purity,> 99 %), NaHPO,- 12H0
(purity, > 99 %), BSO, (purity, > 98 %) and NaOH (purityy 96 %) were acquired

from Beijing Chemical Reagents Company (Beijing,if@h Ultrapure water (18.2

MQ cm) prepared by a Direct-Q3 UV Milli-Q Water purdition system (Merck
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Millipore, Shanghai, China) was used throughout élxperiments. Due to the low
solubility of aNBN in water, its stock solution was prepared in atare of water and

5 % acetonitrile, and then stored at 4 °C in d&He solution pH was adjusted with
H,SO, and NaOH solutions and the pH was recorded by 28F&andard pH meter
(METTLER TOLEDO, Shanghai, China). The initial pthsvadjusted before addition

of oxidant, anions and free radical scavenger.

2.2. Photolysis oixNBN using UVA-B Radiation

Photolysis experiments were carried out with a preztctor BL-GH-V instrument
(Bilon, Shanghai, China). The photolysis has beenedat various pH, UVA-B
radiation power, as well as at various concentngtiof the oxidants and anions. The
predominant radicals were identified using TBA a3'idcavenger and Me as Hand
SO, -scavenger. In detail, 50 mL of 0.1 mdNBN solution was transferred into a
cylindrical quartz tube with a fixed stirring spe@®0 rpm), and the oxidizing reagent
was added thereto. After adjusting the UVA-B powtle reaction was conducted in
an optical reactor, by irradiating UVA-B radiatiamsing an UV mercury lamp
equipped with a filter that provide a light soufoem 280 to 400 nm. The instrument
was equipped with a condenser and the temperatutieei water circulation device
was controlled at 251 °C. When the reaction prdsde 0, 10, 20, 30, 60, 90, 120
min, the experimental samples (1.5 mL) were takeh at predetermined time

intervals and the reaction was quenched, immedgjatath Me. After being placed in
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the Vortex-5 vortex mixer (Kylin-bell, Jiangsu, @hkj for 1 min, the solution was
filtered through organic nylon membrane (pore siz22um) prior to analysis with a
DR6000 UV-vis spectrophotometer (HACH, Beijing, G&) equipped with a 1 cm
rectangular miniature colorimetric dish (capacityp mL) at a wavelength of 378 nm.
All irradiation experiments and absorbance measantsn were conducted in

triplicates.

2.3. UV-vis and GC-MS Analysis

In this study, the concentration @NBN was determined, quantitatively, with the
UV-Vis spectrophotometer (séext S1lin Supplementary Information for reliability
of the method). An external calibration curve whtpd (referFig. 2Inset inText SJ
and used to calculate the analyte concentratiorts the analysis results were
expressed as an average with a standard deviato3).

Using the concentration @fNBN measured at specific time intervals during the
experiment, the percentagecdpN removal, Y (%), was calculated according to Eq.
(1).

For all kinetic experiments performed under différeonditions, the degradation
of aNBN was fitted with the pseudo-first-order kineticuation (Eq. (2)) and the
corresponding value were obtained from the slopmioéd by plotting INCy/Cy)

versudt.
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Y(%) = C‘)C;ch x 100 % (1)
In(C,/Cy) = —kt (2)

Where, Cy (mM) and C; (mM) are theaNPN concentrations at the initial and
t-times (min):k (min™) is the degradation kinetic constant of the quist order
kinetics.

