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Four advanced oxidation processes (UV/TiO,, UV/I04~, UV/S,0g%, and UV/H,0,) were tested for their
ability to mineralize naphthenic acids to inorganic carbon in a model oil sands process water containing
high dissolved and suspended solids at pH values ranging from 8 to 12. A medium pressure mercury
(Hg) lamp was used, and a Quartz immersion well surrounded the lamp. The treatment goal of 5 mg/L
naphthenic acids (3.4 mg/L total organic carbon (TOC)) was achieved under four conditions: UV/S;0g%~
(20mM) at pH 8 and 10, and UV/H,0, (50 mM) at pH 8 (all with the Quartz immersion well). Values

ﬁ?;ﬁf;‘i;c acids of electrical energy required to meet the treatment goal were about equal for UV/S;0g%~ (20mM) and
0il sands UV/H,0, (50 mM) at pH 8, but three to four times larger for treatment by UV/S;0g%~ (20 mM) at pH 10.

The treatment goal was also achieved using UV/S;0g2~ (20 mM) at pH 10 when using a Vycor filter that
transmits light primarily in the mid and near UV, suggesting that that treatment of naphthenic acids by
UV/S,0s%~ using low pressure Hg lamps may be feasible.

Advanced oxidation processes

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Mining and extraction of bitumen for petroleum production is a
growing industry [1]. Separation of bitumen from oil sands involves
generation of highly alkaline process water that contains dissolved
naphthenic acids at concentrations between 40 and 120 mg/L [2].
Naphthenicacids are a complex mixture of alkyl-substituted acyclic
and cycloaliphatic carboxylic acids with the general chemical for-
mula C;H,,,_,0,, where n is the carbon number and z is the number
of hydrogen atoms lost during ring formation [3]. The pK, of an
average molecular weight component of a naphthenic acids mix-
ture isolated by distillation was 4.5 [4], suggesting that naphthenic
acids are negatively charged at neutral and alkaline pH values.
Naphthenic acids are acutely toxic to aquatic biota [5].

Oil sands process water also contains total dissolved
solids at concentrations of 2000-2500mg/L, including sodium
(500-700 mg/L) and chloride (75-550 mg/L) [1]. Because oil sands
are a mixture of silica, clays, water, and bitumen [6], process
water generated from high temperature alkaline extraction may
also contain significant dissolved and suspended silica and clays.
One sample of untreated tailings water from oil sands extraction
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contained 1000 mg/L suspended solids [7], part of which likely
consisted of fine clay and silica particles. Another sample of process
water from the South Texas tar sands region contained more than
400 mg/L dissolved SiO- [8].

Since 3 L of water are required to produce 1 L of oil from bitumen
[5], treatment and recycling of process water is necessary for sus-
tainable operation of bitumen recovery in the oil sands industry. No
federal water quality criteria currently exist for naphthenic acids,
but treatment to background levels of 1-5mg/L has been recom-
mended [1]. Allen [5] recently reviewed established and emerging
treatment options for naphthenic acids and related contaminantsin
oil sands process water. A study of naphthenic acids degradation by
ozone reported that more than 95% naphthenic acids were removed
at pH 8-8.2, but without a corresponding decrease in total organic
carbon (TOC), suggesting incomplete naphthenic acids oxidation
under these conditions [9]. Other AOPs that rely on reactive radical
species, especially hydroxyl radical (HO*), may be more promising
for complete naphthenic acids oxidation than simple ozonation,
since the hydroxyl radical is arapid and indiscriminate oxidant[10],
and treatment by ozone involves hydroxyl radicals only at elevated
pH. The efficiency of radical based AOPs, however, could be com-
promised by the presence of anions such as carbonate and chloride
that could compete for radicals, or, in a heterogeneous system, for
adsorption sites on the catalyst surface [e.g., 11]. The performance
of UV-based AOPs could also be hindered by suspended particles
that have the potential to attenuate UV light [12].

The objective of this study was to compare four AOPs for
treatment of model oil sands process waters containing naph-
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thenic acids, dissolved chloride, and dissolved and colloidal
silica, all at realistic concentrations. The AOPs studied were UV-
illuminated TiO, (UV/TiO,), UV-illuminated periodate (UV/IO4™),
UV-illuminated persulfate (UV/S,0g2~), and UV illuminated H,0,
(UV[H,0,). UV/TiO, and UV/H,0, are commercialized technolo-
gies described in textbooks [e.g., 13]. UV/I04~ [14] and UV/S,0g2~
[15] are promising emerging technologies. The chemistry of peri-
odate is complex; for the range of pH values used in these
experiments (pH 8-12), the predominant periodate species include
104, H31062_, Hz[OGB_, and H2]20104_ [14] Nonetheless, for
simplicity and consistency with previous reports, we refer to UV-
illuminated periodate in this paper as UV/I04~. Although highly
effective, the Fenton and photo-Fenton processes were not investi-
gated here because they require low pH [16], which is not suitable
for alkaline wastewaters.

