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Abstract

The extraction of bitumen from the Canadian tar sands has thus far generated approximately 840
billion liters of oil sands process affected water (OSPW) that is currently being stored in
containment ponds. OSPW is known to be acutely toxic to various organisms, due to the
presence of naphthenic acids (NAs). The scale and sheer volume of OSPW being stored in tailing
ponds have generated serious public concerns. Many emerging technologies have been
investigated as treatment options for OSPW reclamation. This work studied the feasibility of
using granular activated carbon (GAC) to adsorb several naphthenic acids in a model solution of
OSPW in a batch adsorption process. The effect of process pH on both competitive and single
solute adsorption was studied at equilibrium (i.e. isotherms) and transient conditions (i.e.
kinetics). The adsorption results for the multi-component solution were compared to those for
single compound adsorption. The model compounds selected for this work were 1,4-
cylochexanedicarboxylic acid, 2-naphthoic acid, and diphenylacetic acid. GAC showed good
adsorption capacity for all three model compounds and the adsorption was significantly affected
by the solution pH. Maximum adsorption occurred at pH 4, and adsorption decreased with
increasing pH. For multi-component adsorption it was found that at pH 8 the overall capacity
increased and the time constant decreased as compared to the single compound results.
Additionally it was found that 1,4-cyclohexanedicarboxylic acid exhibited cooperative
adsorption, adhering to an S-class isotherm profile. The other two model compounds
demonstrated conventional isotherm profiles, either L or H-class. It was found that cooperative
adsorption could be hindered in multi-component adsorption due to solute competition. This was
observed at all pH investigated other than pH 8 and 9. This finding is promising, as the pH range
in which cooperative adsorption took place corresponds to the tailing water pH. The point of zero
charge was found to be a significant factor; as the pH of the system approached the pHy,. the
adsorbent performance decreased. The findings of this work show promising results regarding

the use of GAC for naphthenic acids removal from water.
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Chapter 1: Introduction

1.1 Background and Motivation

The global demand for energy has more than doubled since the 1980s. The increased price of
fossil fuels has led to the utilization of once prohibitively expensive fossil fuel deposits including:
deep sea oil and gas, shale, and tar sand deposits. The development of these unconventional
fossil fuel sources has turned Canada into the country with the third largest oil reserves in the
world; with 173 billion barrels of oil that are presently economically viable for production. The
Canadian tar, or oil sand deposits, constitute approximately 97% of Canada’s total reserves [1].
Tar sand deposits, including uneconomical sources, represent a potential reserve of 1.7 to 2.5

trillion barrels of crude oil [2].

The extraction of bitumen from the Canadian tar sands has thus far generated approximately 840
billion liters of oil sands process affected water (OSPW), currently being stored in tailing ponds
that cover around 170 km?; an area larger than the city of Vancouver [3]. OSPW has been found
to be acutely toxic to various organisms, due to the presence of polycyclic aromatic
hydrocarbons (PAHs), naphthenic acids (NAs), naturally occurring radioactive minerals
(NORMS), and other pollutants [4]. Additionally, these ponds release various volatile
contaminants into the environment [5]. Methane, a strong greenhouse gas, can be released during
the degradation of hydrocarbon in OSPW [6]. The daily methane flux from tailing pond surfaces
has been estimated to be approximately 17 L (at STP)/m*[7]. Under the assumption that a cow
releases 200 L CHy/day, and using 170 km® surface area, the ponds would represent 14.45
million heads of cattle, more cattle than is currently present in Canada. Methane causes 21 times
as much warming as an equivalent amount of CO, [8]. The tailing ponds thus pose a serious
environmental challenge with the continued risk of leaching or spilling into ground water and

nearby waterways.



1.1.1. Oil Sands Overview

The tar sands, predominantly located in the province of Alberta, Canada, are spread across
approximately 142 thousand square kilometers. Major deposits are found in the regions of:
Athabasca, Cold Lake, and Peace River. The deposits vary in depth, with approximately 20 %
being close enough to the surface for open-pit mining operations. The remaining 80 %, being too
deep for mining, are exploited using in-situ techniques [3]. Current bitumen production is
dominated by open pit mining, which accounts for 65 % of the total, with the remainder being
produced from in-situ operations 35 % [9]. Open pit mining boasts a 87-90+ % recovery rate for
bitumen from sand [9]. The tar sands are a mixture of bitumen and water embedded within sand
and clay. By mass, the tar sand are primarily composed of: 74 — 76% quartz and silt sand [10];
0 — 19% bitumen (12% on average) [10], [11]; 10% inter-bedded clay layers [10]; 3 — 6%
entrapped water [10]; and an average naphthenic acid content 200 mg/kg [12].

It is the clay layers that contribute to the release of fines in the subsequent bitumen separation
process [11]. These fines are a major constituent of fluid fine tailings (FFT) and mature fine
tailings (MFT) which pose a serious environmental challenge due to their slow dewatering rate,
taking approximately 125-150 years. The hydrophilic nature of the sand grains found in Canada

facilitates the separation of bitumen through the application of water-based separation techniques

[2].

1.1.2. Open Pit Mining Overview

Open pit mining is used for the oil sand deposits that are less than 75 m from the surface. The
material above the deposit is referred to as overburden. The overburden must first be removed
before mining of the oil sands can begin. It is either used in adjacent reclamation projects or to
build tailing retention structures. In total approximately 4,746 km?” of land is suitable for mining

operations, to date 602 km? of land, or 12 % of the total, has been affected by mining activities

[3].

Open pit mining operations, as opposed to in-situ operations, utilize a hot water-based separation
technique referred to as the Clark caustic hot water extraction method. The process results in the
use and subsequent generation of large volumes of contaminated water [13]. This water is

referred to as oil sands process-affected water (OSPW). It is highly toxic to biological organisms



and poses a serious environmental and economic challenge for the continued development of this
resource. Currently mine operators must abide to a zero discharge policy, meaning that all tailing

water must be stored in accordance to specific regulations in large tailing ponds [14].

For every 1 bbl of bitumen produced approximately 12 — 14 bbls of water are required. From this
water, approximately 3 — 4 bbls become unavailable due to losses inherent in the extraction
process (e.g. evaporation) [15], or become fluid fine tailings (FFT) which cannot be re-used in
the process [3]. The process thus needs to account for the lost water requiring the difference to be
obtained from fresh sources, mainly the Athabasca River and its tributaries [3], [15]. Water reuse
is limited by the deteriorating water quality in the tailing ponds due to continued recycling. Thus
fresh water is required in order to dilute contaminants that can begin to negatively affect the
bitumen extraction operation with respect to process chemistry, increase fouling, corrosion, etc

[15].

During the Clark hot water extraction process, caustic soda (NaOH) promotes the release of
natural surfactants found within the bitumen that include NAs. These help separate the bitumen
from clay and sand, promoting the formation of a water-bitumen emulsion [11]. Due to the
similar specific gravity of bitumen (1.01) and that of water, it is difficult to fully separate the
bitumen from the process water. This leads to its presence as a contaminant in process tailing
waste [10]. In addition, either a naphtha-based or paraffinic solvents are used to destabilize the
water-bitumen emulsion in order to promote bitumen separation. This also leads to their presence
in tailing waters even though solvent recovery and recycling methods are employed [10]. While
the tailing streams have yet to be fully characterized [10], there are concerns regarding:

naphthenic acids, solvents, pyrite, metals, NORMS that are present in tailing water.



1.1.3. In-situ Operations

In-situ operations differ from open-pit mining in that they are used to extract bitumen from ore
deposits at depths below 75 m, through bored wells. The wells are used to pump a heat carrier
(i.e. steam or solvents) into the ground to melt the bitumen for subsequent pumping to the
surface. In-situ operations can recover and reuse about 90% of the water used, with the
remainder lost in the ground [3]. Three types of in-situ methods are commonly used: Cycle
Steam Stimulation (CSS), Steam Assisted Gravity Drainage (SAGD), Vapor Extraction Process
(VAPEX).

In CSS, a single well is used in alternation between production (extraction) and steam injection.
This method provides relatively poor bitumen recovery, in the range of 20-25% [9]. Cycle times
are typically 6-8 months [3]. SAGD employs horizontal drilling techniques developed for
petroleum production. Bitumen recovery ranges from 40-70% range [9]. SAGD is more
economical than CSS and provides higher recovery rates. Companies are currently
experimenting with combinations of both methods in order to boost recovery rates [3]. Another
method that uses a heat carrier is the VAPEX, which is similar to SAGD though instead of using
steam this method employs vaporized solvents to liquefy the bitumen for subsequent extraction

[16].



1.2 Problem Statement

The scale and sheer volume of OSPW being stored in tailing ponds have generated serious public
concerns. Reclamation efforts have two major challenges: the first is to successfully separate
suspended particles (e.g. MFT), the second is to eliminate aquatic toxicity such that discharging
and reintegration of OSPW into the natural hydrological cycle will be possible. Many emerging
technologies have been investigated as treatment options for OSPW reclamation. These include:
chemical modifications to membranes for pollutant removal and reduced fouling; hybridization
of adsorbent, membrane, and bioreactor technologies to enhance the biological treatment of

tailing water; photocatalytic oxidation; implementation of large-scale treatment wetlands [15].

Recent studies using petroleum coke, a relatively inexpensive and abundant feedstock, as an
adsorbent after activation, has brought renewed attention to the use of adsorption processes for
OSPW reclamation [17]-[22]. Adsorption is widely used for municipal and industrial water
purification. It is a mature engineering technology and has a high potential to be easily deployed
at the scale needed to treat the volumes of OSPW being generated. Treatment technologies
aiming to reduce OSPW toxicity have targeted NA removal as these compounds have been
attributed to be the main contributor to OSPW toxicity [12], [23]-[27]. The selective removal
and future recovery of NAs are of interest since they are currently commercially extracted during
petroleum refining, to mitigate corrosion [12], and subsequently utilized for various commercial
applications [28]. The selective removal through adsorption of NAs from OSPW could
potentially provide a new production stream for NAs. OSPWs have been found to have NAs
concentrations ranging from 40-80 mg/L with maximum values reaching as high as 130 mg/L in

fresh tailing water [6].

1.3 Research Objective

To determine the feasibility of using commercial granular activated carbon (GAC) to adsorb
several NAs from a model solution in a batch adsorption process. The effect of process pH on
both competitive and single solute adsorption was studied under steady state (i.e. isotherms) and

transient conditions (i.e. kinetic).



Chapter 2: Literature Review

2.1 OSPW Naphthenic Acids

Naphthenic acids (NAs) have been considered by many to be a major contaminant contributing
to oil sand process affected water (OSPW) toxicity [12], [23]-[27]. NAs present within oil sands
bitumen are released during the bitumen extraction process as dissolved naphthenates, the acid in
its deprotonated form (i.e. salt). Naphthenates are soluble in neutral or basic water solutions and
are thus readily dissolved in the alkaline OSPW (pH ~8). The primary toxic components of NAs
within OSPW have not yet been identified due to the complexity of the organic acid mixture [4].
Little information regarding the exact structure of OSPW NAs is known [6]. Additionally, NAs
have varying levels of corrosivity and toxicity based on their size and structure [29]. NAs present
in oil sand ore can differ in composition and concentration depending on the deposit [6]. The
average concentration of NAs in oil sand ore was reported to be 200 mg/Kg [12]. Based on
Syncrude production figures from 2000, Clement et al. (2005) estimated a potential release of

100 tonnes of NAs per day [12].

2.1.1. Commercial Application of Naphthenic Acids

Naphthenic acids are commercially extracted from petroleum and have a variety of applications
such as: improve water resistance and adhesion of concrete; increase high pressure resistance of
drilling oils; prevent foaming in jet fuel;, prevent fungus growth in wood; preserve and act as
flame retardant in fabric; increase insecticide solubility by acting as an emulsifier; catalyze
rubber vulcanization; stabilize vinyl resins; catalyze production of alkyl and polyester resins; and

wood preservative [12], [28].

2.1.2. Chemical Structures of NA

The term NAs is typically used by the petroleum industry to describe all the carboxylic acids
found in crude oil [28]. NAs comprise of a mixture of alkyl-substituted and cycloaliphatic
carboxylic acids [12]. They are non-volatile, chemically stable, and act as surfactants due to their
hydrophobic (non-polar aliphatic) and their hydrophilic end (carboxyl group). They are naturally

occurring in crude oil through biodegradation [12]. The International Union of Pure and Applied
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Chemistry defines NAs as “acids, chiefly monocarboxylic, derived from cycloalkanes

(naphthenes)”. NAs have been described using the general formula:

CcHaezO2
Where:
¢ = carbon number
Z = specifies the homologous series, is an even negative integer

corresponding to proton deficiencies

Advancements in analytical techniques have allowed for the discovery of various other acid
structures in OSPW [4], [27], [30]-[35]. The acid extracts once thought to be NAs adhering to
the above formula, more recently referred to as the classical formula [20], [25], [27], [30], [33],
[34], appear to have increased oxygen content, possibly due to multiple hydroxyl, carbonyl or
carboxyl groups. Additionally other heteroatoms have been identified including sulphur and
nitrogen. Varying levels of unsaturation (aromaticity) have also been observed. A revised version
of the classical NAs formula for oxygenated naphthenic acids along with numerous other
formulas for non-oxygen heteroatoms are provided below [35]. They can be classified as non-
classical NAs:
CcHaerzOx
CcHae12SO,
CcHaerzSs
CcHae1zZNO,
CcHaerzNi
CcHae1zNnOoSs,
Where:
¢ = carbon number
Z = specifies the homologous series, is an even negative integer
corresponding to proton deficiencies
o = oxygen number, with values ranging from 2-7

n and s = nitrogen and sulfur number respectively
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The previous homologous formulas identify groups of compounds that can exist as multiple
isomers. For example, from the resulting classical formula, C,oH;30,, one can obtain 37 different

carboxylic acid isomers [12].

As has been demonstrated, the term NA is loosely used to describe a wide variety of acids
present in both crude oil and OSPW [36], [37]. The NAs isolated from petroleum sources and
sold commercially (e.g. The Eastman Kodak Company) have been used by multiple groups to
study different aspects of OSPW NAs [2], [13], [14]. Due to the loose definition of NAs, many
have assumed that the acids found in petroleum are the same as those in OSPW. Studies indicate

that the composition of NAs in OSPW is different than that of petroleum [32].