An Agilent 7890B gas chromatograph (GC) equippetthan Agilent 5977B mass
selective detector (MS) (Agilent Technologies, @abltara, CA, USA) was employed
to identify theaNBN degradation intermediate products. Separatiothefanalytes
was achieved using HP-5MS (5 % phenyl methylsileyarapillary column (30 m x
0.25 mm, 0.2%um). Liquid-liquid extraction was made by additiohethyl acetate to
the sample at 1:2 ratio/{) and the mixture was vortexed. The mixture was lef
undisturbed for a few minutes until the layers hawmpletely separated. Thereafter,
an appropriate amount of the upper (organic) layes transferred to a gas phase vial
and analyzed by GC-MS. The solution was injectege¢tion volume, 1ul) in
splittess mode while the inlet temperature was 280 The column temperature
program was as follows: the initial temperature °&was held for 2 minutes and
raised to 150 °C at 10 °C/min, then raised to 2D@r5 °C/min, and finally increased
to 290 °C at 10 °C/min. The entire process tookn8tutes for a single injection.
Mass spectra, recorded from m/z 50-500, were addaim an electron impact
ionization mode (E) at 70 eV and the temperature of ion source ardigyole was

230 °C and 150 °C. The data were analyzed usingss rapectral search program

10
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(NIST 14, USA) and the spectra were compared withe¢ of the standards in the

NIST library.

2.4. Economical Aspect of the Processes

To investigate the economical aspect of the curraethods, Eo (Electrical
energy per order, kWh Torder') which is the electrical energy in kWh required to
degrade a contaminant C by one order of magnitnde it of contaminated water
was calculated, and the calculation was made airgptd the following expressions

(Bolton, et al., 2001t

Epp = — (3)

_ __Eep
Ero = fogcuen (4)
Where,P is the UVA-B lamp power (W)t is the illumination time (min)y is the

total treatment solution volume (LE; and C; represent the initial and finalNBN

concentrations (mM).

3. Results and Discussion

3.1. UVA-B based Photolysis oéNN
As can be seen frorRig. 1(a), there is a negligible removal aNBN using

UVA-B radiation without oxidant over a period of @2min which indicate that

11
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UVA-B irradiation alone is not enough to degradedNBN. This might be due to the
fact that organic molecules absorb photons at pleeied wavelength(s) to produce
an electronically excited state molecules, and ¢b&ndecomposition of the excited
state molecule is competitive with a physical diratibn process to non-excited state
molecule (Eq. (5)) Farsons, 2004 In this experiment, decomposition of excited
aNBN molecules may be in an inferior position in thempetition, or aNBN
molecules does not reach the excited state, be¢tiSeB radiation may not provide
sufficient energy for theNBN decomposition. It can be concluded that the UVA-B
alone cannot degrad®\pN effectively.

In addition to this, the degradation profile @NpN with the oxidants in the
absence of UVA-B radiation was investigated. As banseen from the resultsig.
1(b)), the pseudo-first-order kinetic constarkv#@lues) ofuNBN removal was found
to be 0.0001 mirt by HP, 0.0003 mirt by SPS and 0.0005 mihby PMS. These
show thataNBN was feebly degraded in the presence of PMS okidaile HP and
SPS are incapable to remove 8NN, significantly.

R 3 R* - R/By-Products (5)
Where R represent non-excited state molecule &Rid represent excited state
molecules.

Oxidant is the main source of free radicals inAl@Ps system. Before evaluating
the effects of experimental parameters on degm@ugirocess, comparison of the

removal efficiency oluNBN was made in the UVA-B/oxidation systems withott p

12
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adjustment.

In contrast to the absence of UVA-B radiatiéing( 1(b)), UVA-B/oxidant systems
showed a highuNBN degradation efficiency which might be attributeedthe O-O
bond homolytic fission from $D,, $0s°° and HSG@ molecules under UVA-B
radiation (reactions 1-3 ifable S). In this process, the oxidants, HP£E.80 V)
(Neyens and Baeyens, 200BPS (B=2.01 V) Ghanbari et al., 20)6and PMS
(E°=1.82 V) Ghanbari et al., 20)&an generate H®,0 (E°=1.80-2.70 V) Buxton
et al., 1983 or SQ" /SO (E°=2.50-3.10 V) $harma et al., 20)Fadicals, which
accounts for theNBN degradation.