AOP performance was compared in terms of the initial rate of
TOC removal and whether the treatment goal of 5 mg/L naphthenic
acids could be reached. Because electrical energy can account for
a significant fraction of AOP treatment costs [17], as well as the
adverse environmental impacts associated with electricity gener-
ation, such as emissions of CO, and particulates, AOPs were also
compared in terms of the electrical energy required to remove
one half the TOC initial mass, and, for cases where the treatment
goal was achieved, to lower the naphthenic acids concentration to
5mg/L [17]. Because reactive species in the AOP systems are often
pH dependent (e.g., H, 0, [18], the TiO, surface [19], and periodate
[14]), and because oil sands process waters tend to be highly alka-
line, the relative performance of the AOPs was evaluated at three
alkaline pH values: pH 8 and 10, and in some cases pH 12. Finally,
because the power requirements (and therefore operating costs)
of a UV lamp are proportional in part to the wavelengths of light
it emits, we evaluated the relative performance of the AOPs with
Vycor and Pyrex filters surrounding a medium pressure Hg lamp to
allow transmission of different regions of the UV spectrum, in order
to model the performance of low pressure mercury (Hg) lamps (for
the Vycor filter) as well as solar radiation (for the Pyrex filter). This
setup allowed us to identify those components of the UV spectrum
necessary for each AOP to degrade naphthenic acids, all using the
same photochemical reactor. Use of a high power medium pressure
Hglamp versus alower power low pressure Hg lamp also allowed us
to complete a number of experiments in a reasonable time period.

2. Experimental
2.1. Chemical reagents

A commercial mixture of naphthenic acids (“naphthenic acids”),
Ludox HS-30 colloidal silica (SiO,), and n-butyl chloride were
purchased from Sigma-Aldrich (St. Louis, MO). Sodium silicate
(NaySi03-9H,0), sodium hydroxide (50wt%), sodium chloride,
and 30% H,0, were obtained from Fisher Scientific (Fairlawn,
NJ). Periodic acid (H510g) and sodium persulfate (Na,S,0g) were
from Acros, NJ. TiO, Aeroxide® P 25 was from Degussa (Akron,
OH). The manufacturer-reported specific surface area of the TiO,
was 50+ 15m?/g. Fresh nanopure water (18.1 M cm) from an
Infinity™ ultrapure water system (model D8961, Barnstead;
Dubuque, IA) was used to prepare all solutions.

2.2. Photochemical experiments

Photochemical experiments were conducted in a reactor from
Ace Glass (7841-06, Vineland, NJ) that was modified to fita 16 mm
diameter pH electrode. The reactor is illustrated in previous pub-
lications from the manufacturer [20] and our research [21]. The
reactor was closed except for three small openings for inserting the

pH electrode (Orion, 9802 BN), adding sodium hydroxide (NaOH),
and sampling. It was held by a circular stand above a stir plate and
magnetically stirred during experiments. The total solution vol-
ume was 1.3 L. The reactor contained a 450 W medium pressure Hg
vapor lamp (Ace Glass model 7825-34) that was separated from the
aqueous solution in which the photochemical reaction took place
by a Quartz immersion well through which cooling water flowed
continuously.

The radiated power (in W) from the lamp for each mercury emis-
sion line in the UV region was [20]: 366.0nm: 25.6; 334.1 nm:
2.4; 313.0nm: 13.2; 302.5nm: 7.2; 296.7nm: 4.3; 289.4nm:
1.6; 280.4nm: 2.4; 275.3nm: 0.7; 270.0nm: 1.0; 265.2nm: 4.0;
257.1nm: 1.5; 253.7nm: 5.8; 248.2nm: 2.3; 240.0nm: 1.9;
238.0nm: 2.3; 236.0nm: 2.3; 232.0nm: 1.5; 222.4nm: 3.7. (There
was also significant radiated power in the visible and IR regions;
these data are available in a manufacturer publication [20], but are
not reported here nor used in subsequent calculations). The total
UV photon flux (qp, tor) in the photochemical reactor was calculated
as follows from the UV radiated power values. First, the radiated
power for each emission line was multiplied by 0.9 to account for
10% loss of power due to distance from the lamp surface to the inner
wall of the immersion well, transmittance through the quartz wall
of the immersion well, and through the cooling water contained
in the immersion well [20]. This yielded values of radiated power
at the immersion well outer surface (which is the inner surface
of the aqueous phase reactor where the photochemical reaction
took place) for each emission line. These values of power were
then divided by the photon energy (i.e., hc/A, where h is the Planck
constant, c is the speed of light, and A is the wavelength of the
radiated energy) for that emission wavelength to yield values of
photon flux (gp) in units of photons/s. Summing the values of g,
for all UV emission lines yielded gp, tor, and summing the values in
the UV A (400-320 nm), UV B (320-290 nm), and UV C (<290 nm)
regions yielded values of the total UV photon flux in these wave-
length regions, referred to hereafter for brevity as qp yva, dp,uvs.
and gp,uvc-