Some more recent studies have begun to classify these non-classical NAs as naphthenic acid
fraction compounds (NAFC) [4], [31]. The specific nomenclature used to describe the broader
definition of NAs present in OSPW has yet to be standardized. Other terms used include, acid
extractable oil sand tailing organics (AEOSTO) [19], and oil sands tailings water acid-
extractable organics (OSTWAEO) [35].

It is believed that microbial activity may alter the structure of NAs represented by the classical
equations [35]. Corrosive and toxic effects of NAs are often structure-specific [35]. Additionally,
NA structure may differ significantly between petroleum and oil sand deposits [32]. These
observations further make the need for accurate chemical nomenclature critical, in order to
ensure consistency and continuity of research. In this work the term NAs will be used to discuss

compounds that fall within the full range of homologous organic acids presented above.

2.2. OSPW Chemical Composition

Some of the chemical constituents in OSPW have been determined and are tabulated below in
Table 2-1. Other dissolved contaminants that may be present within OSPW but are not tabulated
are asphaltenes, benzene, creosols, cyanide, humic acid, fulvic acids, phenols, phthalates,
polycyclic aromatic hydrocarbons (PAH), toluene, methane and naturally occurring radioactive

minerals (NORMS) [23], [10].



Table 2 - 1: Measured chemical composition of tailing ponds.

Variable average [19] [23] [15] [7]
pH 8.65 8.2 8.1-8.5
Conductivity (mS) 34
TDS (mg/L) 2221 1900-2200 12.5-47.7 (g/100g)
Alkalinity 578.1
(mg CaCOs/L)
Bicarbonate (mg/L) 775 960 — 1240
DOC (mg/L) 46.55 58 -67
BOD (mg/L) 25-70
COD (mg/L) 86-350
Naphthenic acids 60.35 50-70 6188
(mg/L)
Bitumen (mg/L) 25-7500 0.62-3.1
Oil & Grease (mg/L) 9-92
Na" (mg/L) 680.35 659 438 - 895
Ca (mg/L) 17 34-173
CI' (mg/L) 535.7 540 80-720 127 — 634
S0%~(mg/L) 219.35 218 230-290 2-173
NH7 (mg/L) 6.6 6.7-10
NH; (mg/L) 14 3-14
Al (ug/L) 36
Ni (pg/L) 9
Mo (ug/L) 276.65
Mn (pg/L) 25.55
Mg (mg/L) 8 2.6-9.7
Cu (pg/L) 171.5
Pb (ng/L) 8.1
V (ng/L) 11.1
9.1-18.5

K (mg/L)
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2.3. Model compounds

The exact composition of OSPW is currently unknown and thus the selection of appropriate
compounds that can be used to accurately model OSPW is difficult if not impossible. A general
approximation was made by selecting naphthenic acids that have been used as surrogates to
mimic OSPW composition in recent publications. These compounds were used for calibration of
analytical equipment or for environmental and toxicological studies. The acids identified have

been tabulated in Table 2 - 2 below.

Table 2 - 2: List of model compounds identified during the literature survey

Name: Formula MW
1 Ethanoic, Acetic Acid C,H,0, 60
2 Butanedioic, Succinic acid [25], [40] C4HeO4 118
3 Cyclopentane carboxylic acid CsH 10, 114
4 Hexanoic acid [25], [40] CsH1,0, 116
5 Benzoic acid [41] C;HqO, 122
6 cyclohexanecarboxylic acid C7H1,0, 128
[25],[40], [30], [42], [41],
7 1,4-Cyclohexanedicarboxylic acid [25], [40] CgH 204 128
8 3-methyl-1-cyclohexanecarboxylic acid [30] CsH140, 142
9 trans-4-methyl-1-cyclohexane carboxylic acid CsH 140, 142
[30]
10 4-methyl-1-cyclohexane carboxylic acid [30] CsH 140, 142
11 Adipic acid [25], [40] CsHeO4 142
12 3-Cyclohexanepropionic acid [12], [41], [43] CoH,60, 156
13 4-Methycyclohexaneacetic acid (4MACH, CoH 130, 158
Sigma-Aldrich) [48]
14  cyclohexane butyric acid CioH130; 170
(4-cyclohexylbutanoic acid)
[43], [44]
15  4-propylcyclohexanecarboxylic acid [42] CioH50; 170




16  Citronellic acid [45] C1oH 50, 170
17  Decanoic acid [25], [40], [46] C1oH200, 172
18  2-Naphthoic acid [12], [31], [41] Cy1H;0, 172
19  1-Methyl-1-cyclohexanecarboxylic acid CsH140, 172
[30], [42], [12],
20  1,2,3,4-tetrahydro-2-naphthoic acid [42] C1H,0, 176
21  l-adamantane carboxylic acid C11H60; 180
[42], [43], [45], [47]
22 Cyclohexanepentanoic acid [25], [40], [42], [43], | CiiHx0: 184
[46]
23 trans-4-tert-butylcyclohexanecarboxylic acid [42] | Ci1H20, 184
24  l-adamantaneacetic acid [42] C1,H;50, 194
25  trans-4-pentylcyclohexane carboxylic acid [41], | Ci2H2,0, 198
[42]
26  Cyclohexylsuccinic acid [25], [40] C1oH;60,4 200
27  Lauric Acid; dodecanoic acid [44] C12H240, 200
28  12-hydroxydodecanoic acid [42] C12H,405 216
29  (4-cyclohexylphenyl)acetic acid Ci4Hi30; 218
30  4-Heptyl benzoic acid [41] C14H200; 220
31 3,5-Dimethyladamantane-1-acetic acid CisHxO; 222
32  Dicyclohexylacetic acid [42] C14H240; 224
33  Diphenylacetic acid C4H,0, 212
34 4-Pentylbicyclo[2.2.2]octane-1-carboxylic acid C14H240; 224
35 12-Methyltridecanoic acid C14Hy50, 228
36  Myristic acid C14H,50, 228
37  (#)-6-Hydroxy-2,5,7,8-tetramethylchromane-2- Ci4H1504 250
carboxylic acid
38 (3aR)-(+)-Sclareolide C1¢Hz60, 250

11



39  Palmitoleic acid [30] C16H300, 254
40  hexadecanoic, Palmitic acid [44] Ci6H3,0, 256
41  2-Hexyldecanoic acid [42] C16H3,0, 256
42  Linolenic acid [30] CisH300, 278
43 Linoleic acid [30] Ci5H3,0, 280
44  Stearic acid [44] CisH;360, 284
45  l-pyrenebutyric acid [42] CaoHi60; 288
46  12-hydroxysteric acid [42] CisHz60;3 300
47  Abietic acid [42] C,0H300, 302
48  Arachidonic acid [30] C2H3,0, 304
49  Phytanic acid [45] C20H400; 312
50 cis-4,7,10,13,16,19-Docosahexaenoic acid [30] Cy,H3,0, 328
51  5-beta-cholanic acid [42], [44] C24H40; 360
52 Nervonic acid [30] C24Hu60, 366
53 12-oxochenodeoxycholic acid [42] C,4H3505 406

12
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Three model compounds were selected from Table 2-2 for this study. They are presented in
Table 2 - 3 below. 1,4-Cyclohexaneacetic acid was selected due to its two carboxylic moieties
which are thought to be the product of bio-degradation in OSPW. 2-Naphthoic acid was selected
because of its chemical structure and similarity to the acidic compounds most often encountered
in crude oils [41]. Diphenylacetic acid was selected because of its aromaticity and to be used as a
comparison between its affinity to GAC and that of 2-naphthoic acid. Both diphenylacetic acid
and 2-naphthoic acid are bicyclic acids, which are abundant in both oil sands and petroleum

derived NA mixtures [45].

Table 2 - 3 : Model NAs selected

Formula: MW: : Structure:

1 2-Naphthoic acid C11HgO, 172 4.161

(0]
Purchased from: VWR 4.20% OH

CAS Registry No: 93-09-04

2 Diphenylacetic acid CisH,0, 212 4.72° 5
Purchased from: Sigma-Aldrich O OH
CAS Registry No: 117-34-0 O

3 1,4-Cyclohexanedicarboxylic acid  CgH;,04 172 1) 3.54 (0)’ o
Purchased from: VWR 2) 4.46 (-1)3 T(O)LOH
CAS Registry No: 1076-97-7 4.38% " 5

3. Value obtained from Lang’s Handbook [49].
4. Value obtained from SciFinder chemical database.
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2.4. Detection Methods for Naphthenic Acids

Much progress has been achieved to characterise naphthenic acids found in crude oils, bitumen,
and subsequently OSPW. Numerous analytical techniques have been attempted to characterise
NA mixtures including: supercritical fluid extraction coupled with fast ion bombardment mass-
spectrometry [36]; electrospray ionization and atmospheric pressure chemical ionization [34];
atmospheric pressure photo-ionization [34]; gas chromatography mass spectrometry [12]; liquid
chromatography mass spectrometry [18]; liquid secondary ion mass spectrometry; high
performance liquid chromatography (HPLC) used to analyse NAs as a group [44]; fourier
transform ion cyclotron resonance mass spectrometers with nanospray ionization [29], [34]; thin
layer chromatography [12]; negative-ion electrospray ionization orbitrap mass spectrometry [31];
flow injection analysis [30]; fourier transform infrared red spectroscopy [50]; UV-VIS

spectroscopy [51]; negative ion electrospray ionization-mass spectrometry [12], [18], [13].

Reviews of detection methods have been completed by several groups, including [4], [12], [36].
Due to the relative simplicity of the above model solution, as compared to OSPW, the use of
complex analytical techniques was not required. An HPLC system with an appropriately selected

column was deemed sufficient as an analytical tool for the present study.
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2.5. NAs Toxicological Studies

It is difficult to compare toxicological and environmental studies regarding NAs due to the
complex nature of NAs and resultant ambiguity. Research typically differs in either the model

compounds used, or the source of commercial NAs or OSPW used.

The toxicity of OSPW on rainbow trout was reported as early as 1975 [23]. Many toxicological
studies outlining acute and chronic toxicity of OSPW have been carried out over the years [23],
[24], [26], [52]-[55]. The toxicological effects of NAs on various organisms have been studied
including: aspen, fish, zooplanton, rats, and bacteria. Though stated that NAs have been
identified as the primary contributors to toxicity, isolation of NAs has proven to be difficult.
Contributions of other unknown compounds within OSPW on toxicity have not been quantified
[45]. OSPW may thus have a higher or lower overall toxicity than its individual components

depending on their chemical interactions on organisms.

Increased toxicity of NAs has been linked to the hydrophobicity of carboxylic acids which
increases with molecular weight (MW) [25]. The mode of toxicity is thought to be due to
narcosis, in which the hydrophobic portion of a molecule penetrates the lipid bilayer of a cell.
This disrupts cell function and leads to cell death [25], [45]. These findings are contradictory to
the studies where it was found that biodegraded or aged OSPW exhibited reduced toxicity due to
the digestion/degradation of low MW NAs [12]. Studies have found that commercial NA
mixtures tend to be composed of carboxylic acids with low molecular weight which biodegrade
much faster than larger MW NAs [39]. The biodegradation of tailing water may lead to the
formation of large NAs with multiple carboxylic functional groups which would decrease
hydrophobicity and thus their toxicity [25]. This may elucidate the previous contradiction of
reported decreases in OSPW toxicity with ageing. Additionally, NA and OSPW have been found

to be exhibit environmental estrogenic and androgenic activity [53], [56].
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2.6. Treatment Methods

Many technologies have been investigated as treatment methods for OSPW. Detailed reviews of
the current state of practice in the oil sands industry and technologies being considered by the
private sector, have been compiled in reports and academic publications [10], [11], [15], [16],
[57]. The general types of treatments being considered are those to dewater MFT and FFT, and
those to remove chemical toxicity from OSPW. Decontamination technologies focusing on
toxicity include: chemical modifications to adsorbents and membranes for pollutant removal and
reduced fouling; hybridization of adsorbent, membrane, and bioreactor technologies to enhance
the biological treatment; photocatalytic oxidation; implementation of large-scale treatment

wetlands.

Several technologies being utilized by oil sands operators are [10]: composite tailings (CT) and
non-segregating tailings (NST) (Syncrude & Suncor); thickened tailings (Shell - Albian Sands);
in-line thickening with thin lift dewatering; in-line thickening with accelerated dewatering;
centrifuge MFT; coke capping; wetland reclamation; water capped MFT. The technologies that
have been implemented by industrial operators focus on dewatering of both MFT and fluid fine
tailing (FFT). They do not address chemical contamination of the bulk OSPW. This focus is due
to a regulation announced by the Alberta Energy Resources Conservation Board (ERCB) in 2009.
directive 074 states that operators must capture or extract fine particles from water and provides
disposal guidelines [14]. The directive also provides operators with reduction targets and
deadlines. In 2009, nine tailing management plans were submitted to the government of Alberta
to demonstrate compliance with directive 074. Only two of the plans submitted met the

mandated requirements [58].

Much progress has thus been achieved with regard to reducing suspended solids in OSPW as
provincial regulations have forced industry to ameliorate past practices. Progress remains to be
made with regard to OSPW reclamation. Toxicity must be eliminated, such that process water
can be re-introduced into the natural hydrological cycle. Allen, E. (2008) has compiled a list of
recommended removal rates for OSPW contaminants, recommending 90-99% removal in order

to obtain local background concentration in watersheds of 1-5 mg/L [23].
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Recent studies using petroleum coke, a relatively inexpensive and abundant feedstock, as an
adsorbent, before and after activation, have brought renewed attention to the use of adsorption
processes for OSPW reclamation [17]-[22]. Adsorption is widely used today for municipal and
industrial water purification. It is a mature engineering technology that has a high potential to be
easily applied at the scale needed to treat the volumes of OSPW being generated today. There is
thus a need to better quantify adsorbent performance with regard to NA removal from OSPW.