In the UVA-B/oxidant systems without adjusting thatial pH, the removal
efficiency of aNBN followed a decreasing order of UVA-B/SPS >> UVA-HP ~
UVA-B/PMS with the corresponding pseudo-first-ordénetic constants of 0.0309,
0.0063 and 0.0061 mih (Fig. 1). Such differences might be due to the differerices
the molecular structure and properties of HP, SRBERMS fo and Liu, 201y and it
should be also noted that the activation effec8BE is much higher than that of HP
and PMS. The reasons for such observation may bdlaws: On one side, the O-O
bond of $O¢* has a longer bond length and lower bond energy th®, and S@,
indicating that SPS decompose, easily, than therstinder UVA-B irradiationYang
et al., 201) and the apparent quantum yield of S@®=1.4 mol E §* (deoxidation)
or ®=1.8 mol E §' (oxygen saturation))Mark et al., 199pin the UVA-B/SPS system

is higher than that of HO(®=1.0 mol E §') (Baxendale, 1957in UVA-B/HP

13
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system and S£ (pH=7, ®=1.04 mol E §) (Guan et al., 20)1lin UVA-B/PMS
system. On the other side, the consumption ra®@# to SQ™ in the UVA-B/SPS
system (reaction 7 ifable S2k = 6.1x16 M™*s™) is considerably lower than that of
HO' (reaction 4 inTable S2 k= 2.7x16 M™'s™) in the UVA-B/HP system, and the
rate of reorganization of SO (reaction 28 infable S2k = 3.1x16 M™'s™) is almost
10 times slower than the HQ@reaction 11 inTable S2 k = 4.2x16 M™*s ™). The
lifetime of SQ™™ (3x10°— 4x10° s) is higher than that of HQ2 x 10°® s) (Ghanbari

et al., 2019 and SQ™ has a higher steady-state concentrationgn et al., 201}

3.2. Effects of the Experimental Conditions

Solution pH fo and Liu, 201Y, oxidant concentration, UVA-B power and anions
(Alsaiari and Tang, 20)&uch as N@, SO, CI', and HCQ were also reported to
be among the predominant factors which could imibeethe performance of the
UV-activated oxidants. Accordingly, investigatiohtbe effects of these conditions on

the degradation processes is important.

3.2.1. Effect of pH

To learn the effect of pH, the removal efficiendyudIpfN at different solution pH
was explored and the resuli&ble ) indicate that, when SPS and PMS oxidants are
added to the system, the solution pH decreasesedhately. For instance, a solution

with initial pH of 9.0 or 11.8 changes to 6.2 oB @Gfter addition of SPS or PMS

14



283

284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

(Table ). In the UVA-B/HP system, the solution pH solutimmalmost unchanged
when HP is added to the reaction solution whichhinlge due to its weak acidity.
When the solution pH is between 4.0 and 6.8, tleeighs-first-order kinetic constants
of aNBN decay is stable between 0.0062 and 0.0064'naind decreases to 0.0054
min™* when the solution pH is lowered to 2.0. In the UB/SPS or UVA-B/PMS
systems, the pseudo-first-order kinetic constaftaNSN decay is stable between
0.030 or 0.0056 and 0.032 or 0.0064 thinhen the solution pH is between 1.9 or 2.3
and 6.2 or 7.4). In general, UVA-B/SPS system wasd@l to be the most efficient
within the considered pH values, and impact of geam pH onaNBN removal

efficiency is not significant.

3.2.2. Effect of oxidant concentration

The effect of oxidant concentration eNBN degradation was investigated in the
concentration ranges of 5-100 for HP and PMS, are02mM for SPS. Other
experimental conditions were held unaffected ared résults are presented fing.
2(a—c). For the three oxidants, the removal efficieaf aNBN was found to increase
as their concentration increasdsg( Aa—c)). At SPS concentrations of 10 mM,
maximum removal efficiency (97.8 %) aNBN were achieved, and at HP and PMS
concentrations of 50 mM, maximum removal efficien®#.7 % and 98.2 %) of
aNBN were achieved, after 120 min of irradiation tirkiigher removal efficiency of

aNBN in the presence of higher amount of the oxidanight be attributed to the

15
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increased yield of HOand/or S@~ radicals. On the other hand, Devi and his
co-authors Devi et al., 201p reported that in the presence of excessive arsanint
oxidants, the oxidants themselves may consumerégeradicals (reactions 4-10 in
Table S2, which in turn inhibits the oxidation process. tlms study, no adverse
effects associated to the oxidant concentrationokasrved on theNSN degradation,
possibly because the maximum oxidant concentratised might be below the
oxidant threshold level.