For selected experiments where noted, a Vycor or Pyrex filter
sleeve (a tube open on both ends) (Ace Glass) was placed around
the lamp to limit UV transmission to specific wavelengths. Val-
ues of g, ot qp,uv A, dp,uvB, and gp yvc in the reactor when using
these filters were calculated as described above, with the follow-
ing additional adjustment: in addition to assuming 10% power loss
through the Quartz immersion well and the cooling water that it
contained, the radiated power was also multiplied by the fraction of
UV radiation transmitted through the wall of the Vycor or Pyrex fil-
ter sleeve at each wavelength, using manufacturer reported values
of transmittance versus wavelength [20].

Reagent concentrations were as follows: 100mg/L naph-
thenic acids, 110 mg/L dissolved silicate (SiO32~) (from 413 mg/L
Na,Si03-9H,0), 91 mg/L colloidal SiO,, 1609 mg/L Na* (from
413 mg/L Na,SiO3-9H,0 and 3920 mg/L NaCl), and 2380 mg/L Cl-
(from 3920 mg/L NacCl). Naphthenic acids were added from a stock
solution (1000 mg/L) prepared in 0.1 M NaOH. Solution pH was
controlled at 8, 10, or 12 using a pH stat (Radiometer Analytical,
Villeurbanne Cedex, France). All experimental conditions are listed
in Table 1.

Samples were periodically taken from the reactor using a 30 mL
plastic sterile Luer tip syringe that was attached to an 18-in. piece
of Teflon tubing (i.d. 3 mm). Samples that contained TiO, were
centrifuged at 10,000 rpm (relative centrifugal force: 4472 x g) for
30 min using a micro-centrifuge (Labnet International, Inc., USA).
The supernatant was then analyzed for total organic carbon (TOC)
using a Shimadzu TOC Analyzer (TOC 5050A/ASI 5000A). A five
point standard curve was run daily, and standards and samples
were analyzed using triplicate injections. The relative standard
deviations of TOC concentrations based on triplicate injections



Table 1
Summary of experimental conditions and results.
Conditions Filter? pH Initial rate Half-life (EE/M)1)2 Time to trt. (EE/M)qrt. goal Chemical costs to Electricity costs to
(mg/L/min)® (min) (kWh/kg TOC)® goal (min)d (kWh/kg TOC)® meet trt. goal meet trt. goal
(USD/kg TOC) (USD/kgTOC)
UV only None 10 >360
UV/TiO, (3 g/L) None 8 >360
UV/TiO, (3 g/L) None 10 >360
UV/I04~ (4 mM) None 8 0.314+£0.057 >360
UV/I04~ (4mM) None 10 0.32+0.10 >360
UV/I04~ (4mM) None 12 0.17+0.10 >360
UV/I04~ (10mM) None 10 0.63+0.32 100 (1.674+0.084) x 10*
UV/I04~ (20mM) None 10 0.48+£0.24 108 (1.758 +0.088) x 10*
UV/I04~ (50 mM) None 10 0.52+0.41 184 (3.404+0.17) x 10*
UV/I04~ (10mM) Vycor 10 0.62 +0.49 128
UV/I04~ (10mM) Pyrex 10 >360
UV/S;052~ (20 mM) None 8 1.50+0.41 18.6 (3.67+0.18) x 103 38.6 (4.05+0.22) x 103 82 401
UV/S,052~ (20 mM) None 10 20+1.3 183 (3.32+0.17) x 103 151 (1.449+0.076) x 104 86 1440
UV/S;052~ (1 mM) None 10 >360
UV/S,052~ (10 mM) None 10 1.20+£0.14 27.5 (4.69+0.24) x 103
UV/S,052~ (20 mM) Vycor 10 1.21+0.22 27.8 87
UV/S,052~ (20 mM) Pyrex 10 0.068 +£0.026 340
UV/H;0; (50 mM) None 8 1.62 £0.51 17.2 (3.26+0.16) x 103 37 (3.71+£0.20) x 103 47 368
UV/H,0; (50 mM) None 10 0.87+0.22 40 (6.67+0.33) x 103
UV/H,0; (50 mM) None 12 0.61+0.26 62 (1.040+0.052) x 10*
UV/H20; (1 mM) None 10 0.1392+0.0043 >360
UV/H,0; (4 mM) None 10 0.30+0.25 >360
UV/H20; (10 mM) None 10 0.95+0.62 62 (1.056 +0.053) x 104
UV/H;0; (20 mM) None 10 1.03+0.40 313 (5.55+0.28) x 103
UV/H,0; (50 mM) Vycor 10 0.70+0.13 102
UV/H20; (50 mM) Pyrex 10 >360

2 “None” means that only the Quartz immersion well was used.

b Uncertainties in initial rates are 95% confidence intervals. Initial rates are not reported when the 95% confidence interval included zero (i.e., when the slope of a plot of TOC concentration versus time was not significantly
different from zero at the 95% confidence level).

