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Abstract

Naphthenic acids (NAs) are soluble in water and are concentrated in oil sand process water (OSPW) as a re-
sult of caustic oil sands extraction processes. Significant environmental and regulatory attention has been
focused on the naphthenic acids. A laboratory scale photocatalysis system was developed using UV,s4 flo-
rescent lamps. Experiments were conducted to determine the NA degradation efficiency of this system in
presence of TiO; catalyst. Degradation kinetics for total NAs as well as individual z-families was calculated.
The developed treatment system was able to degrade OSPW NAs with half life values ranging between 1.55
and 4.80 h. This system also completely reduced the acute toxicity associated with NAs (up to 5 min. ICs

v/v > 90%) based on Microtox assays.
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1. Introduction

Naphthenic acids (NAs) are natural constituents of bitu-
men and the oxidative product of petroleum hydrocar-
bons. NAs are solubilized and concentrated in oil sand
process water (OSPW) during oil sands extraction and
enter surface and subsequently ground water systems
through mixing and/or erosion of riverbank adjacent to
oil sands deposits [1]. Clemente et al. [2] reported that
OSPW in the Athabasca Oil Sands (AOS) north of Fort
McMurray (Alberta, Canada) may contain NAs as high
as 110mg/L. NA contaminated water can cause gastro-
intestinal disturbances, effects on the formation of blood
platelets, cell proliferation, and respiration [3].

In addition to contributing to OSPW toxicity, NAs
cause corrosion in the oil sands refining processes. Most
natural NAs occur in their sulfide form, mainly responsi-
ble for corrosivity. Availability of carboxylic groups in
the NA structure to react with metal ions contributes to
this property [4] and also determines the extent of corro-
siveness [2]. Corrosion due to NAs is a major concern
for petroleum refineries, which limits the choice of mate-
rials used in equipment and supply chain.

To address these concerns, many methods have been
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reported to date, having potential to be used for treating
water contaminated with naphthenic acids, including:
chemical [5,6], bio-remediation [1,7-11], and photolysis/
photocatalysis treatment [12-14]. These processes, in
their present forms, invariably use expensive chemicals,
require long retention times, and have large annual oper-
ating costs. Among all these treatment methods cited
above, photocatalysis, with all its variations and im-
provements, is considered to bring a revolutionary ap-
proach to address the current environmental problems. In
this regard, McMartin [12,13] reported that photolysis in
presence of sunlight is effective for selective degradation
of NAs. Application of UV radiation increased the NAs
degradation rate. Photolysis not only degrades NAs, but
can also increase their bioavailability. Headley ef al. [14]
reported that photodegradation of NAs on TiO, surface is
efficient under natural sunlight. Further research is nec-
essary to modify this treatment method for better envi-
ronmental adaptability.

Photocatalysis in presence of UV light and a catalyst
have not been reported for either degradation or in-
creased bioavailability of NAs. To study this potential
remediation method, a laboratory scale photocatalysis
system is described in the work reported herein. The
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ability of the system to degrade NAs and reduce toxicity
was evaluated. The main objectives of this research were
to develop and evaluate a laboratory scale photocatalysis
system for the treatment of naphthenic acids in water and
to conduct feasibility study for degradation and detoxifi-
cation of naphthenic acid mixtures in water.

2. Materials and Methods
2.1. Experimental Design and Setup

A photocatalysis system (Figure 1) was designed using
UV fluorescent tubes (Philips Ltd., Saskatoon, SK, 8W)
and concentric shell water jacketed quartz photo cells.
This double-jacketed quartz reactor for photocatalysis
was fabricated at the scientific glass blowing facility at
the University of Victoria, BC, Canada. Cooling water
was circulated through the outer shell to reduce heating
load due to the UV source.

Three variables, NAs, water and TiO,, were chosen
based on 1 x 2 x 2 x 2 full factorial design with one
treatment method, two types of NAs, two water sources,
and two TiO, conditions. Both Fluka and OSPW NAs
were used; deionized (Milli-Q) water and water from
South Saskatchewan River at Saskatoon, SK, were tested
in the presence as well as absence of particulate TiO,

Figure 1. Photocatalysis setup with UV lamps.