The linear increase of first-order kinetcvalues for the degradation afNAN
under different systems with the oxidant dosdgeg.(Zd)) also suggests thaiNSN
removal is dependent on the initial oxidants cotregion. From these results, it can

be also concluded that SPS has better degradarermance than HP and PMS.

3.2.3. Effect of UVA-B power

The effect of UVA-B powers onNBN degradation was investigated in the range
from 200 to 600 W for the three systems keepingottonditions constant. In the
three oxidation systems investigated, the remoffadiency of aNBN was found to
increase as the UVA-B power increased. At SPS caratgons of 10 mM, maximum
removal efficiency (99.1 %) ofuNBN was achieved, and at HP and PMS
concentrations of 50 mM, maximum removal efficier($.5 % and 99.0 %) were
achieved, after 600 W UVA-B irradiation for 120 m{aig. 3a—c)). Similarly, from

the index increase of the pseudo-first-order kinktvalues with an increase in the

16
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UVA-B power (Fig. 3d)). It can be concluded thalNBN degradation efficiency
depends on the power strength which is consistéhttive report of Muruganandham
and SwaminathanMuruganandham and Swaminathan, 200%he results also
suggested that UVA-B/SPS exhibit better degradatmerformance than the

UVA-B/HP and UVA-B/PMS systems~(g. Ja—c)).

3.2.4. Effect of different anions

In order to explore and monitor the anions effetti/A-B/oxidant systems, the
effects of N@", SQ?", CI", and HCQ@ were investigated, systematically, by varying
the anions concentration in the range of 0.1-10 nkkkping other conditions
unaltered.

Effect of nitrate concentration. As can be seen fromig. 4, the pseudo-first-order
kinetic k values lowered from 0.0063 to 0.0051, 0.031 t@6,.@nd 0.0061 to 0.0058
min~! in UVA-B/HP, UVA-B/SPS and UVA-B/PMS system, astamount of N@
increased from 0.1 to 10 mM in all systems. Thisafmay be caused by photolysis
of NOs and subsequent formation of NQ(reaction 34 inTable S which can
absorb and block UV light transmission through amsesolutions Ao and Liu,
2017. Although some authorsSpiliotopoulou et al., 20)5reported that N@ can
produce HO (reaction 35 inTable S} in aqueous solution under UV irradiation,
which accelerates the degradation process, thibeaimply ignored since it occurs,

significantly, only under UVC light. AdditionallyNO3;~ can react with S to

17



346 generate reactive groups, Bl@eaction 36 infable S, which would compete with
347 HO and SQ for the reaction withoNBN and lead to a decrease &NBN
348 degradation efficiency.

349 Effect of sulfate concentration. In this experiment, the effect of g0 on the
350 UVA-B/oxidant systems was found to be insignificéifig. 4). The pseudo-first-order
351 kinetic k values of aNPN decay were stable between 0.0058-0.0063 'mim
352 UVA-B/HP, 0.0031-0.0035 min in UVA-B/SPS and 0.0054-0.0061 riinin
353 UVA-B/PMS systems. These results can be explainigd thve reactions provided in
354 Table S2(reactions 37-39 iffable S). Accordingly, the existing S undergoes
355 these reactions, which lead to the consumptioneattive intermediates (radicals)
356 without generating new ones and the reactions text@i In the case of UVA-B/SPS
357 system, further increase in $Oconcentration caused slight increment to dNgN
358 removal efficiency which might be attributed to tfemation of $Og*~ from the
359 reaction between S® and SQ (reaction 39 imable SJ.