This work will help address this need.
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2.7. Adsorption Studies

Several studies have investigated the adsorptive properties of various soil types and clays in
order to estimate environmental concerns regarding NA migration into hydrological systems (e.g.
aquifers) [48], [59], [60]. Azad et al. (2013) studied the adsorption of commercial NAs on
multiple adsorbents and found that both activated carbon and Ni-based alumina had the best
performance removing 50 and 40 percent of total organic carbon (TOC), respectively. The study
also confirmed that total dissolved solids (TDS) would negatively impact the adsorption of NAs
[6]. The capacity of Ni-Al,-O4 with 10.7% Ni loading, was found to be 20 mg TOC/g adsorbent.
Small et al. (2012) have reported a range of activation parameters for producing activated carbon
from both delayed and fluid coke. The adsorption properties of activated coke for NA were
inferior to that of commercial activated carbons [19]. The adsorption capacities of non-activated
petroleum coke were found to be: 0.214-0.223 mg/g [19], or 0.39-0.86 mg/g [17]. These values
greatly improved for activated petroleum coke: 515.2-588.8 mg/g. They also compared their
results to a GAC which exhibited a capacity of 870.4 mg/g [19]. Leaching of heavy metals from
coke into treated water was also observed [19], [17]. Interestingly, long contact times such as
several months allowed some of the leached heavy metal compounds to be re-adsorbed [17].
Another study found that the treatment of OSPW with 22 % by weight of hot petroleum coke

resulted in water that was non-toxic to V. Fischeri [22].

Table 2 - 4: Adsorption capacity of NAs on various adsorbents

Adsorbent NA Adsorbent Capacity
(mg/g)

GAC 870.4

Petroleum Coke 0.214-0.86

Activated Petroleum Coke 515.2-588.8
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Adsorption rates for activated carbon have been successfully increased by chemical surface
modifications [61], [62], and through the growth of bio-films [63]. Activated carbon, as other
adsorbents, suffer from surface fouling due to oil and metal hydroxides, bacteria, and natural
occurring organic matter (NOM) which reduce their adsorption capacity and kinetic performance
[64]. Solution pH has also been found to affect adsorption properties [62]. Studies have found
that acidification of OSPW was required to effectively adsorb NA [15].

The point of zero charge (pzc) is an important parameter in adsorption studies, as it affects
adsorbent capacity [65]-[71]. An activated carbon of either acidic or basic character will
permanently modify the pH of a solution if ion-exchange takes place [68]. The surface charge of
an activated carbon is a function of the pH of the solution. At a specific pH the surface will
exhibit a neutral charge, known as pHp,.. The point of zero charge represents the point where the
carbon surface is changed from either a net positive charge to a net negative charge. The surface
charge will dictate whether anions or cations will preferentially adsorb on a given surface. There
are several methods to determine the pzc of a surface, though the simplest is the pH drift method
[65], [66], [70], [71]. The description of this method will be further elaborated in the materials

and methods portion of this work.
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Chapter 3: Adsorption Theory and Models

3.1. What is adsorption?

Adsorption is a surface phenomena that involves the interactions between a solid surface and
fluids (gases and liquids), or dissolved solids. Gilles et al. (1974) have classified these three
systems into vapor or gas phase adsorption (VPA), composite liquid adsorption (CLA) and solid
solute adsorption (SSA) [72]. Interactions with the surface result in either weak or strong binding
(adsorption) to the surface. Weak interactions are typically dominated by van der Waals forces
and are referred to as physical adsorption or physisorption, while strong interactions are

characterized by chemical bonding and are referred to as chemical adsorption or chemisorptions.

Typically adsorption is used as a separation technology with a multitude of applications.
Adsorbates in these applications include organic compounds, inorganic material, proteins, and
polymeric compounds. The use of adsorption is prehistoric, with records dating back two
millennia found in Sanskrit manuscripts describing the use of charcoal to remove odour and taste
from water [73]. The First World War brought about the development of granular activated
carbon (GAC) used in the defence of chemical warfare [73]. Some modern applications in which
adsorption is utilized for liquid-phase adsorption include: removing dissolved organics from
drinking water; purifying drinking water supplies removing odour, taste, and color;
decolourizing crude sugar syrup; decolourizing vegetable oil; purifying industrial/municipal
waste. Gas-phase adsorption is also widely used and has many modern applications including:
recovering organic solvent vapours; dehydrating gases; removing odour or toxic agent from air;
air separation (oxygen/nitrogen separation); removal of carbon dioxide and sulphur compounds

from natural gas.
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3.1.1. Solid Solute Adsorption

The present work will discuss SSA where species (naphthenic acids) are dissolved in a solvent
(water). The bulk of the solution, acting as a solvent, is assumed to behave in a constant manner
and can thus be ignored. Adsorption, like many phenomena undergo two stages. The first is a
transient, dynamic state, where the system concentrations are changing with time. This state is
typically referred to as adsorption kinetics. The second is the steady state stage, in which the
system reaches equilibrium and the concentrations remain constant over time. When equilibrium
is reached, the maximum amount of solute that can be adsorbed for given conditions is obtained.
These conditions include: initial concentration, temperature and carbon load. The amount
adsorbed from a liquid system is a function of the composition of the adsorbent (e.g. silica,
charcoal), solvent and the chemical characteristics of the adsorbate species (i.e. hydrophobic,

polar, etc).

For SSA systems the adsorption equilibrium data is typically expressed as:

q=f(CT)

Where:
q = amount adsorbed per unit mass of adsorbent (mol/g or mg/g)
T = temperature (°C)
C = bulk concentration of the adsorbate within the liquid system

(mg/L)

For the work presented herein, the temperature was held constant, and thus the expression above

becomes that for an adsorption isotherm:
q=f(C) ; T = constant
If the adsorbate is ionizable (i.e. acid or base), the pH of the solution may greatly influence the

extent of adsorption. In the case of organic acids, as discussed in this work, the total adsorption

will include both the ionized and non-ionized species. The pH can also affect the electrostatic
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field between the solution and the charged adsorbent surface, which can influence the extent of

adsorption.

Typically the concentration of the compound initially retained by the adsorbent can be assumed
to be zero. The concentration of the adsorbate on the adsorbent at equilibrium can be determined
by:

q= %(Co_ Ce)+ do (1)

Where:
V = volume of solution (L)
m = adsorbent mass (g)
C, = initial solute concentration (mg/L)
C., = final equilibrium solute concentration (mg/L)
qo, = amount of compound initially retained by solid (mg/g)
q = amount of adsorbate per unit mass of adsorbent (mg/g)

3.1.2. Isotherm Classification System

Giles et al. (1960) presented a system of classification for adsorption isotherms. Four main
classes were identified in accordance to their initial slope. Sub-groups for each class were then
also presented [74]. The four main isotherm classes identified by Giles were the: S, L, H and C-

class. The Figure 3 - 1 illustrates this classification system.
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SUB GROUP

EQUILIBRIUM CONCENTRATION OF SOLUTE IN SUBSTRATE.

MAX _— "
L

EQUILIBRIUM CONCENTRATION OF SOLUTE IN BATH.

F16. 1. System of isotherm classification, The 2c subgroup indicates microporosity in the substrate,
and in the C-class, the second branch of the curve in the subgroup 2 may be horizontal, or have a less
steep (ci) or a steeper (cii) slope than the main portion, according to the nature of the system. These
slight variations from the earlier diagram (23) are made in the light of later results. Though only sub-
groups progressing from 1 through 4 are shown these obviously can be extended to 5 or beyond if further
rises and steps occur.

Figure 3 - 1: Isotherm classification system described by Giles et al. (1960) [74]

S-class adsorption isotherm curve:

The S-class isotherm curve is representative of cooperative adsorption, where solute-solute
forces are similar to solute-substrate forces. Lateral interactions between solute, or adsorbate
molecules, on the substrate (adsorbent) help to increase the stability of the adsorbed species [72].
In this manner the energy of activation for desorption is increased with lateral interaction. Due to
these intermolecular interactions, as the concentration of adsorbate on the adsorbent increases,

the adsorption process is facilitated.

L-class or Langmuir type adsorption isotherm curve:

The L-class isotherm curve is commonly seen in dilute solution adsorption studies and is one of
the most known forms of adsorption [74]. As the adsorbent active sites are filled, adsorption
becomes increasingly more difficult. This is due to the decreased likelihood of solute molecules

coming into contact with vacant adsorption sites.
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H-class or high affinity adsorption isotherm curve:

The H-class adsorption isotherm curve is similar to the L-class but is distinguished by a marked
vertical portion were the equilibrium concentration is zero. The H-class isotherm tends to have a
larger adsorption affinity at low equilibrium concentrations, to such an extent that the affinity of
the solute for the adsorbent is so large that the initial slope of the adsorption isotherm approaches

infinity [74].

C-class or constant partition isotherm curve:

Typically, systems that exhibit a C-class isotherm curve are those where the adsorbent had a
microporous structure. Another general characteristics of these systems is that the solute tends to
have a higher affinity for the adsorbent than for the solvent [72]. The linear adsorption isotherm

is one where the specific amount of adsorbate increases linearly with equilibrium concentration.
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3.2. Adsorption Isotherms

For the SSA systems investigated, single-component adsorption will refer to the adsorption of a
single dissolved species, or adsorbate, from solution. Similarly, multi-component adsorption will

refer to the competitive adsorption of a mixture of compounds from solution.

3.2.1. Isotherm Models

Isotherms are typically used in the engineering of adsorption systems for the following: to
determine the feasibility of adsorption for a particular application; to determine the equilibrium
capacity and thus obtain a rough estimate of carbon usage needed for a preliminary design; to
determine the difficulty or ease of removing particular contaminants; to identify changes in
equilibrium capacity in the presence of other contaminants, changes in pH, changes in
contaminant concentration, etc; to compare the efficiency of various carbons in order to identify

the best candidates for dynamic testing (kinetic studies).

Due to the complexity of liquid-phase adsorption, it is best not to attach a high degree of
significance to the isotherm models [75]. These should be interpreted as expressions that

represent experimental data within limited concentration ranges [73].

3.2.2. The Langmuir Isotherm

Langmuir (1918) was one of the first to propose a theory of adsorption onto a flat surface based
on kinetic principles. His model assumed that in order for the surface not to accumulate any
adsorbate at equilibrium, desorption and adsorption rates must be equal. The underlying
assumptions used to develop the Langmuir model are: the surface of the adsorbent is uniform
(i.e. homogeneous) and ideal (i.e. adsorption energy is constant over all sites). Adsorbed
molecules do not interact with adjacent molecules (i.e. adsorption is localised). Each adsorption
site can hold one adsorbate molecule. In this way at maximum adsorption only a monolayer is

formed. Finally, all adsorption occurs through the same mechanism.
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Where:
C. = equilibrium concentration (mg/L)
ge = mass of adsorbate per unit mass of adsorbent (mg/g)
Q° = mass of adsorbate per unit mass of adsorbent at complete
surface coverage (mg/g)

K;, = Langmuir constant or affinity constant (L/mg)

The Langmuir constant provides a measure of how strongly an adsorbate molecule is attracted to
a surface. It provides insight into the initial slope (i.e. at C.= 0) of the adsorption isotherm plot.
In this manner the separation factor (Ry), originally described by Webber and Chakkravorti, can
be understood [76], [67]:

Ry = 3)

1+ KLCo
Ry indicates how favourably the solute is adsorbed from the solution.
R, >1 unfavourable adsorption
R, =1 linear adsorption
0<Rp<1 favourable adsorption

0=Ry irreversible adsorption

Taking the limit of equation (2) as C. = oo yields the adsorbent capacity Q°.

lim (QO bC, ): 0°
Ce_’w 1 + bCe
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Linear Langmuir Isotherm
Depending on the algebraic manipulation used to linearize the Langmuir model, several different

linear forms of the equation have been obtained, see Table 3 - 1. Using the Lineweaver-Burk

. : S . 1 1 .
equation, the experimental equilibrium adsorption data can be plotted as — vs —. In this manner,

de e

the slope of the graph and the y-intercept allow for determination of the parameters Q°and b. A
similar approach can be used for the determination of the parameters for the other four equations.
The results for the parameters will vary depending on the equation used. Further discussion on

variations between linear expressions is presented in Chapter 5.

Table 3 - 1: Various linear forms of the Langmuir isotherm

Linear Regression Name:

1 i _ 1 i i Lineweaver-Burk [77]
Je quL Ce dm
2 & 1 & Hanes-Wolf [77]
de quL dm
3 _ _ Qe Eadie-Hofstee [77]
de = dm
KC,
q 67
4 C_e = —Kpgqe + Kpqnm [67]
e
5 1 K 67
—— _ LAm + KL [ ]
Ce e
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3.2.3. Freundlich Isotherm

Real world adsorbents have complex surface and pore structures whose adsorptive properties are
lost during the simplifications and assumptions used to develop fundamental models. It is for this
reason that semi-empirical equations have been found to be quite useful in modeling the

adsorptive process.

The Freundlich isotherm was first proposed as an empirical model though it has been since
derived from first principles and can thus be considered semi-empirical. The assumptions used in
its derivation are that, the surface is heterogeneous and patchwise, so sites having the same
adsorption energy are grouped together in one patch. Patches are independent, with no
interactions between patches. On each patch it is assumed that the adsorbate can only adsorb
onto one adsorption site, thus following the Langmuir model for a specific patch. It is assumed

that all patches have an energy distribution that follows an exponential decay function.

1
de = K¢Cg  (4)

Where:
K¢ = empirical Freundlich constant
I/n = index of the variability of free energy of a heterogeneous

surface

To determine the saturation capacity of the adsorbent the equilibrium concentration can be made
equal to the initial system concentration. At this point no more up-take would be occurring as the

system is saturated:

1
n

dm = KeCg ()

The constants ‘K¢’ and ‘n’ are usually temperature dependent. The constant ‘n’ is an indicator of
non-linearity of the adsorption process. When ‘n’ is unity, the Freundlich equation becomes that
of a straight line. As the value of n increases the resulting plot appears increasingly rectangular.

The Freundlich equation has the problem that no upper limit to adsorption is set by the equation,
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thus it is typically only used over narrow concentration ranges. It also encounters problems at

either high or low concentrations.

The linear form of the Freundlich isotherm can be expressed as:

log(qe) = log(K) + ~log(Ce)  (6)

3.2.4. The Langmuir-Freundlich Isotherm

In order to set an upper limit to the Freundlich isotherm, Sips (1948), proposed an equation
similar to that of Langmuir but with the addition of a parameter ‘n’. When ‘n’ is unity the Sips
equation becomes the Langmuir equation. The parameter ‘n’ is typically regarded as the degree
of system heterogeneity. Thus as ‘n’ increases in magnitude the system is considered to be more

heterogeneous. The Sips equation loses accuracy with low concentration ranges.