¢ When the half life was not reached (i.e., half life > 360 min), values of (EE/M);, could not be calculated and are not shown. Uncertainties are one standard deviation determined by propagation of error.

d Values are given only when the treatment goal (3.4 mg/L TOC) was reached in approximately 6 h.

¢ Uncertainties are one standard deviation determined by propagation of error. When the treatment goal was not reached, values of (EE/M)t, goal could not be calculated.
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were typically less than 5%. Samples without TiO, were not cen-
trifuged prior to TOC analysis. The initial concentration of TOC was
approximately 67 mg/L, i.e., approximately 67% of the naphthenic
acids mass consisted of carbon.

The concentration of n-butyl chloride was measured by
headspace gas chromatography with flame ionization detection
[22].

3. Results and discussion
3.1. Data handling

Initial rates (Table 1) were estimated by calculating the slopes
of plots of TOC versus time by linear least squares regression using
4-6 data points taken during approximately the first 30-60 min
of the reaction (during which time the slope was typically linear).
Initial rates were calculated using the number of data points that
yielded a slope with the largest coefficient of determination (R?).
Initial rates that were not statistically different from zero at the 95%
confidence level are not reported.

The half life and the time required to reach the treatment goal
(if it was reached) (Table 1) were estimated graphically from plots
of TOC versus time using interpolation of smoothed lines connect-
ing the data points. Considering that 67% of the naphthenic acids
mass consisted of carbon (see above), a treatment goal of 5mg/L
naphthenic acids corresponds to 3.4 mg/L TOC. Values of the elec-
trical energy per mass (EE/M) required to lower the TOC to one
half its original value (EE/M);, and to achieve the treatment goal
(EE/M)irt. goat (Table 1) were calculated using the approach in ref.
[17], modified as in ref. [23]:

<E) B Pty (105 mg/ke) 0

M /12 0.5[TOC]pV 60min/h

(E) _ Pty goal (106 mg/ke) )
M /e goat  V(ITOClp — 3.4 mg/L) 60 min/h

where P is the lamp power consumption in kKW, t;, is the half life
in minutes, ti goal is the time required to reach the treatment goal
in minutes, V is the reactor volume in L, [TOC] is the initial TOC
concentration in mg/L (approximately 67 mg/L), and the remain-
ing terms are conversion factors that yield values of EE/M in kWh
(kg TOC)~1. Because some of the lamp power was “wasted” when
using the Vycor and Pyrex filters, (EE/M) , and (EE/M), goal Values
for these conditions cannot be fairly compared to those calculated
when no filter was used, and are not reported in Table 1. Values
of the electrical energy required to remove a specific mass of TOC
(EE/M values), and not values of the electrical energy to reduce the
TOC concentration by an order of magnitude (electrical energy per
order or EE/O values), are reported here since the experimental data
conform to zero order or mixed kinetics (see figures), and not first
order kinetics [17]. Since the initial TOC concentration was approx-
imately 67 mg/L for all experimental conditions, values of (EE/M);
can be fairly compared even if zero order or mixed kinetics were
observed.

3.2. Comparison of AOPs at pH 10

A series of experiments was performed at pH 10 to determine
the concentrations of H,0,, periodate, and S,0g2~ that resulted in
the best removal of naphthenic acids (Fig. 1). Based on initial rates
of TOC removal, (EE/M);, values, and whether the treatment goal
of 3.4 mg/L TOC was reached, these concentrations were 10 mM for
UV/104~, 20mM for UV/S;052~, and 50 mM for UV/H,0; (Table 1,
Fig. 1). The concentration of TiO, was not varied, but instead a
concentration of 3 g/L was used for UV/TiO, experiments based on
previous studies with the same experimental setup [21].
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Fig. 1. Effect of reagent concentrations on transformation of naphthenic acids at pH
10 using the Quartz immersion well.