360 Effect of chloride concentration. Compared with the effects of NOand SQ*,
361 the amount of Clhas a significant contribution to the degradawdruNBN in the
362 UVA-B/PMS system. As the Clconcentration increases from 0.1 to 10 mM, the
363 oNPN removal efficiency also increases, pseudo-firgieo kinetick value increased
364 from 0.0061 to 0.14 mifl (Fig. 4(c)). This may be due to the formation of active
365 compounds such as HOCI and, @bm the CI (reactions 59-60 ifable S} (Lente

366 et al., 200y which enhance theNBN degradation.
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In the UVA-B/HP system, Cldemonstrated an inhibitory effect on thEpN
degradation which may be due to the consumptio”rl©f by CI to form CIOH™
which can react with Hto form CI, which further generate £1 and Cb (E°=1.40 V)
(Babuponnusami and Muthukumar, 2)X{feactions 40-41 and 45-48 Table SJ.
The output of the reaction between Hd CI was reported to be pH dependent, and
in basic media (pH, >7.2), the major product is BIQ(reactions 55-56 ifiable S},
while below 7.2 pH value, Chnd C}~ become the major free radical3eng et al.,
2013. Since the redox potential of the'/CI~ group (B=2.40 V) Ghah et al., 2093
is close to HOH,O (E=1.80-2.70 V), when 0.1 mM Clis added, the
pseudo-first-order kineti&k value of aNBN degradation decreases from 0.0063 to
0.0050 min'. However, as the Ckoncentration increases, the total populationldf C
and C}" increases and the removal efficiencybfSN tends to increase as well, even
though the efficiency is still below the experimaian made without addition of Cl
(Fig. 4a)).

Similar to the UVA-B/HP system, Claddition to the UVA-B/SPS system also
negatively affects theNBN removal since the responsible free radical,”S@night
be consumed by the Clo generate Cland C}~ (reactions 43-48 ifable S}. This
is logical as the redox potential of the’/CI~ group (E=2.40 V) is lower than the
SO, /SO (E’=2.50-3.10 V) {an et al., 201 In the system where the CI
concentration varies in the range 0.1-5 mM, theigsdirst-order kinetik value was

found to decrease from 0.031 to 0.021 Thifirig. 4(b)), and start to increase as the
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Cl” dosage increased from 5 to 10 mM. This effect miighcaused by the excessive
reactive chlorine groups (¢lwhich promote the formation of SO (reaction 54 in
Table S). Since the oxidative ability of SO for aNBN is more significant than that
of CI', CL™ and HO, the UVA-B/SPS system require a higher amountlofti@an the
UVA-B/HP system. Because of that, the removal gfficy of aNBN showed an
increasing trend at higher Gioncentrations.

Effect of bicarbonate concentration. Generally, being a radical quencher, HCO
was previously thought to have a negative effectthmse processegtou et al.,
2013. This was observed in the results of the curstatly for the UVA-B/HP and
UVA-B/SPS systems, in which theNBN degradation pseudo-first-order kinekc
values were found to decrease from 0.0063 to 0.0089" and from 0.031 to 0.017
min, as the amount of HGOincreased from 0 to 10 mNFig. 4a and b)). In acidic
media (e.g. pH = 6), some amounts of the HCi@acts with the existing hydrogen
ions (reaction 57 imable S, and the unconsumed HECQcould interact with HO
and SQ" (reactions 58 and 59 ifeble S} which thwarts the degradation efficiency.
An accelerated removal o#NBN observed (pseudo-first-order kinetlc value
increases from 0.011 to 0.016 inwhen the addition of HCOvaried from 5 to 10
mM in the UVA-B/PMS systemHig. 4(c)) may be due to the fact that HSMas an
asymmetric structure contrary to the@4 and $Os°". The SQ group can attract
electrons, and the electron cloud of the O-O bemdd to be on the $Gide, causing

the O on the H side to be positively chargedng et al., 2010 PMS with this
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409 asymmetric structure are easily attacked by nutliéep Betterton and Hoffmann,
410 1990. Since HCQ@ has one nucleophilic atom @vhich can attack O-O bond, PMS
411  will be activated by the HC faster relative to HP and SPS. It has been afsurted
412 that although the redox potential of the HIZBCO;™ group (E=1.63 V) Bennedsen
413 et al., 2012is lower than that of HGand SQ~, HCG;' has a very high selectivity for
414 contaminants degradation compared to H@ SQ~ (Devi et al., 201k