Table 1. Photocatalysis experiment combinations.

Combinations Explanation

catalyst with a concentration of 0.3 g/L. Therefore, eight
treatment combinations for the treatment system were
tested (Table 1). Four initial concentrations (40, 60, 80,
and 100 ppm) were evaluated in triplicate. Samples were
collected every 30 min. for 5 h.

2.2. Extraction of OSPW Naphthenic Acids

OSPW was collected from an oil sands extraction opera-
tion (Fort McMurray, AB, Canada) to produce the au-
thentic NAs mixture. The NAs were extracted from
OSPW using an adapted liquid-liquid extraction method
described by Janfada et al. [15]. The final concentration
of the NAs extract was determined by serial dilution and
comparison to an aliquot of the oil sands NA extract
produced by Rogers et al. [16] and was found to be 6,800
mg/L. A five-point linear regression curve was created
for quantification of the NA extract used herein and fur-
ther verified by integrated area comparison of LC-MS
results for both the OSPW NAs extract and those for the
commercially available Fluka NAs. The two methods
were correlated confirming the OSPW NAs extract con-
centrations. OSPW NAs solutions were prepared by the
dilution method (Table 2).

2.3. Sample Preparation

Commercially available Fluka NAs (Sigma-Aldrich,
Oakville, ON) and an authentic OSPW NA extract were
used in experiments to determine degradation kinetics of
NAs in water with or without TiO, catalyst under UVs,.
A 4000 ppm stock solution of NAs was prepared in
methanol to produce desired concentrations for experi-
mentation (Table 2). For environmental relevance, sam-
ples were prepared at concentrations ranging between 40
and 100 ppm at 20 ppm intervals.

2.4. Quantification and Analysis of NAs

Electrospray ionization mass spectrometry (ESI-MS) in
negative mode was used to quantify and characterize
naphthenic acid concentration in the samples using method
described by Headley et al. [17]. This method allowed
for a detection limit of 0.01 mg/L [12,17,18].

Kinetic analysis of the degradation of NAs in water

Fluka-DI Fluka NAs with deionized water was done considering a pseudo first order reaction
Fluka-DI-TiO, Fluka NAs with deionized water and TiO,
o Table 2. Sample preparation with naphthenic acids.
Fluka-RW Fluka NAs with river water
Fluka-RW-TiO, Fluka NAs with river water and TiO, Concentration ~ Sample ~ NA Fluka NA OSPW NA
m mL m, Stock (uL Stock (uL
OSPW-DI OSPW NAs with deionized water (ppm) () (me) (uL) (uD)
40 100 4 1000 1500
OSPW-DI-TiO, OSPW NAs with deionized water and TiO,
o 60 100 6 1500 2000
OSPW-RW OSPW NAs with river water 30 100 3 2000 2500
OSPW-RW-TiO, OSPW NAs with river water and TiO, 100 100 10 2500 3000
Copyright © 2010 SciRes. JWARP
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mechanism [12,13], with the rate constant and the half-
life period calculated by Integrated Rate Law.

SPSS 14.0 for Windows (SPSS Inc., Chicago, IL) was
used to analyze data statistically. Error bars were plotted
for each treatment. SPSS was also used to perform uni-
variate analysis of variance (ANOVA) and Tukey’s HSD
test. Tukey’s HSD test examines all pair wise compari-
sons among means. ANOVA was performed to analyze
treatment means and Tukey’s HSD test was done to
compare the treatment means.

Toxicity of the samples before and after treatment was
determined using Microtox assay at ALS Labs (Saska-

June_12_08_sab04 40 (0.576) Sm (SG, 2x1.00); Cm (25:80-(5:22+105:151))
100 297
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toon, SK). Microtox Analyzer (Model #500, Strategic
Diagnostics Inc., Newark, DE) with test organism Vibrio
fischeri was used following the reference method pro-
posed by Environment Canada (ERS1/RM/24). ICs, val-
ue (max 100%), the half maximal (50%) inhibitory con-
centration (IC) of a substance, was measured at residence
times of 5, 15 and 30 mins. for each of the sample before
and after treatment.