There was no significant degradation of naphthenic acids over
approximately 6 h in the presence of these concentrations of peri-
odate, S,0g2~, H,0,, or TiO, at pH 10 when no UV light was used
(data not shown), indicating that none of these reagents alone
can directly oxidize naphthenic acids. Instead, radicals or other
reactive species that form when aqueous solutions of periodate,
S,052~, H,0,, or TiO, are illuminated with UV light are respon-
sible for naphthenic acids oxidation. Furthermore, when the UV
lamp was turned on, but no TiO;, H,0,, periodate, or S;0g2~ were
present in an aqueous solution adjusted to pH 10, there was lim-
ited (approximately 10%) transformation of naphthenic acids as
TOC to total inorganic carbon (TIC) (i.e., bicarbonate and carbonate)
over approximately 6 h (data not shown). McMartin et al. [24] also
observed limited photolysis of naphthenic acids in the presence of
UV light. As discussed below, most AOPs caused significantly faster
oxidation of naphthenic acids than direct photolysis under their
optimum conditions.
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There was a general trend of increasing initial rates with increas-
ing concentrations of periodate, S;0g2~, and H,0, (Table 1, Fig. 1),
which can be explained by an increase in the steady state con-
centration of reactive radical species that are responsible for
naphthenic acids oxidation. For UV/I04~, however, a rate increase
was observed when the periodate concentration increased from 4
to 10 mM, but not when the periodate concentration was increased
further from 10 to 50 mM (Table 1, Fig. 1). Potentially reactive
species generated in the UV/I04~ system include 103°, HO*, O3,
104°, and O(3p) (oxygen atom) [14]. It is possible that reactions
that consumed one or more of these reactive species, for exam-
ple dimerization of I03® or 104° to form I,0¢ or I,0g, respectively
[14], counterbalanced any increase in steady state concentration of
reactive species resulting from increased initial periodate concen-
trations, leading to reaction profiles that were essentially the same
for 10, 20, and 50 mM periodate.

For UV/S,0352~, the treatment goal of 3.4 mg/L TOC was achieved
for the optimum conditions (20mM S,052~) at pH 10 (Fig. 1,
Table 1). For UV/H,0;, (50 mM H,0,), the TOC concentration was
4.3 mg/L after approximately 6h at pH 10, which is close to the
treatment goal. For UV/I04~, however, TOC concentrations never
approached the treatment goal at pH 10, despite varying the
periodate concentration from 4 to 50mM (Fig. 1). For UV/TiO,,
experiments at pH 10 did not show TOC removal significantly dif-
ferent from UV photolysis alone (data not shown).

Using the method of Liao et al. [25], we estimated the steady
state concentration of HO® in the UV/H,0, system at pH 10 to
be (1.23£0.07) x 10~12 M. The method of Liao et al. [25] involves
measuring the pseudo first order rate constant for degradation of
n-butyl chloride in the presence of HO®, then using the known sec-
ond order rate constant for n-butyl chloride oxidation by HO* to
estimate the steady state concentration of HO®. This approach did
not yield useful results for the UV/I04~ and UV/S,0g2~ systems
because n-butyl chloride reacted with periodate and S,0g2~ evenin
the absence of UV light. We did not attempt to measure the steady
state HO* concentration in the UV/TiO, system due to potential
confounding effects (e.g., involvement of other radicals or the TiO,
surface) as well as the poor performance of UV/TiO, with respect
to naphthenic acids degradation.

3.3. Effect of pH on AOP performance

Next, experiments were done to investigate the effect of pH
on AOP performance. These experiments were done using the
optimum concentrations of TiO,, H,0,, or S,0g2~. For UV/IO4,
however, preliminary experiments with 4 mM periodate indicated
no effect of pH, and the results of the 4mM experiments are
reported here. Experiments with UV/TiO, and UV/S,032~ were
done at pH 8 and 10, and experiments with UV/I04~ and UV/H;0,
were done at pH 8, 10, and 12. For UV/TiO,, experiments at 10
did not show naphthenic acids degradation significantly different
from UV photolysis alone (data not shown). The poor perfor-
mance of UV/TiO,, for naphthenic acids oxidation compared to other
substrates tested under similar conditions [21] may be due to elec-
trostatic repulsion between the deprotonated naphthenic acids and
the TiO, surface, which is negatively charged at pH 8 and 10 [19].
Due to its poor reactivity with the model wastewater at both pH 8
and 10, no further experiments were conducted with UV/TiO,.

Concentration versus time profiles were nearly identical for
naphthenic acids degradation by UV/I04~ (4 mM) at pH 8, 10, and
12 (Fig. 2), suggesting that the distribution of reactive species or
their precursors were not pH dependent in the UV/IO4~ system.
It also suggests that the slowing of reaction rates as the reaction
proceeded for UV/I04~ (Fig. 2) cannot be attributed to radical scav-
enging by C0O32~ produced by TOC oxidation, since, for a given
decrease in TOC and corresponding total inorganic carbon (TIC)
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Fig. 2. Effect of pH on transformation of naphthenic acids using the Quartz immer-
sion well. Reagent concentrations were 4 mM 104,20 mM S, 0g%~, and 50 mM H, 0,.

concentration, CO32~ would be present at significantly higher con-
centrations at pH 12, compared to pH 10, and at pH 10 compared
to pH 8, yet the reaction profiles for naphthenic acids oxidation
by UV/IO4~ are nearly identical for all pH conditions. (The pK,
of HCO3~ is 10.3.) It is possible that TOC removal slowed in the
UV/104~ system due to rapid oxidation of the most reactive compo-
nents of the naphthenic acids mixture, leaving the more recalcitrant
components behind. Other researchers have successfully modeled
the kinetics of TOC degradation in photochemical systems assum-
ing the existence of different TOC fractions that have different
reactivities with radical species [26].