(b Ce)'/™
9e = Am Ty (p coym (7)

Where:
b = adsorption affinity coefficient (L/mg)
¢m = maximum adsorption capacity (mg/g)
n = nonlinear index [dimensionless]
C. = equilibrium concentration (mg/L)

qe = equilibrium adsorption capacity (mg/g)
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The linear form of the Langmuir-Freundlich equation can expressed as:

In—2— =1n(C,) +In (b %) (8)

dm—de n

3.2.5. Fowler-Guggenheim Isotherm
The Fowler-Guggenheim equation is one of the simplest equations allowing for lateral

9 represents the adsorbate-

interactions between adsorbed molecules. The exponential term e~
adsorbate interactions. When ¢ < 0, there is repulsion between the adsorbate molecules and the
amount adsorbed is linearly proportional to the concentration of the solution. When ¢ > 0, co-
operative adsorption begins to take place, thus there is strong attraction between adsorbed
molecules. Under these conditions the isotherm curve begins to take a sigmoidal shape. If ¢ > 4
then a discontinuity occurs and the isotherm curve undergoes a vertical step, a complete

mathematical description of this process is provided by [78].

bC. = %exp(—c@) 9)
— Q
b = b, exp (RgT> (10)
YA
c= @ (1 1)

The Fowler-Guggenheim equation can be expressed as a linear function in the form:

In [0 = —co—1n () (12)
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3.3. Adsorption Kinetics

Adsorption kinetics is important in adsorption system design as it provides insights into the rate
of solute uptake. Thus residence or contact times for adsorption systems can be estimated, which
are essential for fixed-bed or any flow-through system design. Two distinct general approaches
have been devised to describe adsorption kinetics: adsorption reaction models and adsorption

diffusion models.

The latter approach to modeling assumes that adsorption must first undergo several distinct
steps: (i) solute transport through the bulk of solution (ii) diffusion across the liquid film around
the adsorbent; (ii1) pore diffusion or intra-particle diffusion; (iv) adsorption and desorption of
adsorbate on active sites [79]. Adsorption reaction models assume that the adsorption and
desorption on active sites are the limiting steps to the adsorption process [79]. In this work two
of the most widely used adsorption reaction models were used to model the experimental results.

Application of diffusion models was beyond the scope of this work.

3.3.1. Pseudo-First Order Model
This empirical model for liquid-solid adsorption systems was first described by Lagergren in
1898, and is still one of the most widely used kinetic models [80]. The model has since then been

derived using first principles [81]. Lagergren’s first order equation is:

d
= ki(@e— qv) (13)

Where:
ki = pseudo-first order rate constant (min™")
ge = mass of adsorbate per unit mass of adsorbent at equilibrium (mg/g)
q¢ = mass of adsorbate per unit mass of adsorbent at time t (mg/g)

t = time (min)
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Integrating equation (13) using a known integral with boundary conditions, t=0tot=tand q =

0toq=gqe

1 1
j dx = —In|ax + b|
ax +b a

ln(qe - Qt) = ln(Qe) - klt

Manipulating the above expression provides:

a(®) = ge(1 —e™) (14)

S. Azizian, derived the Lagergren equation using the classical Langmuirian model to form a
generalized approached for describing pseudo-first and pseudo-second order kinetic models [81].
To obtain the Lagergren model, Azizian, found that when the initial solute concentration was
large, the general Langmuirian model could be simplified to the Lagergren equation. This
indicates that a pseudo-first order (PFO) system may result due to large initial solute
concentration. In this derivation, it was found that the PFO rate constant, k;, is in fact a
combination of the adsorption (k,) and desorption (k4) constants. This finding implies that the
PFO rate constant is not the intrinsic adsorption rate constant — which had been reported [81].
The derivation also found that the PFO rate constant is a linear function of the initial

concentration of solute:

k; = k,Co + kq (15)
By this logic one would be able to determine k, and kg by determining k; for various initial C,.
At steady state the assumptions used to derive pseudo-first and second order kinetic models by
Azizian becomes the well-known Langmuir isotherm equation. Thus the foundations of both first

and second order kinetic models are based on the assumptions used in the Langmuir isotherm

(e.g. homogenous surface, one site occupancy, etc).
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3.3.2. Pseudo-second Order Model
The pseudo-second order (PSO) model was proposed by Blanchard et al. to describe the
adsorption kinetics of heavy metal ion removal by zeolites [82]. The empirical equation he

proposed can be written as:
9% = k,(qe — q0)? (16

Where:

k, = pseudo-second-order rate constant of sorption ( , )
mg - min

de = mass of adsorbate per unit mass of adsorbent at equilibrium
(mg/g)
g = mass of adsorbate per unit mass of adsorbent at time t (mg/g)

t = time (min)

By integrating the above equation with the boundary conditions,t=0tot=tand q=0to q=qe

the following equations can be obtained:

1
de—1q

= qi+ k.t (17)

The linear form is:

t 1 1
= Loy 18
4 Qe k2q3 (18)

Plotting t/q vs t, the slope of the line yields the value for q. while the y-axis intercept provides the

second order sorption rate constant k,. The general form for q(t) is provided below:

_ Jeqkat
A0 = deq 1oy

(19)
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Azizian found that k; is a complex function of the initial concentration of solution C,. The
derivation demonstrated that when the initial concentrations of solute were not too elevated, the
term assumed to be negligible for the pseudo-first order model could not be omitted. The

resulting system follows the pseudo-second order kinetic adsorption.
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3.4. Multi-component adsorption

Experimental data for multi component systems is difficult and tedious to obtain. It is for this
reason that many models developed rely on single compound adsorption results to approximate
multi-component adsorption behaviour [83]. Commonly used models include the Extended-

Langmuir model and the Extended Langmuir-Freundlich model.

3.4.1. The Extended-Langmuir Model

The Extended-Langmuir model maintains the assumptions used to develop the original Langmuir
model. A limitation of the Extended-Langmuir model is that it requires the single solute
adsorption to follow the Langmuir regime. The single solute adsorption constants are then used

in the multi-component Extended-Langmuir model [83].

qi = aiCj
i< 773N oo
1+ Zj=1 bjc;

(20)
Where:
c;i = concentration of the iy adsorbate in the solution (mg/L)
a; and b; = single-component liquid-phase adsorption isotherm

parameters of the iy, adsorbate (L/g)

3.4.2. The Extended Langmuir-Freundlich Model
Similarly to the extended Langmuir model the single compound Langmuir-Freundlich equation

has been extended to multi-component systems as follows:

aiC.l/ni
G=— Q1)
1+ Zj:l b]'Ci
Where:
¢i = concentration of the iy, adsorbate in the solution
[(mg/L)"]

a; and b; = single-component liquid-phase adsorption isotherm

. Ll/n mgn
parameters of the iy, adsorbate [————

]
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Chapter 4: Materials & Methods

The equilibrium and kinetic adsorption experiments for each model naphthenic acid (NA) were
first conducted. Subsequently, the multi-component adsorption of the mixture of the model NAs
was performed to determine the equilibrium and kinetics of adsorption. The following section

describes the methodology employed in this study.
4.1. Preparation of Activated Carbon

The granular activated carbon (GAC) used for the adsorption experiments was Norit ROW 0.8
SUPRA (CAS Number: 7440-44-0), purchased from Sigma-Aldrich Canada Co. (Oakville,
Ontario, Canada). Prior to use the GAC was first washed in order to remove fines and
subsequently dried. The washing was performed by using a 1 L Erlenmeyer flask and adding
approximately 2 g of GAC with 400 mL of MilliQ water. The flask was agitated for 15 min
using a MaxQ 4000 Bench-top Orbital Shaker (Thermo Scientific) set to 170 rpm, after which
the water was decanted along with any GAC that did not sink to the bottom of the flask. Two
more rinses of 45 min were performed, using 400 mL of MilliQ water. Once completed, the
water was decanted and the flask was placed in a heated oven at 110 °C for 3 hrs. After 3 hrs the
hot GAC was transferred to a glass jar, capped and placed in a desiccator. The moisture of the
dried carbon was assumed to be negligible and thus any carbon measured for the experiments

was on a dry basis.
4.2. Characterization of the Activated Carbon

A scanning electron microscope (SEM) image taken of the GAC is shown in Figure 4-1. The
particle size distribution was obtained for the washed GAC and the results are shown in
Table 4 - 1. The general characteristics of the GAC used are provided in Table 4 - 2. The values
tabulated are those provided by the manufacturer (Cabot Norit Activated Carbon).
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Table 4 - 1: Particle size distribution results for washed granular activated carbon
Particle Size Distribution

Xi0 551.63 £0.45 um

Xs0 694.32 +0.33 um

Xoo 83639 £0.11 um

Table 4 - 2: General characteristics of GAC used for adsorption stud

Iodine number 1175 -
Methylene blue adsorption 24 g/100 g
Total surface area (BET) 1300 m’/ g
Apparent density 400 kg / m’
Particle Size < 0.60mm 0.1 Mass - %
Ash content 7 Mass - %
pH Alkaline

o o o o R o o o

V) i 4
1020991 WDE 7. Omm: 5.00kVi x2§0k

Figure 4 - 1: SEM of commercial GAC used
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4.2.1. Point of Zero Charge

The point of zero charge of the GAC was determined using the pH drift method [65], [66], [70],
[71]. 50 mL of 0.1 M NaCl solution was adjusted to pH values between 3 and 11, by adding
either HCI or NaOH. Then 0.15 g GAC was added to vials with NaCl solution. The vials were
then flushed with nitrogen gas, capped, and placed in an orbital shaker at 170 rpm for 32 hrs at
room temperature (23 °C). The vials were opened and the pH values recorded, with final pH
plotted against the initial pH. The point which pHisitial = pHfinat Was taken to be the point of zero

charge.

4.3. Preparation of Naphthenic Acid Solution

The acids selected as model compounds for this investigation were 2-naphthoic acid,

diphenylacetic acid, and 1,4-cyclohexanedicarboxylic acid. Relevant chemical information is

presented in Table 4 - 3.

Table 4 - 3: Model compounds used for both single and multi-component experiments

Formula: : : Structure:
2-Naphthoic acid C1Hz0O, 172

(@]
Purchased from: VWR 420" OH

CAS Registry No: 93-09-04

Diphenylacetic acid C4H,0, 212 4.72* O 0
Purchased from: Sigma-Aldrich OH
CAS Registry No: 117-34-0 O
1,4-Cyclohexanedicarboxylic acid CsH 1,04 172 1)3.54 (0)3 o}
Purchased from: VWR 2) 4.46 (-1)° HO“/O)LOH
CAS Registry No: 1076-97-7 o

3. Value obtained from Lange’s Handbook of Chemistry [49].

4. Value obtained from SciFinder online chemical data base.
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4.3.1. NA Solution Preparation

The model acids purchased were all in crystal form. No studies citing the solubility of the three
model NAs used were found. Solubility values were obtained from Sci-finder, which uses a
predictive algorithm to estimate compound solubility based on molecular structure. The

predicted solubility for each model compound is provided in Table 4 - 4.

Table 4 - 4: Model compound solubility as reported by Sci-finder

Model Compound Predicted Solubility (g/L)
1,4-Cyclohexanedicarboxylic acid 28
2-Naphthoic acid 0.26
Diphenylacetic acid 0.28

The predicted solubility values conflicted with the experimental trials for 2-naphthoic acid. It
was found that solutions with concentrations greater than 50 mg/L resulted in solute re-
crystallization upon cooling during preparation. Diphenylacetic acid and 1,4-
cyclohexanedicarboxylic acid had no observable re-crystallization with solutions of up-to 100
mg/L. Selecting the least soluble compound as the reference, the initial concentration used for
the single compound solutions investigated was 40 mg/L. To make the acid solutions, the
appropriate amount of acid was first weighed with a Metrohm Toledo AB304-S/FACT, and
subsequently transferred to a volumetric flask. The flask was partially filled with MilliQ water
and the solution was left over 48 hrs to stir on a hot plate at 70 °C. Thereafter, the solution was
allowed to stir for another 24 hrs after which MilliQ water was added to make the desired

concentration.

4.3.2. Multi-Component Solution Preparation

For the multi-component solutions, made from the three NAs, the concentration of each NA was
40 mg/L. In this manner the total NA concentration of the solution was 120 mg/L. The same
protocol to make the solutions was used for the multi-component mixture as that described for

single component solutions.
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4.4. Batch Adsorption Experiments

Batch adsorption experiments were carried out using a MaxQ 4000 Bench-top Orbital Shaker
(Thermo Scientific). The unit was operated at room temperature (23 °C) and 170 rpm. The
experiments were carried out using 500 mL Erlenmeyer flasks, filled with 175 mL of solution.
The volume of the solutions used for the adsorption studies were held fixed in order to ensure
that no variation in agitation, or carbon loading to solution ratio occurred. All adsorption studies

were carried out in duplicates, whose values were averaged and subsequently analyzed.

The rpm was selected by measuring the adsorption rate during the transient stage of adsorption.
If the adsorption was limited by poor mixing then it was expected to increase with rpm.
However, the inverse was observed, with adsorption rates decreasing at elevated values of rpm.
This may be the result of vortexing, with most of the GAC being concentrated in the center of
the vortex, while the bulk of the fluid was at the outer rim of the flask. Based on these
preliminary tests an rpm of 170 was selected. Preliminary adsorption experiments concluded that
equilibrium was reached within 48 hrs. This duration was used for all subsequent adsorption
experiments. For the kinetics adsorption experiments, ten samples of 1 mL were taken at 5 min,
15 min, 30 min, 1 hr, 2 hr, 4 hr, 6 hr, 8 hr, 24 hr, and 48 hr. With a 175 mL sample this
represented a reduction in volume of less than 6 % and was deemed acceptable. Samples for both
kinetic and isotherm experiments were taken by first pipetting 1 mL from the Erlenmeyer flasks

and then filtering them using a 0.45 pm nylon syringe filter.

4.5. NAs Analysis

A UV-VIS-NIR spectrophotometer, Shimadzu UV-3600, was used to scan over the UV-VIS
range to determine the spectral absorption profile for the NA. Two Starna Far UV Quartz Cells
(Mandel Scientific Company Inc.) of 3.5 mL were used. The UV spectral profile of 2-naphthoic
acid and diphenylacetic acid showed a peak for the carboxyl moiety and a triple peak for the
benzene rings. The profile obtained is similar to that found by [84], for 2-naphthoic acid. The
maximum peak for the benzene moiety was found to occur at 280 nm, while that for the carboxyl

moiety occurred at 188 nm. The maximum UV absorbance values for each moiety (benzene and
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carboxyl) were used to set-up the UV-VIS detector of the high-performance liquid
chromatography (HPLC) system.