3. Results and Discussion

The NA standards were analyzed at room temperature
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Figure 2. Mass spectra of (a) Fluka NAs and (b) OSPW NAs standards.
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(22 + 2)°C. The percentage relative abundance of indi-
vidual species of NAs is shown in Figure 2. Comparison
of carbon number and z-family distribution are given in
Figure 3. Components with lower mass to charge (m/z)
ratio (157-297 m/z) are predominant in Fluka NAs.
OSPW NAs constituents have comparatively higher m/z
ratios (195-325 m/z). This composition difference affects
the photodegradation and toxicity of NAs mixtures.

Rate constant values for each of the treatments can be
seen in Figure 4. Results (R = 0.944) indicate that ini-
tial concentration of the sample has no effect on the reac-
tion kinetics of the NA degradation. Keeping other vari-
ables, such as type of water and TiO,, constant; the sys-
tem took less time to degrade OSPW NAs than Fluka
NAs. This difference in degradation rates may be due to
the presence of NA-like compounds present in OSPW
NAs.

Frank et al. [19] suggested that OSPW NAs extracts
contain multi-carboxylic groups in their structures. Such
dicarboxylic acids are susceptible to photo-oxidation on
the surface of TiO,. Presence of other components con-
taining aromatic functional groups, sulphur, nitrogen,
and unsaturated groups likely contribute to the difference
in rates observed [20]. Thus, photocatalysis degraded
OSPW NAs more rapidly than the commercial NAs. The
use of TiO, increased the reaction rate and made the de
gradation process faster with shorter half-life period be-
cause of the catalytic effect of TiO,. Similarly, the type
of water has significant effect on the degradation process
of NAs.

The use of river water made the degradation process
slower as compared to deionized water for both Fluka
and OSPW NAs extract. This can be attributed to the
matrix effect of others salts and materials present in the
river water [21]. For applied photocatalysis, NAs degra-
dation was more rapid for the combination of OSPW
NAs in deionized water and with TiO, compared to river
water. Comparative chromatograms of the results before
treatment and after 5 h of treatment are also provided
(Figure 5). The chromatograms suggest that the lower
molecular weight NAs are more readily degraded com-
pared to higher molecular weight NAs.

The distribution of carbon number and z-family data
of the NAs sample prior to and after treatment indicates
selective degradation of lower molecular weight NAs
(Figure 6). NAs in the z=—4 and —6 (two and three-ring
NAs) families with carbon numbers ranging from 12 to
15 displayed the greatest concentration reduction after
treatment. Similar results were observed for NAs with
higher z values (z = —12, six ring NAs). This might be
due to the presence of NA-like compounds with multi-
carboxylic groups in their structures, which degrade
faster as compared to classical NAs. This contributes to
the higher overall degradation rate of NAs. Further in-
vestigation, using ultra high resolution MS, is necessary
to study the influence of these NA co-extracts on the
degradation kinetics.

Copyright © 2010 SciRes.
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Figure 3. Comparison of carbon no. and z-family distribu-
tion for (a) Fluka NAs; (b) OSPW NAs.
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Figure 4. Rate constants (k) for different treatment combi-
nations (R?= 0.944); means with the same letter designation
are not different (P = 0.05) by Tukey’s HSD test.

JWARP



648

N
100

L,

M

S.MISHRA ET AL.

Scan ES-
1.0406

Before treatment

A
100 120 140 160 180 200 220 240 260 280 300

July_10_08_sab102 41 (0.590) Sm (SG, 2x1.00); Cm (26:78-(5:23+108:164))

Relative Abundance
—

22

340 360 380 50 a20 440 460 480 560 520 540

After treatment

Figure 5. Mass spectral comparison of the OSPW NA extract before and after treatment for 5 h at 24°C.