Experiments with UV/S;052~ were performed at pH 8 and 10
only. It was not possible to raise and maintain the pH of the ini-
tial reaction solution for UV/S,0g2~ at pH 12, perhaps because
UV/S,0g2" causes arapid pH drop due to reaction of sulfate radicals
(S04°~), formed via photolysis of S;0g2~, with water [27]:

SO4*~ +H,0 — S042~ +HO* + H* (3)
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While the reaction profiles for UV/S,052~ were nearly identical at
pH 8 and 10 for the first 30 min (Fig. 2), and the initial rates and
(EE/M)1, values are very similar for these two conditions (Table 1),
it took almost four times longer to achieve the treatment goal of
3.4mg/L at pH 10 compared to pH 8 (Table 1), meaning that the
(EE/M)yrt. goar Value was also four times larger at pH 10 versus pH 8
(Eq. (2)). Specifically, the reaction for UV/S;0g2~ at pH 8 went to
completion very rapidly, with nearly zero order kinetics, while the
reaction at pH 10 followed the same pattern until approximately
30 min, after which it slowed significantly (Fig. 2). The reaction rate
may have slowed at pH 10 due to consumption of reactive species
by CO32-, i.e.,

CO32" +R* — CO3*~ +R~ (4)

where R* is a reactive radical species such as HO® or SO,4°~. CO32~
can consume both sulfate (SO4°~) and hydroxyl (HO®) radicals [28].
The lack of a statistically significant difference in initial rates or half
lives for UV/S,0g2~ (20 mM) at pH 8 and 10 (Table 1) is consistent
with this explanation, since there would not yet have been sig-
nificant accumulation of TIC (HCO3~ and CO32~) during the initial
reaction period before significant TOC depletion. (Plots of TIC would
mirror those of TOC).

Solution pH had the strongest influence on the transformation of
naphthenic acids by UV/H, 0, (Fig. 2), with initial rates significantly
lower and values of (EE/M);, significantly higher with increasing
pH (Table 1). While the treatment goal of 3.4 mg/L TOC was only
achieved for UV/H,0, at pH 8, the TOC concentration after approx-
imately 6 h for UV/H,0, at pH 10 was close to the treatment goal
(4.3 mg/L). To reach this concentration, however, took nearly ten
times longer at pH 10 than at pH 8 (Fig. 2), with a corresponding
10-fold increase in required electricity (Eq. (2)).

The principle of UV/H;0, is photolysis of H,0, [29]:

H,05 + hv— 2HO (5)

which takes place below the pK; of H,0, (11.6 [18]). The pH depen-
dence of H,0, speciation can explain the differences in reactivity
in the UV/H,0, system at pH 10 and 12, but not between pH 8
and 10, since the concentration of undissociated H,0, would be
nearly identical at pH 8 and 10. Neither can scavenging of HO®* by
C032~ produced by TOC oxidation entirely explain the decreased
performance of UV/H,0, with increasing pH, since initial reac-
tion rates for UV/H,0, (50 mM) decrease steadily from pH 8 to 12
(Table 1), yet significant accumulation of CO32~ would not have
occurred during the initial reaction period from which initial rates
were calculated. Self decomposition of H,0,:

2H,0; — 2H,0 + O, (6)

which proceeds rapidly at alkaline pH [30] could have contributed
to the relatively poor performance of UV/H, 0, at higher pH values.

3.4. Effect of UV wavelength

Finally, experiments at the optimum concentrations of perio-
date, S,032~, or H,0, were repeated at pH 10 using Vycor and Pyrex
filters around the Quartz immersion well in order to compare the
efficiency of UV/IO4~, UV/S,0g2~, and UV/H,0; under conditions
simulating the use of low pressure Hg lamps for the Vycor filter, or
solar radiation for the Pyrex filter (Fig. 3). Fig. 4 shows the calcu-
lated g, entering the reactor for each of the emission lines of the
Hg lamp in the UV region, and for each of the relevant conditions,
i.e., with no filter, with the Vycor filter, and with the Pyrex filter.
Calculated values of gp, tor as well as qp yva, qp,uve, and gp uvc
entering the reactor for the Quartz immersion well only, and with
the Vycor and Pyrex sleeves, are illustrated in Fig. 5. The Hg emis-
sion line at 253.7 nm was included neither in Figs. 4 and 5 nor in the
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Fig. 3. Effect of UV filters on the transformation of naphthenic acids at pH 10. “No
filter” means only the Quartz immersion well was used. Reagent concentrations
were 10mM 104, 20mM S;052-, and 50 mM H,0,.

related calculations, since the corresponding energy is absorbed or
reflected inward by the quartz surrounding the lamp [20]. Fig. 5
shows that g, yv a did not vary significantly among the experimen-
tal setups (because neither Quartz, Vycor, nor Pyrex blocks UV A to
a significant extent), and that the decline in gy, tor when using the
Vycor and Pyrex filters was due primarily to a decrease in gp uvs
and gp, yvc.

