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Abstract. Oil reserves present in Alberta, Canada, in the form of oil sands, are estimated
to contain 169 billion barrels of recoverable bitumen [1]. The extraction process of bitu-
men involves the use of large volumes of caustic hot water, that even with recycling
efforts in place, have continued to accumulate for decades in large settling basins, known
as tailings ponds [2]. As of a 2019 report given by the Alberta Energy Regulator, there is
an estimated 1302 Mm?® of fluid tailings being stored in tailings ponds [3]. The high toxic-
ity of this wastewater commonly known as oil sands process affected waters (OSPW) has
impeded its release resulting in a zero-discharge policy. Although many different con-
taminates have been identified to contribute to this toxicity, evidence indicates naphthenic
acids (NAs) are the main toxic component present in OSPW and are therefore of major
concern [4, 5].
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Oil reserves present in Alberta, Canada, in the form of oil sands, are estimated to con-
tain 169 billion barrels of recoverable bitumen [1]. The extraction process of bitumen
involves the use of large volumes of caustic hot water, that even with recycling efforts
in place, have continued to accumulate for decades in large settling basins, known as
tailings ponds [2]. As of a 2019 report given by the Alberta Energy Regulator, there is
an estimated 1302 Mm? of fluid tailings being stored in tailings ponds [3]. The high
toxicity of this wastewater commonly known as oil sands process affected waters
(OSPW) has impeded its release resulting in a zero-discharge policy. Although many
different contaminates have been identified to contribute to this toxicity, evidence indi-
cates naphthenic acids (NAs) are the main toxic component present in OSPW and are
therefore of major concern [4, 5].

The term naphthenic acid represents a very broad distribution of carboxylic acid spe-
cies that are ubiquitous in the Athabasca region and the oil sands [1, 5]. NAs are a
diverse and complex class of compounds with potentially thousands of different com-
ponents, which makes their removal from OSPW challenging. A promising remediation
strategy that has gained more attention recently is the use of activated carbon adsor-
bents [6—8]. However, there is a need to better characterize the NA adsorption system
while using activated carbon. A few studies have focused on model NA adsorption
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Fig. 1. Kinetics of adsorption of seven NA compounds using (1) KOHAC, (2) COMAC, and (3) PAAC.

recently using activated carbon [9-13], but given the diversity of NA species within
OSPW, characterizing the adsorption of a broader range of model NA species is
warranted.

In this study, we characterized the adsorption of seven model NA species onto three
different activated carbons. Two of the ACs were produced in our laboratory with a
focus on commercial viability and waste recycling. They are a petroleum coke-sourced
activated carbon made in our lab (KOHAC) and a phosphoric acid activated waste-
wood-based AC (PAAC). These were compared with a commercial AC (COMAC).
Adsorption profiles of each model NA in terms of kinetics and isotherms were used to
characterize each activated carbon as discussed below.

Adsorption kinetics results are shown in Fig. 1 for adsorption on the three ACs. This
shows that for each of the ACs, the uptake of NAs is very dependent on the NA itself.
Diphenylacetic acid (DPA) and dicyclohexylacetic acid (DHA) clearly are most
adsorbed, while heptanoic acid (HA), cyclohexane acetic acid (CHA), and 2-methyl-
cyclohexane acetic acid (2-MCH) all had lower percent adsorption, and 1,4 cyclohenx-
anedicarboxylic acid (1,4-CHA) and succinic acid (SA) had very little adsorption.
Although these species represent a very small cross-section of the possible NA species,
what this demonstrates is that optimal performance for AC removal of adsorption will
require more species-specific adsorption evaluation than total NA adsorbed.

The rate of adsorption for each of the evaluated model NAs is also dependent on
the method of activation, surface functionality, and textural features of the activated
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Table 1. KOHAC textural modification by multiple activation cycles.
Surface area Mesoporosity Yield
Activation cycles Total activation time (minutes) (m*g) (%) (%)
1 30 1217 234 64
2 60 1167 43.1 48
3 90 1084 61.2 34

Table 2. Naphthenic acid adsorption half-life for multiple activation cycles.

DPA 1, CHA 1), HA 1
Activation cycles (min) (min) (min)
1 26.5 34.3 514
2 10.5 18.5 11.1
3 6.64 2.98 12.0

carbon. For these model NAs, the rate of adsorption is fastest on the COMAC, in
which adsorption equilibrium was achieved between 30 and 60 minutes. Equilibrium
on the KOHAC is achieved between 8 and 24 hours depending on the model NA. This
difference in kinetics may be a result of the differences in pore size distribution
between the COMAC and KOHAC. However, the PAAC which has the highest meso-
porosity also exhibits a slower approach to equilibrium of 2—8 hours. The influence of
particle size is considered a confounding factor in these evaluations.

The interplay of surface functionality as generated by method of activation and feed-
stock makes it challenging to evaluate only the effect of textural material properties.
However, the use of multiple activation cycles gives rise to a convenient method for
increasing mesoporosity without significantly altering the surface composition or
surface area while using the same feedstock and activation chemistry. This approach
was evaluated for a range of model NAs on singly, doubly, and triply activated KOHAC.

As shown in Table 1, the multiple heating cycles resulted in a systematic modifica-
tion of the textural properties of the KOHAC with an approximately 20% increase in
mesoporosity percent surface area per activation cycle.

The multiple activations demonstrated faster kinetics for each model NA as shown
in Table 2 for DPA, CHA, and HA. The adsorption kinetics were modeled using both
pseudo-first-order kinetics and multiple exponential kinetics. The half-life of adsorp-
tion is shown for the multiple exponent kinetics models. X-ray photoelectron spectros-
copy (not shown) demonstrates no significant change in surface functionality. This
increase in mesoporosity is expected to improve the internal diffusion of adsorbate
within the AC pores to facilitate adsorbate access to the microporous space.

Conveniently, with minimal chemical input, the adsorption kinetics for a range of
model NAs can be improved by thermal cycling allowing for tailoring of the textural
properties of the material and their resulting potential application. The evaluation of
species-specific NA removal from both synthetic and industrial water samples contain-
ing a broad mixture of NAs is in progress using electrospray ionization mass spectros-
copy (ESI) to provide further insights into the optimization of AC surface chemistry and
textural properties for oil sands process water remediation.
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