4.6. HPLC System

A Dionex ICS-3000 was used in an isocratic HPLC configuration to detect the model acids
selected for the experiment using an Acclaim Fast LC Column 120 C18, 3 x 75 mm. The mobile
phase used was an acetonitrile (ACN) water mixture. For 2-naphthoic acid and diphenylacetic
acids the mobile phase was 60% ACN and 40% H,O (MilliQ). For 1,4-cyclohexane dicarboxylic
acid the mobile phase used was 47% ACN and 53% H,0O (MilliQ).

The mobile phase was prepared in a 2 L volumetric flask, and was acidified with sulphuric acid
to pH 2.15, which was above the minimum recommended pH for the C18 column. Acidification
of the mobile phase was performed in order to ensure that the acids were in molecular form
during analysis. For the acidification, the mobile phase was stirred in a 2 L beaker and sulphuric
acid was slowly added until the pH was 2.15. The pH was measured using an Orion Star A111
pH bench-top meter = 0.01 pH. The mobile phase was then filtered using a vacuum filtration
apparatus with a 0.20 um, 47 mm polytetrafluoroethylene (PTFE) disk filter. Filtration was

performed to remove any insoluble contaminants that may be present within the sulfuric acid.

Prior to any analysis the HPLC system was initialized and allowed to equilibrate for 60 min or
until the baseline was stable. Upon completion of an analysis the column was rinsed with 20%
ACN water solution in order to wash out the acidic mobile phase which could deteriorate the

column over long exposure.
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Chapter 5: Results and Discussion

The first half of this chapter presents the single compound isotherm results, section 5.1.,
followed by the single component kinetics, section 5.2. The second half presents multi-
component adsorption isotherms and kinetics, in sections 5.3 and 5.4, respectively. Two sets of
experiments conducted in triplicates were first performed to determine the maximum error. The
experiments were performed for 2-naphthoic acid at pH 7 and 8 for which the maximum error
was found to be less than 5 %. All the adsorption results presented in this chapter are average

values obtained from experiments carried out in duplicates with errors less than 5%.
5.1. Single Compound Adsorption

The typical concentration vs time plots for the adsorption of model naphthenic acids at pH 4 are
shown in Figure 5 - 1. The percentage removal increased with carbon dosage as shown in
Table 5 - 1. The maximum percentage removal occurred within the first 8 hrs (480 min) and
steadily declined until quasi-equilibrium was reached at 48 hrs (2880 min). Based on the
percentage removal for 57 mg/L carbon loading, the relative affinity of the model compounds to
the GAC was: 1,4-cylohexanedicarboxylic acid (70 %) > 2-naphthoic acid (50 %) >
diphenlyacetic acid (25 %). The carbon loading for each compound varied within the range of 50

mg/L - 600 mg/L.

Table S - 1: Typical removal rates for model compounds at pH 4
2-Naphthoic Acid

% Removal: Carbon Load:
50 57 mg/L
25 57 mg/L

1,4-Cyclohexanedicarboxylic Acid

% Removal: Carbon Load:
70 57 mg/L
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The adsorption isotherm data for the single solute adsorption experiments was fitted using
nonlinear regression methods in MatLab. More specifically the curve fitting toolbox was used,
accessed through the command line by entering: cftool. The model parameters for 2-naphthoic
acid were initially determined using the linearized equations for the adsorption models described
in Chapter 3. The model parameters obtained in this manner did not fit the experimental data
better than those obtained by using MatLab. Linear regression was thus not used for further

isotherm model fitting.

It must be noted that the need to linearized equations was once very important before the advent
of computers. With today’s powerful computational programs (i.e. MatLab, Excel, SigmaPlot,
etc) there is no need to use linearized models as nonlinear regression algorithms can easily be
employed [85]. Multiple linear forms of a single adsorption model can be obtained through
algebraic manipulation [67], [77]. Linearized adsorption models have been found to distort error
and lead to differing results during the determination of the unknown model parameters [67],
[77], [86]. Since distortions can vary depending on the form of the linear equation being used, it
would appear that linearized models should no longer be employed for adsorption studies,

though this is not the case today.

In order to determine the closeness to which an adsorption model represented the experimental
data, appropriate error functions were used. These functions are presented in Table 5 - 2 below.
Multiple error functions have been used to analyze adsorption data, though no standardized error

analysis has been developed [75]-[77], [85].
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Figure 5 - 1: Typical concentration vs. time plots for: a) 2-naphthoic acid; b) diphenylacetic acid; c)
1,4-cyclohexanedicarboxylic acid
Figure legend entries within parenthesis, (#1-#2), indicate experimental conditions with #1 referring to the pH and

#2 to the weight of carbon added to the 175 mL samples prepared. Thus, (4-10) indicates initial pH of 4 and 10 mg

of GAC/175mL solution, resulting in a carbon loading of 57 mg/L.
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Table 5 - 2: Error functions used to compare experimental data to theoretical adsorption models

Error Function: Abbreviation: Expression:
- VT 2 2
Coefficient of determination R ~ SSE _ ) Z?(ymeasured,i _ yﬁt’i)
—=1- : —
SSyy Z;(Ymeasured,i - y)
Sum of the squared errors SSE It )
2 (Qe,calc - Qe,meas)i
i=1
. -- 2 n 2
Nonlinear chi-square test X z (Qe,calc _ Qe,meas)
= Gemeas
=1 L

The simplest used measure of the goodness of fit is the sum of the square error (SSE), which
determines the square of the error between a given data point and its corresponding theoretical
value. Another error function commonly used is the nonlinear Chi-square test. For both the SSE
and Chi-squared error functions, a best fit is one that results in zero, or a value that approaches
zero. If SSE and Chi-squared values resulted in conflicting best fitting models, then the SSE was

selected as the indicative error function.

The values for the coefficient of determination (R?) have been calculated as this is the most
commonly used coefficient for determination of the goodness of fit. The coefficient of
determination may be biased when applied to nonlinear functions. SSy, represents the total
variation in y and thus the squared error from the mean of the data set. The term SSE/SS,, can be
understood as the percentage that the model fails to describe the said data set. Since the mean of
can be biased towards an extreme of the data, the errors resulting from the difference can fail to
accurately represent the fit of the model to the data. Values for the coefficient of determination
vary from O to 1, with 1 being an exact fit between the model and the data set. The model
parameters and the resulting error functions obtained for single compound isotherm experiments

are presented in Table 5 - 3 to Table 5 - 5.



Table 5 - 3: 2-Naphthoic acid Langmuir, Freundlich and Langmuir-Freundlich adsorption model parameters
2-Naphthoic Acid
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Langmuir Freundlich Langmuir-Freundlich
pH | K. Qm R? SSE  x? Ky n R’ SSE 2 K, n Qm R? SSE x?
4 1.53 3229 09084 8131 56.71 | 163.30 4.42 09663 2330 10.15 | 4.26E-1 2.65 567.6 0.9735 1825 8.34
7 4.37 181.7 0.8190 3009 23.69 | 11570 635 09724 431 2.32 3.99E-1 451 410.8 0.9705 619 3.11
8 3.29 156.7 0.6418 3792  31.77 95.76 5.80  0.9202 841 7.60 3.19E-1 1.80 259.8 0.9065 4996 55.77
9 3.52 148.1  0.6179 2449 19.52 87.44 5.09  0.9486 336 3.42 2.49E-1 192 297.1 0.9404 2027 26.24
Table 5 - 4: Diphenylacetic acid Langmuir, Freundlich and Langmuir-Freundlich adsorption model parameters

pH

o 0 I A

Ky
0.13
0.95
1.99
1.04

Langmuir
Qm R’ SSE
3923 09142 2190
148.7  0.6546 585
131.9 04738 1206
144.0  0.6247 1182

XZ

9.33
4.06
10.74
9.71

Ky
99.30
100.10
87.75
85.07

Freundlich
n R’ SSE
2.97 0.8533 3733
9.38 0.8475 348
7.22 0.7887 483
5.96 0.8694 406

XZ

16.16
2.19
4.45
3.34

K,
3.98E-2
2.30E-3
4.88E-3
3.34E-3

Langmuir-Freundlich

n Im R SSE
0.56 3282 09362 1617
7.23 40910  0.8531 248
8.48 19910 0.7826 734
6.75 26850  0.8656 440

Table 5 - 5: 1,4-Cyclohexanedicarboxylic acid Langmuir, Freundlich and Lang

muir-Freundlich adsorption model parameters

1,4-Cyclohexanedicarboxylic Acid

Langmuir
Ky qm R’ SSE
5.18E-2 7872 0.5458 31984
* * * *
* * * *
* * * *

XZ

95.48

Ky
77.32

Freundlich
n R SSE
1.85 0.4954 35130
* * *
* * *
* * *

XZ

104.37

K
1.34E-7
*

*

*

Langmuir-Freundlich

n dm R’
0.14 452.6  0.8793
* * *

* * *

* * *

SSE
8411

XZ

23.82

* Models investigated were unable to converge or provide meaningful fitting for the experimental data obtained due to insufficient data points.
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Table 5 - 6: Models that provided the best fit for isotherm adsorption experiments
1,4-Cyclohexanedicarboxylic

2-Naphthoic Acid Diphenylacetic Acid Acid
pH Best fit model: Best fit model: Best fit model:
4 Langmuir-Freundlich Langmuir-Freundlich Langmuir-Freundlich
7 Freundlich Langmuir-Freundlich No fit
8 Freundlich Freundlich No fit
9 Freundlich Freundlich No fit

By analysing the values of the error functions obtained for the adsorption studies it was found
that the Langmuir model failed to accurately fit the data. Only for the solution pH of 4 did the
Langmuir model provide a reasonable fit. This was not surprising as the model assumes a
homogenous surface. Since activated carbon has a heterogeneous surface it was expected that the
results favour either the Freundlich or Langmuir-Freundlich isothermal models. None of the
three models provided acceptable fits for 1,4-cyclohexanedicarboxylic acid for pH other than
four. The models resulting in a best fit for 2-naphthoic acid and diphenylacetic acid at each pH

are presented in Table 5 - 6.

The adsorbent saturation capacity, q,, (mg adsorbed/g adsorbent), was calculated and tabulated in
Table 5 - 7 and Table 5 - 8 for 2-naphthoic acid and diphenylacetic acid, respectively. The values
in bold correspond to the saturation capacity of the best fit model for the respective experiment.
Though no values for the saturation capacity were obtained for pH’s other than 4, for 1,4-
cyclohexanedicarboxylic acid, it is interesting to note that the values of q. measured were larger
than the values of g, obtained for both 2-naphthoic acid and diphenylacetic acid. Indicating that
the saturation capacity of 1,4-cyclohexanedicarboxylic acid is most likely larger than those of the
other two model compounds studied. With two carboxylic acid groups, 1,4-

cycloheanedicarboxylic acid exhibited better affinity toward basic activated carbon surface.

For diphenylacetic acid, the values obtained for g, for the Langmuir-Freundlich model were

typically too large to be physically representative of the saturation capacity of the adsorbent.
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This can indicate that the Langmuir-Freundlich model parameter g, was not a physically
representative value of the adsorbent capacity but simply an empirical constant used to fit data.

In Table 5 - 7 and Table 5 - 8 the values presented for the Langmuir-Freundlich model are the
values of g, at C. = C, (40 mg/L). These values are tshus assumed to be the saturation capacity,
Qm- Similarly the value of q. for the Freundlich model was determined at C. = C, to obtain gy, —

refer to Chapter 3 Freundlich model.

The marked reduction in g, as a function of increasing pH for both 2-naphthoic acid and
diphenylacetic acid is shown in Figure 5 - 2. Both compounds approach an asymptotic minimum
where their adsorption capacity drops by 50 % from its maximum at pH 4. 2-Naphthoic acid
from a maximum of 357 mg/g to 180 mg/g, and diphenylacetic acid went from a high of
318 mg/g to 158 mg/g. Similar reductions in adsorbent capacities with increased pH have been
found with other organic compounds [65], [66], [69], [71]. Additionally it has been reported that
if acidification of OSPW was not performed the effective adsorption of naphthenic acids on
activated carbon decreased [15]. 2-Naphthoic acid showed a higher adsorption capacity
compared to diphenylacetic acid. It is interesting to note that the overall percentage drop with
increasing pH was the same for both compounds. Both compounds with one carboxyl moiety and

similar pK4 values, showed similar performance with pH variation.

The reduction in adsorptive capacity with increasing pH may be explained by the surface charge
of the activated carbon. The carbon used was basic and had a point of zero charge of
approximately 9.7 (as shown in Figure 5 - 3). At pH < pH,,, the net surface charge of activated
carbon is positive while for pH > pH,,. the surface charge is negative [87]. It is believed that the
dissociated acids have a preferential attraction to the positively charged surface, and hence better

adsorption capacity at low pH.
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Table S - 7: Saturation capacity q,, of 2-naphthoic acid
2-Naphthoic Acid

Langmuir | Freundlich | Langmuir-Freundlich
pH Qm Qm qm
4 323 376 358
7 182 207 195
8 157 181 185
9 138 180 187

Table 5 - 8: Saturation capacity q,, of diphenylacetic acid

Diphenylacetic Acid ‘
Langmuir | Freundlich Langmuir-Freundlich
pH Im qm Um
4 392 344 318
7 149 148 156
8 132 146 149
9 144 158 154

From the isotherm plots of 2-naphthoic acid (Figure 5 - 4), we see that the initial slope is very
high. The adsorption isotherms of this nature fall within the H isotherm category as defined by
Giles et al [72], [74]. For diphenylacetic acid (Figure 5 - 5), it can be seen that at pH 4 the
adsorption isotherm is similar to the L-class. As the pH is increased the isotherm becomes H-
class. The isotherms for 1,4-cyclohexanedicarboxylic acid (Figure 5 - 6) appear to be S-class
which can have significant vertical portions where adsorption capacity is increased with
increasing surface coverage. Only at pH 4 and 8, the plots appear to begin to reach a steady value
for g.. The lack of data over a wide range of equilibrium concentrations makes it difficult to
clearly analyze the results, though we can preliminarily predict that cooperative adsorption,
typically denoted by a sudden increase in qe, is taking place. It is similar to the Langmuir-
Freundlich model that was fitted for the data at pH 4. The apparent vertical portion of the graphs
suggest that the isotherms adheres best to the Fowler-Guggenheim model which exhibits a

vertical discontinuity and includes lateral adsorbate interactions [78].
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The importance of comparing isotherm profiles and their classifications is that they dictate the
capacity of the adsorbent at varying equilibrium concentrations. If a process requires the removal
of a contaminant to low levels then it is best that the adsorbent follow an H-class isotherm profile
where it has a relatively high capacity at low concentrations. The S-class profile shown for 1,4-
cylclohexanedicaboxylic acid though showing high values of equilibrium capacity at elevated
equilibrium concentrations showed little removal for lower concentrations. This may be a

problem if low concentration of the acid is needed for detoxification of process waters.