For UV/I04~, there was no significant difference in reaction pro-
files (Fig. 3) for the Quartz versus the Vycor filters. The Pyrex filter
significantly slowed the reaction, however, and unlike when only
the Quartz immersion well or the Vycor filter were used, the reac-
tion did not reach the half life in 6h when the Pyrex filter was
used (Fig. 3, Table 1). The peak UV absorbance for periodate is
between 200 and 250 nm, with some absorbance at wavelengths
up to approximately 310 nm [31]. The difference in wavelengths
transmitted by the Vycor and Pyrex filters (Section 2.2), specifically
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the complete elimination of high energy UV C radiation when the
Pyrex filter was used (Fig. 5), can explain the difference in reactivity
of UV/104~ with naphthenic acids when using these filters.

For UV/S,0g2", the reaction profiles (Fig. 3) were also simi-
lar for Quartz and Vycor, but much poorer for Pyrex. Similar to
UV/I04~, this is consistent with the UV absorption spectrum of
S,0g2; specifically, a peak UV absorbance at <250 (a wavelength
region completely eliminated when using the Pyrex filter (Fig. 5)),
with some absorbance between 300 and 350 nm [15].

UV/S,0g2~ was the only AOP system for which the treatment
goal was achieved using the Vycor filter (Table 1), meaning that
this system could potentially be used for naphthenic acids degrada-
tion using low pressure Hg lamps that emit light primarily around
254 nm, and that have lower rates of electricity use (power) than
medium pressure Hg lamps that emit light with higher energy
wavelengths. While the reaction profiles for the Quartz (no fil-
ter) and Vycor filter are very similar for the first 30-60 min in the
UV/S,05%~ system (Fig. 3), it took nearly twice as long to reach
the treatment goal when using only the Quartz immersion well
(no filter) compared to the Vycor filter (Table 1). There is no obvi-
ous explanation for this finding, except the possible generation of
a species that short circuits a radical chain reaction in the absence
of the Vycor filter.

For UV/H,0,, there was a significant difference in the reaction
profiles (Fig. 3) for the Quartz and Vycor filters, and an essentially
complete inhibition of the reaction when the Pyrex filter was used
(Fig. 3). While wavelengths less than 365 nm are sufficient to cause
photolysis of H,0, to HO* [29], the molar absorptivity of H,0,
is greater at lower wavelengths, with extremely low absorption
and insignificant photolysis of H,0, at wavelengths of 350 nm and

above [32]. Thus, the higher energy wavelengths transmitted by
the Quartz immersion well and the Vycor filter in the UV C region
(Fig. 5) are needed to generate a steady state concentration of
HOe sufficient to transform naphthenic acids in a reasonable time
period.

Values of initial rate of TOC removal (Table 1) were plotted
versus qp tor for UV/H;0;, (50mM) and UV/S,0g2~ (20mM) at
pH 10 (not shown). The initial rate for UV/H,0, with the Pyrex
filter was set equal to zero for this purpose based on the near
constant concentration of TOC over 6 h for these conditions (Fig. 3).
While there was some TOC removal for the UV/IO4~ system
with the Pyrex filter (Fig. 3) the data did not yield an initial rate
significantly different from zero at the 95% confidence level,
so a plot of initial rate versus gp tor was not prepared since it
would have contained only two data points. Consistent with the
expected relationship between photon flux and reactivity, there
were reasonable correlations between initial rate and g, tot for the
UV/S,05%~ (20mM) and UV/H,0, (50 mM ) systems at pH 10, with
the following linear regression equations: (1) for UV/S,0g2~, Initial
rate =(—2.245+0.034)+(3.89+£ 0.038) x 1072 x gp tor (R?=1.00),
and (2) for UV/H;0,, Initial rate=(-1.0+4.8)+(1.8+5.4)
x 10720 x goror (R?>=0.95). (In both equations, the initial rate
has units of mg/L/min and qp, tor has units of photons/s). The slope
of the linear regression for the UV/H, 0, system is not significantly
different from zero at the 95% confidence level, which likely results
from both imperfect correlation and only three data points (i.e.,
data obtained for the Quartz, Vycor, and Pyrex systems).

Initial rates were also fairly well correlated with values of g, yv a,
dp,uvB, and g, yvc (not shown), which can be explained by the fact
that the decrease in gy, tor upon using the Vycor and Pyrex filters
was due to decreases in fluxes in all regions of the UV spectrum
(even qp yva decreased slightly upon using the Vycor and Pyrex
filters—see Fig. 5). The majority of the decrease in qp tor when
using the Vycor and Pyrex filters, however, was due to decreases
in gp,yve and gp, yvc (Fig. 5). Thus, consistent with the earlier dis-
cussion in this section, the decrease in initial rates and/or complete
stop in reactivity when using the Vycor and Pyrex filters at pH 10 for
UV/H,0, (50mM) and UV/S,0g2~ (20 mM) can be explained by the
attenuation of high energy wavelengths in the UV B and C regions.
Photons with these wavelengths are essential for naphthenic acids
degradation by UV/H,0, and UV/S,052~, and these AOPs will not
be effective with solar radiation.