The results from univariate analysis of variance,
clearly show that the source of NAs, type of water, and
presence of TiO,, all have contributed significantly to
rate constant of the degradation process (at P = 0.05).
Also, the interaction between the type of water and use
of TiO, had significant effect on the rate constant. The
optimal pseudo-first order rate constant (k) and half-life
value under the conditions investigated were 0.447 (h™)
and 1.55 h, respectively.

Apparent distribution of concentrations of individual
NAs according to z value was determined after further
data mining. Corresponding degradation rate constants
for individual z series were calculated (Figure 7). The
results show that NAs with z = —4 and —6 were more
rapidly degraded than rest of the z-series. Furthermore,
NAs with higher z values degraded faster than linear and
single ring NAs. This may be due to the presence of un-

Copyright © 2010 SciRes.

saturated NA-like compounds [4,19] with higher cycliza-
tion, which both degrade faster and contribute to faster
degradation reaction kinetics of NAs with higher z. It is
also possible that the results are due to the use of low
resolution ESI-MS for NAs analysis, which has been
reported to indicate substantial false-positive detections
and misclassification of OSPW NAs [20], thereby over-
estimating the NA concentration in the sample. There is
a valid need of further data mining using high and ultra
high resolution MS to support these findings.

Microtox toxicity tests were completed using the pre-
and post-treatment samples exhibiting the highest rate of
degradation reaction (OSPW NAs in deionized water with
Ti0,). The Mictrotox results are provided in Table 3.
High toxicity of the sample with 30 min. ICsy v/v (%) as
15.65% could be treated and detoxified completely with
final 30 min. ICsy v/v (%) as more than 90%. Similar

JWARP
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results were found for the OSPW NAs in river water
with TiO, (Table 4). Moderate to high toxicity of the
sample with 30 min. ICsy v/v (%) as 20.11% could be
treated and detoxified completely with final 30 min. ICs,
v/v (%) value as more than 90 %. This decrease in toxic-
ity can be attributed to the selective degradation of lower
molecular weight NAs (with z = —4 and —6), which are

generally considered responsible for the majority of NAs
toxicity.

4. Conclusions

The developed system is effective in degrading both
commercial NAs and OSPW NA extracts rapidly, with
half life values ranging between 1.55 and 17.37 h for the
various treatments investigated. The apparent rate con-
stants of degradation of NAs according to their z values
were also determined. The photocatalytic system was
also shown effective for completely removing toxicity of
NAs as confirmed using Microtox tests. Since the results
are based on ESI-MS analysis that is not optimal for dis-
tinguishing between classical NAs and other NA-like

Table 3. Microtox toxicity results for OSPW NA extract in
deionized water with TiO,.

Parameters Before Treatment After Treatment
5 min. ICso v/v (%) 25.92 >90%
95% Confidence Interval v/v (%)  23.54 to 28.54 N/A

15 min. ICso v/v (%) 18.34 >90%
95% Confidence Interval v/v (%) 16.92to 19.88 N/A

30 min. ICs v/v (%) 15.65 >90%
95% Confidence Interval v/v (%) 14.20to 17.24 N/A
Temperature (°C) 6.0 6.0

pH 9.67 7.66

Toxicity High toxicity No toxicity

Table 4. Microtox toxicity results for OSPW NA extract in
river water with TiO,.

Parameters Before Treatment After Treatment
S min. ICsy v/v (%) 30.84 > 90%
95% Confidence Interval v/v (%)  28.61 to 33.24 N/A

15 min. ICso v/v (%) 22.92 >90%
95% Confidence Interval v/v (%)  21.75to 24.15 N/A

30 min. ICs v/v (%) 20.11 >90%
95% Confidence Interval v/v (%)  19.05to 21.22 N/A
Temperature (°C) 15.0 15.0

pH 8.86 8.31
Toxicity Moderate toxicity ~ No toxicity

Copyright © 2010 SciRes.
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compounds in the sample, further investigation using
high and ultra high resolution MS is recommended.
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Figure 6. OSPW NA extract (a) before and (b) after trea-
ment with respect to carbon No. and z-family.
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Figure 7. Variation of rate constant “k” with z-family of
OSPW NAs in river water due to photocatalysis for 5 h.
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