Since it was found that adsorption capacity was sensitive to pH, it must be noted that a limitation
of this work was the experimental method used for batch adsorption which did not actively
control the pH. The pH was only adjusted prior to the onset of adsorption, thus fluctuations due
to acid adsorption, ion exchange with the activated carbon, and CO, diffusion into the system
were not accounted for. The maximum and minimum values measured for pH at the completion

of the isotherm experiments are presented in Table 5 - 9.

Table 5 - 9: Final equilibrium pH for the isotherm experiments, showing maximum and minimum
pH values obtained

4 4.19-6.81 4.12 -6.39 4.11 -4.48

7 7.32-8.15 7.01 -7.64 7.12-7.75
8 7.52-9.07 7.30-7.97 7.38 —7.95
9 7.68 -9.21 7-39 —8.25 7.26 -7.87
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Figure 5 - 4: 2-Naphthoic acid adsorption isotherm results: a) pH 4; b) pH 7; ¢) pH 8; d) pH 9
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5.2. Single Compound Kinetic Results

As shown in Table 5 - 10, Table 5 - 12 and Table 5 - 14, both PFO and PSO kinetic models
provided good fits under different experimental conditions for the three NAs. For a description
of both models refer to Chapter 3. The analysis of the data will be limited to a comparative study
of the changes in the response time resulting from changes in experimental conditions and
compounds. To appropriately quantify the system response, the time constant (7), a measure of
the time a first-order system takes to reach 63.2 % (q¢/q.) of the final steady state response, was
determined. The half-time (tso), time for the system to reach 50 % of the steady state response,
was also calculated as a comparative parameter to other adsorption studies. The time constant
was preferred as it is widely used in numerous kinetic processes in chemical engineering to

provide insight into the response time of first-order systems.

5.2.1. 2-Naphthoic Acid Kinetic Results

A compilation of the parameters of the PFO and PSO models along with the results of the three
error functions, for 2-naphthoic acid, are presented in Table 5 - 10. From these results it is
observed that both PFO and PSO models fit the data well under the different experimental
conditions. The best fitting model for each experiment and its corresponding response time is
presented in Table 5 - 11. Graphs of the experimental data and resulting PFO and PSO fitted

curves are shown in Figure 5 - 7.
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Table 5 - 10: Summary of the kinetic modeling using pseudo-first order and pseudo-second order

CL*
434
142

57

428
142
57

428
142
57

428
142
57

kq
7.69E-3
2.27E-3
1.24E-3

4.22E-3
1.65E-3
1.32E-3

4.21E-3
1.88E-3
1.37E-3

5.00E-3
1.76E-3
8.03E-4

models for 2-Naphthoic acid

2-Naphthoic Acid

Pseudo-First Order (PFO)

qe
90.34
251.79
290.30

92.49
186.00
179.82

92.13
161.00
187.00

91.48
157.2
207.2

Rz
0.9989
0.9966
0.9890

0.9979
0.9954
0.9776

0.9984
0.9956
0.9877

0.9977
0.9980
0.9873

SSE

15.45
324.04
2019.38

52.61
221.25
1078.09

31.89
154.85
690.34

50.59
66.68
681.80

2

X
0.47

19.5
10.05

2.36
4.79
20.90

1.71
57.00
111.80

2.38
12.26
7.40

Pseudo-Second Order (PSO)
Kk, qe R* SSE  y?2
9.99E-5 100.40 0.9917 143.98 5.90

9.17E-6  290.30 0.9990 116.01 36.81
2.00E-6  471.30 0.9929 991.45 7.46

5.15E-5 105.50 0.9956  72.00 1.73
7.82E-6  222.41 09921 351.00 3.03
4.74E-6  234.70 0.9882 598.80 19.86

4.74E-5 106.80 0.9957  75.98 2.48
9.71E-6  195.80 0.9986 5272  82.57
5.38E-6  228.70 0.9941 255.01 128.60

5.79E-5 10430 0.9965 54.73 0.70
893E-6 191.08 0.9974 126.75 18.54
1.85E-6 29540 0.9911 369.40 4.64

*CL = carbon load (mg/L)




Table 5 - 11: 2-Naphthoic acid Kkinetic data and best fit used
2-Naphthoic Acid

pH CL* tso T qe qQm 9= de Best Fit:
qm
4 434 90 129 90 357.9 0.25 PFO
4 142 300 481 258 357.9 0.72 PSO
4 57 610 905 344 357.9 0.96 PSO
7 428 165 235 92 206.8 0.44 PFO
7 142 415 596 184 206.8 0.89 PFO
7 57 560 875 180 206.8 0.87 PSO
8 428 165 236 92 180.8 0.51 PFO
8 142 385 600 165 180.8 0.91 PSO
8 57 520 810 178 180.8 0.98 PSO
9 428 140 198 91 180.5 0.50 PFO
9 142 390 562 156 180.5 0.86 PFO
9 57 800 1144 180 180.5 0.99 PSO

*CL = carbon load (mg/L)
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Figure 5 - 7: 2-naphthoic acid kinetic adsorption results for various pH’s; a) pH 4; b) pH 7; ¢) pH

8;d)pH9
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From Figure 5 - 8 it is apparent that the time constant of 2-naphthoic acid is relatively insensitive
to changes in pH but is extremely sensitive to changes in carbon loading. This implies that initial
rate of adsorption for 2-naphthoic acid is very similar at all pH, under fixed carbon loading. The
increase in time constant at higher surface coverage is expected from kinetic theory since the rate

of desorption is typically a function of surface coverage fraction (8).

Vg = kde (22)

Where:
vy = desorption rate
ky = desorption rate constant

6 = surface coverage fraction

Since lower carbon dosages have less available surface area and thus less active adsorption sites,
the effect of desorption becomes significant at an earlier stage of adsorption. The ratio of vacant
sites to occupied sites is a measure of the driving force for adsorption; as the surface coverage
fraction approaches 1 the adsorbent reaches saturation. Figure 5 - 9 illustrates that the time
constant is a function of surface coverage and increases with surface coverage following an
exponential function. Note that the values for g used to determine the value of 6 were those
obtained from the experimental isotherm studies, and the numerical values for the data plotted in

Figure 5 - 9 are also presented in Table 5 - 11.
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Figure 5 - 9: 2-Naphthoic acid time constant vs. surface coverage fraction — four data sets fitted

with single exponential function



5.2.2. Diphenylacetic Acid Kinetic Results
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Similarly as with 2-napthoic acid both kinetic models investigated provided good fit for all

conditions. Diphenylacetic acid is overall more accurately described by the PSO than PFO as is

shown in Table 5 - 13. The graphical results for the kinetic experiments and two kinetic models is

show in Figure 5 - 12.
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Figure 5 - 10: Diphenylacetic acid time constant vs. pH
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Figure 5 - 11: Time constant vs surface coverage fraction



62

It is interesting to note the difference between Figure 5 - 10 and Figure 5 - 8. From these it is
observed that the time constant of diphenylacetic acid is clearly sensitive to changes in system
pH. This is contrary to what was observed for 2-naphthoic acid. It is noted that in Figure 5 - 10
the carbon loading for 428 mg/L carbon had only three data points. The missing point, the value
at pH 4, was not obtained as the equilibrium concentration for such elevated loading was below
detection levels. There is also an interesting change in how the time constant varies as a function
of the surface coverage fraction. While for 2-naphthoic acid the relationship was clearly
exponential, the one for diphenylacetic acid was more linear. The difference in how the time
constant of diphenylacetic acid behaved as a function of the surface coverage fraction and pH, as
compared to 2-naphthoic acid may indicate a significant difference in the adsorption mechanisms

of these two compounds.

From Figure 5 - 12 plots b, ¢, and d, it is observed that the lower activated carbon loading
experiments, 228 mg/L and 114 mg/L, showed a less distinguishable plateau at 48 hrs. This
indicated that the experiment duration was insufficiently long as to allow the system to reach
equilibrium for lower carbon loadings as the time constant increased. From these graphs we see
that the PSO model is best able to approach these values where a plateau has yet to be clearly
defined. The PFO model tends to underestimates the adsorption. A similar observation can be
made for the kinetic results of 2-naphthoic acid (Figure 5 - 7) where the lower two carbon
loadings (143 mg/L and 57 mg/L) did not reach explicit plateaus. In the case of 2-naphthoic acid
the PFO model was able to effectively fit lower carbon loadings, which was not the case for

diphenylacetic acid.

Note that the determination that 48 hrs was an appropriate duration for the experiments to reach
steady state, was based on preliminary experiments with relatively high carbon loadings. As was
observed, decreasing carbon loads, resulted in increased time constants. The determination of the
run time needed to reach steady state should have been performed using the minimum carbon

loading experimentally required.



q, (mg adsorbed/g adsorbent)

q, {(mg adsorbed/g adsorbent)

63

400

160

140 - ]

300 - -

q, (Mg adsorbed/g adsorbent)

1] T T T

T T T 0% . . . : : :
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time (min) Time (min)
———— Pseudo-First Order (4-40) A Adsorption Data (7-60}
— — - Pseudo-Second Order (4-40) [} Adsorption Data (7-40)
—--—-  Pseudo-First Order (4-20) v Adsorption Data (7-20)
——— Pseudo-Second Order{4-20 | = |—m——m—————————- Pseudo-First Order (7-60)
—-—-— Pseudo-First Order¢-10) | | ——————— Pseudo-Second Order (7-60)
Pseudo-Second Order (4-10) Pseudo-First Order (7-40)
£ Adsorption Data (4-10}) Pseudo-Second Order (7-40)
L Adsorption Data (4-20}) Pseudo-First Order (7-20)
v Adsorption Data (4-40) Pseudo-Second Order (7-20)
a) b)
160 160
140 A i, S 140 -
H
120 A 8 120 4
A
100 4 T 100 A
2
50 4 ° a0 -
8
[=]
80 - £ 60
L]
o
40 E 40 -
o
20 20
0 v i} i ! y ) 0 ! T T T T T T
1} 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time (min) Time (min)
£ Adsorption Data (8-70) — — — - Pseudo-First Order (9-70)
o Adsomption Data (8-40) | oo Pseudo-Second Order (9-70)
v Adsorption Data (8-20) ———  Pseudo-First Order (9-40)
****** Pseudo-First Order (8-70) ————- Pseudo-Second Order (9-40)
== Pseudc—s_eccnd Order (8-70) S Pseudo-First Order (9-20)
sy Pseudo-First Order (8-40) | | ... Pseudo-Second Order (9-20)
—— Pseudo-Second Order (8-40) v Diphenylacetic Acid (9-70)
SRERREEED Pseudo-First Order (8-20) . Diphenylacetic Acid (9-40)
~—-—  Pseudo-Second Order (8-20) A Diphenylacetic Acid (9-20)
©) d)

Figure 5 - 12: Diphenylacetic acid kinetic adsorption results for various pH’s; a) pH 4; b) pH 7; ¢)
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Table S - 12: Diphenylacetic acid summary of the kinetic fitting results for pseudo-first order and

pseudo-second order models
Diphenylacetic Acid
Pseudo-First Order (PFO) Pseudo-Second Order (PSO)
pH | CL* Kk qe R’ SSE x? k» qe R’ SSE  y2

4 228 3.61E-3 139.60 09973  182.34 3.89 2.78E-5 15890 0.9999  15.57 2.56
4 114 1.68E-3 220.72 09955 603.76  26.53 7.16E-6  261.35 0.9990 14232 38.77
4 57 8.93E-4 359.40 0.9988 45485 193.59 | 1.34E-6  509.69 0.9981 731.96 226.86

7 342 2.38E-3 105.00  0.9990 48.98 547 2.01E-5 128.63 0.9984  92.94 6.96
228 1.74E-3 10690 09612 1134.52 27.89 9.94E-6 14530 09839 505.61 26.04
7 114 1.67E-3 116.50 09750  742.92 9.10 8.54E-6 160.00 0.9916 244.00 4.46

8 400 2.29E-3 9233  0.9959 149.74 6.62 2.40E-5 109.50 0.9983  50.40 1.96
228 2.16E-3 112.40 09898  608.12 9.96 1.09E-5 156.90 0.9958  98.59 4.69
8 114 1.78E-3 117.50 09902  625.10 10.12 7.49E-6 172.40 09980 117.74  5.64

9 400 2.74E-3 92.18  0.9962  148.17 6.67 2.93E-5 107.8  0.9991  31.89 1.74
9 228 2.08E-3 111.00 09892 63550  10.53 1.02E-5 157.5 0.9982 108.35  5.22
9 114 1.89E-3 123.2  0.9891 801.89  12.75 7.36E-6 1823  0.9984 11429 7.86

*CL = carbon load (mg/L)




Table S - 13: Diphenylacetic acid kinetic adsorption data and best fit used along with fitting

method.
Diphenylacetic Acid
qe Kinetic
pH | CL* tso T q q 0=—

¢ " m Model:
4 228 195 319 147 332 0.44 PSO
4 114 390 608 220 332 0.66 PSO
4 57 695 982 332 332 1 PFO
7 342 290 421 105 156 0.67 PFO
7 228 455 717 117 156 0.75 PSO
114 490 749 128 156 0.82 PSO
8 400 300 490 97 146.3 0.66 PSO
8 228 415 644 130 146.3 0.89 PSO
8 114 505 688 136 146.3 0.93 PSO
9 400 260 420 97 158 0.61 PSO
9 228 435 675 129 158 0.81 PSO
9 114 490 751 145 158 0.92 PSO