4. Conclusions

The treatment goal of 3.4mg/L TOC (approximately 5mg/L
naphthenic acids) was achieved under four conditions, includ-
ing UV/S;05%~ (20mM) at pH 8 and 10, and UV/H,0, (50 mM)
at pH 8 (all with the Quartz immersion well). The amount of
electricity required to reach the treatment goal (reflected in the
(EE/M)yrt. goal Values), as well as the adverse environmental impacts
associated with generation of this electricity, were about equal for
UV/S,05%~ (20mM) and UV/H;0, (50 mM) at pH 8 (Table 1). Elec-
tricity requirements for treatment by UV/S,0g2~ (20 mM) at pH 10
were three to four times larger, indicating better performance of
UV/S,05%~ at pH 8 versus pH 10, possibly due to greater scaveng-
ing of SO4*~ or HO* by CO32~ at pH 10. For UV/S,052~ and UV/H,0,;
at pH 10, initial rates were correlated fairly well with total g, tor,
and photons in the UV B and UV C regions were necessary for the
reaction to occur to a significant extent.

Treatment by UV/S,0g%~ has the disadvantages of producing
treated water that contains significant residual sulfate [15], while
the decomposition of H,0, yields only water and oxygen (reac-
tion (6)). UV light increases the rate of H,0, decomposition [33],
so residual H,O, would potentially degrade quickly in a setting
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exposed to sunlight, such as an outdoor treatment pond. The elec-
tricity and chemical costs, in units of U.S. dollars (USD) per kg of
TOC removed, estimated by extrapolation of data from our 1.3L
bench scale reactor, are given in Table 1 for the three conditions
described above. Electricity costs were estimated using data from
the U.S. Department of Energy, Energy Information Administra-
tion [34] and chemical costs were estimated using online market
sources [35]. In addition to chemical and electricity costs and post-
treatment water quality requirements, the environmental impacts
of production of treatment chemicals (e.g., Hy0,, S;0g2 salts,
and NaOH or other caustic reagents) should also be considered
in choosing a treatment option, preferably using life cycle assess-
ment.

Use of UV/S,05%~ (20mM) at pH 10 with the Vycor filter cov-
ering the Quartz immersion well also achieved the treatment goal.
Because some of the power associated with the medium pressure
Hg lamp was “wasted” by blocking high energy radiation with the
Vycor filter, the (EE/M)y goa Value for this condition cannot be
fairly compared with those for the other conditions that met the
treatment goal (all of which used the Quartz immersion well), and
thus is not reported in Table 1. But the fact that UV/S;0g2~ met
the treatment goal using a Vycor filter indicates that treatment of
naphthenic acids by UV/S,0g2~ with low pressure Hg lamps that
consume less electricity may be feasible. The poor performance
of UV/I04~, UV/S,042~, and UV/H,0, when the Pyrex filter was
used (Fig. 3) indicates that use of solar radiation for naphthenic
acids removal using these AOPs is not feasible, at least under the
conditions tested here.

Good naphthenic acids removal was achieved under several
conditions despite a very high ionic strength and the presence of
colloidal silica, although these conditions likely contributed to the
poor performance of UV/TiO,. While chloride can react with HO®
and SO,4°~ (producing unreactive OH~ and SO42~) [27], if such rad-
ical scavenging reactions occurred to a significant extent in these
experiments, they did not interfere with reaching the treatment
goal in a reasonable period.

The (EE/M);, values for the AOP conditions where the treat-
ment goal was reached are similar in magnitude to those reported
for photochemical transformation of dichloroacetic acid by UV/TiO,
and UV/H,0, using a variety of UV lamps and reactor configura-
tions [23]. Bolton et al. [17] have shown, through consideration of
photochemical and reactor efficiencies, that the minimum possible
EE/M for oxidation of a hypothetical contaminant with a molec-
ular weight of 100 g/mol using a photochemical AOP is 87.2 kWh
(kg TOC)~!. This low value assumes many ideal conditions (unlikely
to be achieved in real treatment systems), including that only two
reactive radicals are required to oxidize each carbon atom, a quan-
tum yield of 1 (100%) for formation of such radicals, and that 25% of
the lamp power consumed yields useful photons with an average
energy of 254 nm. As a practical matter, improvement of (i.e., low-
ering) the (EE/M) goa Values for treatment of naphthenic acids
will require choosing UV lamps with emission spectra tailored
to the required wavelength for that AOP—information reported
in this study. To illustrate, Li et al. [36] concluded that the total
electricity required for treatment of alcohols would be five times
higher using a smaller number of medium pressure (broad spec-
trum) versus alarger number of low pressure (narrow spectrum) Hg
lamps due to the unutilized wavelengths in the medium pressure
lamps.
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