415

416 3.3. Reactions with radical scavenging

417 To identify the extent of HOand SQ ™ contribution to thexNBN removal in the
418 three oxidation systems, TBA was used as a freiealadcavenger to capture HO
419 (reaction 30 inTable S} and Me as an efficient Hand SQ -scavenger (reactions
420 32-33inTable S} (Xie et al., 201k Accordingly, the contributions of H@nd SQ~
421 was identified on the ground of the difference adymo-first-order kinetik value of
422  oNBN degradation.

423 As shown inFig. Xa), addition of TBA to the UVA-B/HP system sigiintly
424  reduced the degradation efficiencyodpN. Thek value ofauNBN decay was found to
425 decrease from 0.0063 to 0.00086 mirAddition of TBA to the UVA-B/SPS system
426 and UVA-B/PMS system showed a clear removal efféde k values ofaNBN decay
427 were found to decrease from 0.031 to 0.014 frémd from 0.0061 to 0.0037 mid,
428 while the addition of Me resulted in a significamjuenching effect (the

429 pseudo-first-order kinetik values ofuNBN decay were found to decrease from 0.031
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to 0.0054 min* and from 0.0061 to 0.0015 miy (Fig. 5b—c)). These results clearly
indicate that the HOplays a leading role in the degradation «difN in the
UVA-B/HP system, while in the other two systemse ttiegradation ofiNBN is
mainly caused by HGand SQ" radicals. In the UVA-B/SPS system, the formatién o
SO, is mainly due to the photolysis of SPS, the dexfa§,0s” (reactions 13—14 in
Table S and the process of OkHhctivated SPS (reactions 15-17 Table SJ.
Because of the interaction of $Owith water molecules (reaction 18 imble S3,
HO' is also formed. In addition, excess SPS reacts M@ to form SQ™ (reaction 6
in Table S).

In the UVA-B/PMS system, the free-radicals, Hidd SQ", are mainly generated
from the photolysis of PMS. Excessive PMS will come HO and SQ™ and
generate S© (reactions 8-10 iffable S), and the decay of SO (reaction 21 in
Table S) could generate SO. In addition, the process by which PMS reacts with
water molecules to form HP may also acceleratexftN destruction (reaction 19 in

Table S2.

3.4. Intermediate products identification

In order to identify thexNBN intermediates products and thereby investigage th
difference ofaNBN degradation in UVA-B/(HP, SPS and PMS), reactioirtures of
the three systems were analyzed by GC-MS afteO0af6d 120 min of irradiation

time. The information on the possible degradatioodpcts ofaNBN in the three
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UVA-B/oxidant systems extracted from the GC-MS g8l is shown inTable 3
Based on the GC-MS chromatograrigy( SH-ig. S3, about 10 major intermediate
products were identified and recordethlfle 3. In the three systems, when the
reaction last for 120 mingNBN was almost completely degraded, albeit some
intermediate  products were detected. It is worth ntmaing that
1,2-benzenedicarboxaldehyde (product 2) was noected in UVA-B/HP and
UVA-B/PMS systems. Comparing the differences of ¢theomatogram at 0, 60, and
120 min in different systems, the results showg @xayanobenzaldehyde (product 1),
2-cyanobenzaldehyde  (product 3), phthalic anhydridgroduct 4),
1(3H)-isobenzofuranone (product 5) and o-cyanolaeretacid (product 8) hardly
undergo degradation in different systems. Even ghoother compounds were
observed in the analysis, they are not well matcteedhe library profile for
identification, and not discussed here. It showdalso noted that since the GC-MS
system with non-polar column which was used in ¢higly can only detect low-polar

products, the use of other instrumental techniggiescommended in future studies.