*CL = carbon load (mg/L)
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5.2.3. 1,4-Cyclohexanedicarboxylic Acid Kinetic Results

Both kinetic models investigated provided good fits for all conditions as can be seen in
Table 5 - 14. The graphical results for the kinetic experiments are show in Figure 5 - 14, along
with the curve fits of PFO and PSO. Since insufficient data was collected for the isotherms of
this compound a comparison of the change in time constant as a function of surface coverage
fraction was impossible, as the values for the saturation capacity were unknown. Figure 5 - 13,
illustrates the change in time constant with pH. It would appear that different carbon loads
respond quite differently with changes in pH. This can be seen in the divergence in time
constants for carbon loadings 57 mg/L and 114 mg/L. It would be expected that the time constant
would either increase or not change with pH. Instead, the time constant for the carbon loading of
57 mg/L decreased, while for 114 mg/L it increased. This is in contrast to 2-naphthoic acid
which showed that the time constant was relatively insensitive to changes in pH. Interestingly the
time constants for carbon loads 57 mg/L and 114 mg/L converge towards a similar value at pH 9.
Indicating that for elevated pH the system response appears to become insensitive to carbon
loading. Additionally the values obtained for the time constant for pH 9 indicate a reduction in
response time, which can also be seen from Figure 5 - 14, d). The spike in time constant for pH
of 8 for carbon loading of 57 mg/L was in reality much larger than recorded. This is seen in
Figure 5 - 14, c¢), were the values for (8-10) are not even beginning to flatten out and approach a
constant. For the calculations the final measured value was recorded as the steady state q., which
graphically appears to be underestimated which would thus indicate that the resulting time
constant was much larger as well. A significant slowing down of adsorption was thus observed at

pH 8.
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Figure 5 - 14: 1,4-Cyclohexanedicarboxylic acid kinetic adsorption results for various pH’s; a) pH

4; b) pH 7; ¢) pH 8; d) pH 9
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Table S - 14: 1,4-Cyclohexanedicarboxylic acid summary of the Kinetic fitting results for pseudo-

pH

CL*
114
57

171
114
57

171
114
57

114
57

K,
3.83E-3
1.45E-3

2.57E-3
9.07E-4
1.71E-3

2.20E-3
7.17E-4
1.53E-4

4.87E-3
9.22E-3

first order and pseudo-second order models

1,4-Cyclohexanedicarboxylic Acid

Pseudo-First Order
qe R’
238.50 0.9895
478.88 0.9922

167.60  0.9576
218.00  0.9957
477.80  0.9966

131.90  0.9929
243.90  0.9753
852.70  0.9601

191.10  0.8269
33430  0.8598

SSE
1326
2767

1768
347
1069

274
1757
5175

12363
29384

Pseudo-Second Order

K,
1.394E-5
2.561E-6

1.431E-5
2.461E-6
3.088E-6

1.198E-5
1.307E-6
7.173E-8

3.226E-5
3.338E-5

qe
290.00
586.80

195.10
299.80
568.20

161.60
370.80
13760

210.00
375.00

Rz
0.9955
0.9973

0.9576
0.9961
0.9943

0.9860
0.9689
0.9710

0.8476
0.9069

SSE
441
783.37

1754
271
1991

482
2089
3559

9701
18075

*CL = carbon load (mg/L)
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Table S - 15: 1,4-Cyclohexanedicarboxylic acid kinetic adsorption data and best fit used along with

fitting method
1,4-Cyclohexanedicarboxylic Acid

pH

CL*

114
57

171
114
57

171
114
57

114
57

tso

210
455

288
700
402

345
800
1048

134
75

T

344
700

463
1022
578

500
1120
1427

223
128

qe

267
476

174
204
474

132
213
312

200
365

m

453

6=

Am
0.589

Kinetic
Model:

PSO
PSO

PSO
PSO
PFO

PFO
PFO
PSO

PSO
PSO

*CL = carbon load (mg/L)
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5.3. Multi-component Isotherm Results

Typical concentrations vs. time plots for the adsorption of naphthenic acids from the multi-
component solution are shown in Figure 5 - 15. Similar to the single compound adsorption plot
the majority of removal occurred within the first 8 hrs. Additionally it is observed that the
affinity to the activated carbon in increasing order was: 2-naphthoic acid > diphenylacetic acid >
1,4-cyclohexanedicarboxylic acid regardless of pH. The order follows well the increase in
solubility of these compounds (Table 4 - 4), with the most soluble compound having the smallest

affinity to the GAC.

The multi-component adsorption isotherms for the three selected NAs in solution are presented
in Figure 5 - 16 to Figure 5 - 18, and Figure 5 - 19. Each figure provides the isotherm results at a
specified pH and compares the results of multi-component isotherm to those of single compound.
The change in adsorbent saturation capacity () under multi-component and single component
adsorption is summarised in Table 5 - 16 and illustrated by Figure 5 - 21, for 2-naphthoic acid and
diphenylacetic acid.
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Figure 5 - 15: Multi-component adsorption concentration vs time for 400 mg/L; a) pH 4; b) pH 7; ¢)

pHS8;d)pH9



73

5.3.1. Multi-component Isotherm — pH 4

In Figure 5 - 16, 2-naphthoic acid and diphenylacetic acid exhibit an H-class adsorption isotherm
which is similar to their single compound results. They both have a clear plateau, indicating the
adsorbent saturation for these compounds has been reached. The isotherm for 1,4-
cyclohexanedicarboxylic acid is dissimilar to the pure compound isotherm, in that it does not
exhibit cooperative adsorption. As expected, saturation of the adsorbent occurred more readily as
compared to single compound adsorption. The adsorption capacity of activated carbon for 2-
naphthoic acid, diphenylacetic acid, and 1,4-cyclohexanedicarboxylic acid in mixture decreased
as compared to the single compound values by 46.8%, 71.7%, and 91.4% respectively.
Therefore, the reduction due to the mixture was more pronounced for 1,4-

cyclohexanedicarboxylic acid, due to the absence of cooperative adsorption.

The isotherm of 1,4-cyclohexanedicarboxylic acid exhibits a maximum for q. followed by a
reduction in equilibrium capacity with increasing equilibrium concentration. For single solute
isotherms it has been postulated that such maxima in q. may occur when the solute-solute
attractive forces are greater than the substrate-solute forces [74]. Though the single solute
isotherms for 1,4-cyclohexanedicarboxylic acid did not exhibit this phenomenon, it may well be
that 2-naphthoic acid and diphenylacetic acid occupying the active sites reduced the cooperative
lateral interactions taking place on the surface of the adsorbent, thus reducing the affinity of the

compound. However, a calorimetric study could further elucidate this discussion.
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Figure 5 - 16: a) Adsorption isotherms for the mixture of NAs at pH 4; b) Isotherm of 2-naphthoic
acid as single component and multi-component adsorption at pH 4; c) Isotherm of diphenylacetic
acid as single component and multi-component adsorption at pH 4; d) Isotherm of 1,4-
cyclohexanediacarboxylic acid as single component and multi-component adsorption at pH 4
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5.3.2. Multi-component Isotherm — pH 7

In Figure 5 - 17, 2-naphthoic acid exhibited lower initial adsorption as compared to pH 4; which
is due to both increasing pH as well as competition. It is unclear whether it conforms to the H or
L-class in this case, since no data was obtained for low equilibrium concentrations. For
diphenylacetic acid there was a marked change in the isotherm behaviour as compared to that
obtained for pH 4. A similar plateau for q, with a maxima exhibited by
1,4-cyclohexanedicarboxylic acid at pH 4 was observed for diphenylacetic acid. At pH 7, the
drop in adsorption capacity for 2-naphthoic acid and diphenylacetic acid as compared to single
compound values is 21.6% and 74%, respectively. 1,4-Cyclohexanedicarboxylic acid showed a
marked decrease in adsorption with an increase in pH from 4 to 7. There was no adsorption of
1,4-cyclohexanedicarboxylic acid at lower carbon dosages until the dosage was increased to 343

mg/L.
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Figure 5 - 17: a) Adsorption isotherms for the mixture of NAs at pH 7; b) Isotherm of2-naphthoic
acid as single component and multi-component adsorption at pH 7; c¢) Isotherm of diphenylacetic
acid as single component and multi-component adsorption at pH 7; d) Isotherm of 1,4-
cyclohexanediacarboxylic acid as single component and multi-component adsorption at pH 7
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5.3.3. Multi-component Isotherm — pH 8

In Figure 5 - 18 it is observed that 2-naphthoic acid exhibits more clearly the H-class adsorption
isotherm at pH 8 than for pH 7. Diphenylacetic acid showed a slight increase in its affinity to the
adsorbent as compared to pH 7, though not significantly. For the multi-component system, the
adsorption capacity of 2-naphthoic acid and diphenylacetic acid decreased in adsorbent capacity

as compared to single compound adsorption values by: 8.3% and 64.6%, respectively.

The major difference between pH 7 and pH 8 was the dramatic change in adsorption behaviour
of 1,4-cyclohexanedicarboxylic acid. The adsorption of 1,4-cyclohexanedicarboxylic acid
dramatically increased and changed the adsorption profile to an S-class curve corresponding to
cooperative adsorption. The change may be explained by the observed decrease in the adsorptive
capacity of the other two species. As their values of q. decreased, this may have allowed the
surface concentration of 1,4-cyclohexanedicarboxylic acid to grow sufficiently dense in order to
allow lateral interactions between adsorbed molecules. Thus allowing the cooperative adsorption
mode to take effect as was seen in the single solute isotherms. This same explanation can be used
to understand why 1,4-cyclohexanedicarboxylic acid did not demonstrate an S type adsorption
profile for pH 4 and 7. As 2-naphthoic acid and diphenylacetic acid occupied sufficient sites as
to prevent the reinforcing effect of lateral interactions needed for cooperative adsorption. The
increase in solubility at elevated pH for 2-naphthoic acid and diphenylacetic acid may also
contribute to the decrease in adsorbent affinity. Since these compounds go from sparingly
soluble (e.g. <0.28 g/L) to very soluble at pH 8 (e.g. <354 g/L), they experience a larger change
in relative solubility with increase in pH then does 1,4-cyclohexanedicarboxylic acid which was

already very soluble at low pH.



q, (mg adsorbed/g adsorbent)

g, (mg adsorbed/g adsorbent)

160
*
140 4 R
s :
120 A :
il :
100 b :
80 - .
- _ —
——
40 ¢ TS
L e
20 - e
0 T T T
0 10 20 30 40
Equillibrium Concentration C_ (mg/L)
—--o—-  2-Naphthoic Acid
——e—— Diphenylacetic Acid
«---@---» 1 4-Cyclohexanedicarboxylic Acid
a)
160
A [EEe—
140 - Bt
A/ iR -
120 A —
-
~ A
100 1 & A
'
80 -
60 -
—_— A Y
——— mevsaas
40 Yo
~v
20 A
0 T T T
0 10 20 30 40

Equillibrium Concentration C_ (mg/L)

A Adsorption Data - Single Compound
—-v-— Adsorption Data - Multi-component Solution
Freundlich - Single Compound

¢)

9, (mg adsorbed/g adsorbent)

q. (mg adsorbed/g adsorbent)

78

200
180 - .S
— — = —r -—
160 - Soma "
o - i
140 — W,
- ’,-—’
120 3% e
B 2=
A -~
100 - o
U
804 /~
/v
60 1Y
I
40 -
20
0 T T ;
0 10 20 30 40
Equillibrium Concentration C_ (mg/L)
— — Freundlich - Single Compound
————Freundlich - Multi-component Solution
A Adsorption Data - Single Compound
v Adsorption Data - Multi-component Solution
b)
350
300 A A
o
£
250 A .
7
/
200 - 4
!
150 A x Y
\ |
100 - \ I
=5 0
50 %
— S
0 T ‘ T
0 10 20 30 40

Equillibrium Concentration C, (mg/L)

—-—A-—-  Adsorption Data - Single Compound

— —v— - Adsorption Data - Multi-component Solution

d)

Figure 5 - 18: a) Adsorption isotherms for the mixture of NAs at pH 8; b) Isotherm of 2-naphthoic

acid as single component and multi-component adsorption at pH 8; ¢) Isotherm of

diphenylaceticacid assingle component and multi-component adsorption at pH 8; d) Isotherm of
1,4-cyclohexanediacarboxylic acid assingle component and multi-component adsorption at pH 8
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5.3.4. Multi-component Isotherm — pH 9

In Figure 5 - 19, it can be seen that the isotherm of 2-naphthoic acid has changed to an L-class
isotherm curve. This indicates that the compounds affinity to the adsorbent at low concentrations
has been substantially reduced. Additionally, it is observed that q. of 2-naphthoic acid has not
reached a plateau in the test concentration range, and thus the adsorbent is not fully saturated.
Interestingly, the adsorbent capacity for 2-naphthoic acid for the multi-component system
appears to be larger than that for the single component at pH 9. This effect is similar to what
was seen earlier at pH 8 for 1,4-cyclohexanedicarboxylic acid. For the multi-component system
2-naphthoic acid actually had an increase in adsorbent capacity of 20.2% as compared to the
single solute isotherm where as diphenylacetic acid showed a drop of 69.3%. Once again 1,4-
cyclohexanedicarboxylic acid appears to be presenting cooperative adsorption, resulting in an

S-class isotherm.
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Figure 5 - 19: a) Adsorption isotherms for the mixture of NAs at pH 9; b) Isotherm of2-naphthoic
acid as single component and multi-component adsorption at pH 9; c) Isotherm of
diphenylaceticacid as single component and multi-component adsorption at pH 9; d) Isotherm of
1,4-cyclohexanediacarboxylic acid as single component and multi-component adsorption at pH 9
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5.3.5. Overall Adsorption Isotherms:

In order to provide a better overview of the adsorption results the overall adsorption isotherms
were plotted. Instead of calculating the adsorption equilibrium capacity (qe) for each chemical,
the total mass of the three model compounds removed was used to determine the overall
equilibrium capacity. It is interesting to note the shift that occurs in Figure 5 - 20 as pH
increased. The overall isotherm curve for pH 4 is a standard curve that would fit either the
Langmuir-Freundlich or Freundlich models. As the pH increased to seven we see a similar
profile as at pH 4 though with a marked decrease in overall capacity. For pH 8 and 9 we see a
shift from standard L or H-class adsorption profiles to C-class (linear). The change in adsorption
profile is accompanied with an increase in overall capacity. The slope of the line for pH 8 then
decreases for pH 9 and results in a lower capacity. The pH in which we see a change from L type
to C type corresponds to the pH in which 1,4-cyclohexanedicarboxylic acid demonstrates an S

type adsorption. This indicates an interesting change in adsorption mechanism when the pH was

above 8.
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Figure 5 - 20: Overall adsorption isotherm results for multi-component adsorption
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5.3.6. Summary of Isotherm Results

From the experiments it was observed that there is a marked decrease in adsorbent capacity with
increasing pH. We observed that the adsorption capacity of individual components exhibited a
relatively high degree of sensitivity to changes in pH (Figure 5 - 21). The adsorption capacity for
the multi-component system did not demonstrate such sensitivity. A decrease in adsorbent
capacity for multi-component adsorption was observed with increasing pH though the change

was not nearly as significant as with the single compounds (Figure 5 - 21).