3.5. Economic Comparison

To compare the energy requirements of the curreviA-B-based AOPs in
degradation otiNBN, the Eo was calculated for each of the oxidation processes
the results are provided irable 2 As can be seen from the resultsf{le 2, the Eo

values of the three oxidation systems follow a eéasing order of UVA-B/SPS >
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UVA-B/HP =~ UVA-B/PMS. Since the higher thegk value shows the higher the
power utilization efficiency, SPS is cost effectiedative to HP and PMS. In summary,
the UVA-B/SPS process is the most efficient ancheadically friendly technique for
the aNBN degradation. In the literature, persulfate wa® akported to be efficient
and economical relative to the two systems fordibgradation of an azo dye and Acid
Orange 7 {ang et al., 201)) and a dye and brilliant greeR€hman et al., 20)8

which are in good agreement with this report.

4. Conclusions

In this study, the use of UVA-B/(HP, SPS, and PM$3tems were studied for
the degradation afNBN in agueous solution using UV-vis spectrophotomatel the
pseudo-first-order kinetics ofiNBN degradation was followed in all cases. The
obtained results indicated that UVA-B alone is anbugh for thexNBN degradation
and the decomposition efficiency @BN was found to accelerate in the presence of
HP, SPS and PMS oxidants. Among the three UVA-B2Ba®\OPs systems,
UVA-B/SPS s efficient from the energy consumptiamd economy points of view.
Under acidic conditions, the effect of pH was imgigant and increase in the oxidant
dosage and UV power enhanced the removal efficiei@NpN in the systems. In
addition, chloride and high concentration of bicarate ions were found to affect the
activity of PMS, positively. In the UVA-B/HP systerlO’ plays a leading role in the

degradation ofiNBN, while HO and SQ™ are the main reactive species in the other
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two systems. In general, the UVA-B techniques paldirly the UVA-B/SPS system is
more or less green, cost effective and efficiemtlation process, and its consideration

in the treatment of mine impacted wastewatersgagty recommended.
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Figure Captions

Fig. 1. Comparison of different systems for aNBN degradation. Inset:
Comparison of pseudo-first-order dynamics constank of aNBN decay in
different oxidation systems. UVA/B-based advancedxadation processes
(a); oxidant alone (b).Experimental conditionsaNBN] = 0.1 mM; [HP] =
[SPS] = [PMS] = 10 mM; no pH adjustment (Initial pH6.3, pH Hp = 5.3,
PHo sps;= 3.7, pH,pms) = 2.4); UVA-B power = 500 W; temperature = 25 +
1°C.

Fig. 2. Effect of oxidant concentration on degradabn of aNBN by
UVA-B-activated systems.Experimental conditions.aNBN] = 0.1 mM; pH
= 6.0; UVA-B power = 500 W; temperature =25+ 1 °C

Fig. 3. Effect of UVA-B power on degradation of aNBN by UVA-B-activated
systems.Experimental conditions:oNBN] = 0.1 mM, [HP] = [PMS] = 50
mM, [SPS] = 10 mM; pH = 6.0; temperature = 25 «11 °

Fig. 4. Effect of NOs, SO, CI" and HCOs; on degradation of aNBN by
UVA-B-activated systemsExperimental conditionsaNN] = 0.1 mM, [HP]
= [SPS] = [PMS] = 10 mM; pH = 6.0; UVA-B power =®WV; temperature =
25+ 1°C.

Fig. 5. Effect of free radical inhibitors on degradtion of aNgN by UVA-B/HP (a),
UVA-B/SPS (b), and UVA-B/PMS (c) systems. Compariso of
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pseudo-first-order dynamics constantk of aNBN decay in different
oxidation systems (d).Experimental conditionsaNBN] = 0.1 mM, [HP] =
[SPS] = [PMS] = 10 mM; no pH adjustment (Initial pH6.3, pH e = 5.3,
PHo sps; = 3.7, pH,pus) = 2.4); UVA-B power = 500 W; temperature = 25 +

1°C.
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List of Tables

Table 1. Effect of pH on degradation ouNBN by UVA-B-activated oxidants.

Experimental conditionsuNBN] = 0.1 mM, [HP] = [SPS] = [PMS] = 10 mM;

UVA-B power = 500 W; temperature = 25 + 1 °C.

System Initial pH  plloxicane  Final pH k1072 (min™) R?
UVA-B 6.3 6.3 6.3 \ \
UVA-B/HP 6.3 55 4.6 0.63+£0.03 0.9996
2.0 2.0 2.0 0.54 +0.08 0.9987
4.0 4.0 4.0 0.64+0.1 0.9976
6.0 5.8 51 0.62+0.1 0.9980
UVA-B/SPS 6.3 3.9 3.2 3.1+£0.1 0.9986
2.0 1.9 1.9 3.2+0.2 0.9931
8.0 4.0 2.9 3.0+£0.6 0.9811
9.0 6.2 3.4 3.2x0.2 0.9910
UVA-B/PMS 6.3 2.3 2.3 0.61 £0.02 0.9977
4.0 2.3 2.3 0.58 £0.08 0.9983
11.8 6.3 2.4 0.64£0.1 0.9940
11.9 7.4 3.4 0.56 £0.03 0.9912
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Table 2. Comparison of UVA-B-activated oxidants iruNBN degradation with

respect to the energy requirements and oxidant castExperimental conditions:

[aNBN] = 0.1 mM; [HP] = [SPS] = [PMS] = 10 mM; no pH jadtment (Initial pH =
6.3, pHh,iHey = 5.3, pHsps)= 3.7, pH pvs) = 2.4); UVA-B power = 500 W,

temperature = 25 + 1.

system Eo/10° (kWh mi®) Oxidants costs/I6 (dollars %)
UVA-B \ \
UVA-B/HP 1.2 1.3
UVA-B/SPS 0.24 0.74
UVA-B/PMS 1.2 18

8The price of oxidants was supplied by Sinopharmnibal Reagent Co. Ltd. (Shanghai, China) in

2019.
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Table 3. The identifiedaNBN and its possible intermediates products during te UVA-B/oxidant processes.

Products Retention Chemical Names Molecular CAS No. Proposed Structure UV/HP UV/SPBV/PMS
time (min) Formula
oNBN ~ 17.94 a-Nitroso$-naphthol GoH/NO  171-91-9 T \ \
OH
/N
1 11.80 2-Cyanobenzaldehyde sHeNO  7468-67-9 = \ \
!
O
2 12.16 1,2-Benzenedicarboxaldehyde gH§D, 643-79-8 \ X
(0]
=
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13.13

13.13

13.63

14.41

1,2-Benzenedicarboxylic acid

Phthalic anhydride

1(3H)-Isobenzofuranone

Coumarin

gHgO4

88403

gHsO>

160,

88-99-3

85-44-9

87-41-2

91-64-5

OH

OH

stelsiie]

35



10

14.41

15.21

15.92

18.62

0-Hydroxy-trans-cinnamic acid gHgOs 614-60-8

o0-Cyanobenzoic acid

B-Naphthol

a-Nitro-p-naphthol

OH

glENO,  3839-22-3

\

OH

(@)

GH:O  135-19-3

GoH/NO3; 550-60-7 X

“OH
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Highlights

» Degradation of a-nitroso-f-naphthol was made in UVA-B/HP, UVA-B/SPS and UVA-B/PMS
systems.

* UVA-B/SPS was found to be the most efficient, economical and energy-saving.

» High concentration of CI” enhances the degradation of aNBN in UVA-B/PMS systems.

10 by-products from the degradation of aNBN in three UV A-B/oxidant systems were detected.
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