The adsorption results for 2-naphthoic acid were fairly standard with its multi-component
adsorption isotherms being of H or L type. Diphenylacetic acid exhibited a maximum for
adsorbent capacity for pH 7 to 9 that then decreased as the equilibrium concentration approached
the initial concentration. For pH of 8 and 9 1,4-cyclohexanedicarboxylic acid showed a
significant change in its isotherm curve. It went from an isotherm curve with a local maximum
which decreased with increasing equilibrium concentration, to an S-class isotherm curve. It was
observed that the overall adsorption isotherms, Figure 5 - 20, showed a change in profile at the
same pH in which 1,4-cyclohexanedicarboxylic acid became S-class, pH 8 and 9. In Figure 5 -
20, it was observed that the overall isotherm went from an L or H-class to a C-class (linear)
isotherm. Additionally the overall adsorbent capacity at pH 8 was higher than at pH 4. This
finding is positive, as adsorption systems could be deployed to treat OSPW whose pH is

approximately 8.

Small et al. (2012) found that the isotherm profile for acid-extractable oil sands tailing organics
(AEOSTO) had a marked vertical portion [19]. The authors were unable to model the adsorption
isotherm using traditional methods. They concluded that competitive adsorption along with the
resulting complex interactions yielded the strange isotherm. In this work we found that co-
operative adsorption, or S type isotherm profile, took place for 1,4-cyclohexanedicarboxylic
acid. The vertical portion observed by Small et al. (2012) in the isotherm may be due to the S
type adsorption, cooperative adsorption profile of oxygenated naphthenic acids present in
OSPW. Additionally it was found that isotherm modeling of NA mixtures may be made difficult
due to the occurrence of multiple modes of adsorption, for specific compounds in the mixture as

was observed in this work.
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Figure S - 21: Comparison between the adsorbent capacity of single compound and multi-
compound adsorption vs change in pH. a) 2-Naphthoic acid; b) Diphenylacetic acid

Table 5 - 16: Change in the adsorption removal capacity from single solute adsorption to multi-
component solution; q,,; represent the single solute maximum capacity and q,,, the multi-

component capacit
Fraction Change in Adsorption Capacity

pH

4
7
8
9

2-Naphthoic Acid
Q1 Qm2 % Change
357.9 190.6 0.468
206.8 162.2 0.216
180.8 165.8 0.083
180.5 217.0 -0.202

Diphenylacetic Acid
Q1 Qm2 % Change
317.7 89.9 0.717
156.0 40.6 0.740
146.3 51.8 0.646
158.0 48.6 0.693

1,4-Cyclohexanedicarboxylic acid

% Change

Qm1 qm2

453 39.0 0.914
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5.4. Multi-component Kinetics

The multi-component adsorption kinetics for the three selected NAs in solution is presented in
the appendix, in Figure A - 1 to Figure A - 4. The results are subdivided by specific compound
and a summary of the resulting time constants as a function of both pH and surface coverage are

presented in Figure 5 - 22 to 5-25.

5.4.1. 2-Naphthoic Acid Kinetics

It can be seen that barring a moderate increase in time constant for initial increase in pH, multi-
component adsorption time constant of 2-naphthoic acid is relatively insensitive to changes in
pH. A more significant observation is the one shown in Figure 5-23 where the time constant no
longer changes with surface coverage as an exponential function. Additionally the maximum
time constant values obtained for the multi-component solution (Figure 5 - 23 b) are smaller than
those for the pure solution (Figure 5 - 23 a). Additionally larger scatter between data sets with
different pH is observed as compared to pure solute adsorption. Maintaining low values for the
adsorption time constant is important for continuous column adsorption systems, as throughput

dictates the contact time which in turn affects the overall removal of contaminants.
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Figure 5 - 22: 2-Naphthoic acid multi-component time constant as a function of pH
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Table 5 - 17: 2-Naphthoic acid multi-component adsorption kinetic results of the half life, time
constant, best fitting model, and surface coverage

Multi-component Kinetics

2-Naphthoic Acid

pH CL* tso T, Model 9. qm 0= de

dm
4 400 134 193 PFO 98.2 190.6 0.52
4 228 288 464 PSO 167.6 190.6 0.88
4 114 420 657 PSO 191.8 190.6 1.01
7 400 224 365 PSO 91.7 162.2 0.57
7 228 291 468 PSO 126.2 162.2 0.78
7 114 465 721 PSO 154.6 162.2 0.95
8 400 217 355 PSO 92.6 165.8 0.56
8 228 326 520 PSO 127.2 165.8 0.77
8 114 398 625 PSO 136.7 165.8 0.82
9 400 227 370 PSO 91.8 217 0.42
9 228 305 489 PSO 124.2 217 0.57
9 114 410 643 PSO 166.7 217 0.77

*CL = carbon load (mg/L)
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5.4.2. Diphenylacetic Acid Kinetics

The adsorption kinetics for diphenylacetic acid in mixture adheres best to the PSO model as
shown in Table 5 - 18. From Figure 5 - 24, b, we see that the time constant increases with
increasing surface coverage for pH 8 and 9, though this relationship appears not to hold for pH 4
and 7. Another major variation observed from the adsorption results can be seen in Figure 5 - 25,
where we see that the time constant is sensitive to both pH and carbon loading. Interestingly the
values of the time constant diverge for carbon loads 400 mg/L and 114 mg/L. These results are
completely the opposite of what has been observed thus far. Typically larger carbon loadings
resulted in reduced time constant values. This is not observed in Figure 5 - 25, as the lowest

carbon loading for pH 9 has the smallest time constant.
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Figure 5 - 24: Diphenylacetic acid multi-component results for time constant vs. Surface coverage;

a) Single compound; b) Multi-component
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Figure 5 - 25: Diphenylacetic acid multi-component time constant as a function of system pH
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Table S - 18: Diphenylacetic acid multi-component adsorption kinetic results of the half life, time

constant, best fitting model, and surface coverage

Multi-component Kinetics:

Diphenylacetic Acid
pH CL* tso T, Model q. dm 0= de
dm
4 400 282 455 PSO 97.2 107 0.91
4 228 368 582 PSO 106.7 107 1.00
4 114 445 693 PSO 81.4 107 0.76
7 400 523 801 PSO 45.3 48 0.94
7 228 304 488 PSO 332 48 0.69
7 114 526 805 PSO 343 48 0.71
400 513 787 PSO 48.3 52 0.93
8 228 361 572 PSO 38.8 52 0.75
8 114 227 370 PSO 29.3 52 0.56
9 400 557 848 PSO 47.1 49 0.96
9 228 390 614 PSO 38.6 49 0.79
9 114 275 397 PFO 294 49 0.60

*CL = carbon load (mg/L)
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5.4.3. 1,4-Cyclohexanedicarboxylic Acid Kinetics

1,4-Cyclohexanedicarboxylic acid kinetic results for pH 7 to 9 could not be accurately fitted
using PFO and PSO models. Only the kinetic runs at pH 4 could be accurately modeled by the
PSO model as can be seen in Table 5 - 19. From these limited results we see that the time
constant does not decrease with a decrease in the surface coverage fraction as has been the case

for the other compounds.

Table S - 19: 1,4-Cyclohexanedicarboxylic acid multi-component adsorption Kinetic results of the
half life, time constant, best fitting model, and surface coverage

Multi-component Kinetics:

1,4-Cyclohexanedicarboxylic Acid

q
pH CL! tso T2 Model qe dm 0= q—e
m
4 400 176.0 290.5 PSO 56.5 67 0.84
4 228 85.5 144.1 PSO 64.8 67 0.97
4 114 19.6 335 PSO 61.8 67 0.92
7 400 * * * * * *
7 228 & 5 * * * *
7 114 * * * * * *
8 400 * * * * * *
8 228 > < & @ * *
8 114 * * * * * *
9 400 * * * * * *
9 228 > < & @ * *
114 * * * * * *

* PFO or PSO kinetic model did not converge to a solution.

1. CL = carbon load (mg/L)
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5.4.4. Summary of Multi-component Kinetics

For the multi-component kinetics it was found that the sensitivity of the time constant to pH for
2-naphthoic acid was minor, which was a similar finding with the pure compound adsorption.
For diphenylacetic acid there was a marked change in sensitivity with pH and a reverse trend
could be seen (i.e. lower carbon loading yielding larger time constants). Overall the time

constants remained lower than those obtained for pure solution kinetics.
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Chapter 6: Conclusions & Future Work

6.1. Conclusions

Activated carbon was a suitable adsorbent for the removal of naphthenic acids from water.
Comparing the affinity of each model compound, under single solute adsorption conditions, the
compounds were ranked from highest to lowest affinity as follows: 1,4-cyclohexanedicarboxylic
acid > 2-naphthoic acid > diphenylacetic acid. Various isotherm models such as Langmuir,
Fruendlich, and Langmuir-Freundlich were used to describe the equilibrium adsorption. Non-
linear regression methods were best suited for parameter determination for the adsorption models
used. For single compound adsorption, both the Freundlich and Langmuir-Freundlich models
fitted the experimental data in all conditions. Both of these models account for the heterogeneous
nature of the activated carbon and were thus more appropriate than the Langmuir model. The
model compound affinity to the GAC changed under multi-component adsorption. In decreasing
order, the model compound affinity to GAC was found to be: 2-naphthoic acid > diphenylacetic
acid > 1,4-cyclohexanedicarboxylic acid. The disruption of cooperative adsorption for 1,4-
cyclohexanedicarboxylic acid during competitive adsorption was proposed as the mechanism for

the observed drop in its affinity.

The single solute isotherm results for 2-naphthoic acid and diphenylacetic acid were found to
exhibit common isotherm curves, classified as H and L type, while 1,4-cyclohexanedicarboxylic
acid exhibited a S type isotherm curve, consistent with cooperative adsorption. It was suggested
that the Fowler-Guggenheim equation may best describe S type adsorption as it can exhibit a
discontinuous vertical jump in its adsorption isotherm. The model accounts for lateral surface
interactions between adsorbate molecules which is the underlying explanation for cooperative
adsorption. For single solute isotherms it was found that the saturation capacity (q.,) decreased
significantly with increasing pH; decreasing as the pH value approached the pH,,.. This finding
indicated that the positive surface charge at pH < pH,,., promoted anion adsorption. As the pH
increased the surface charge decreased, which decreased the affinity of acid anions to the
surface. For the single compound results it was observed that the time constant (time to reach

63% of the equilibrium adsorption) increased with surface coverage.
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An overall decrease in adsorbent capacity for all three compounds was observed during multi-
component adsorption. Similar to single compound adsorption, the adsorption capacity for the
three compounds decreased with increasing pH, over the range of 4 to 7. The isotherms of
diphenylacetic acid and 1,4-cyclohexanedicarboxylic acid exhibited local maxima in adsorption
capacity, due to competitive adsorption. 2-Naphthoic acid did not exhibit any major changes in
its adsorption profile in multi-component adsorption, maintaining either an H or L profile.
Interestingly, for pH 9, 2-naphthoic acid showed an approximate increase in adsorption of 20%
as compared to the single compound value. Additionally 1,4-cyclohexanedicarboxylic acid
showed a significant increase in affinity to the activated carbon at pH 8 and 9 due to a shift
towards cooperative adsorption. The overall adsorption capacity was found to decrease from pH
4 to 7 and shift from either L or H adsorption profile to a C profile for pH 8 and 9. The shift to
pH 8 resulted in the maximum overall adsorption capacity. This finding is beneficial for NA
removal from OSPW due to its alkaline pH, which would indicate that elevated adsorption
capacities can be obtained under real operating conditions. Additionally the values of the time
constants for multi-component adsorption as compared to single component adsorption were
slightly smaller; indicating that the kinetic performance was not negatively impacted for multi-

component adsorption.

A significant finding in this work was the cooperative adsorption observed for 1,4-
cylohexanedicarboxylic acid which may corroborate the anomalous behavior observed in OSPW
acid fraction adsorption observed by Small et al. (2012). Oxygenated NAs resulting from
biodegradation with multiple carboxyl groups may be the cause of this isotherm profile.
Additional complexity in modeling OSPW NA adsorption may result from NAs adhering to
different isotherm profiles as was observed in this work. The resulting isotherm profile of the

OSPW NAs may be a combination of multiple superimposed models.
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6.2. Future Work

Future adsorption studies should include calorimetric measurements, as these are essential for
model validation. They provide significant insight into the thermodynamics of adsorption which
is required for any in depth study in the field. A stoichiometric pH adjustment using an
appropriate buffer in the place of NaOH should be used in order to control pH throughout the
adsorption experiments. Additionally further study with regards to the identification of functional
groups, their energy of adsorption, the effects of pore size distribution, or other physical

adsorbent properties could be performed.

The finding of cooperative adsorption for 1,4-cyclohexanedicarboxylic acid can be further
explored. Other oxygenated naphthenic acids can be studied individually to see their respective
adsorption profiles. These findings can then be compared to OSPW NA fraction adsorption. If
cooperative adsorption is observed, as may have been by Small et al. (2012) then the structure of
NAs can be alluded to. Analytical advances regarding OSPW composition should be coupled
with adsorption studies which can help to confirm composition based on adsorption profiles as

discussed by Gilles et al. (1960).

For the application of adsorption systems for OSPW remediation, more insight into the effect of
other OSPW constituents on adsorption need to be investigated (e.g. total dissolved solids, metal
ions, etc). Adsorbent fouling due to oil and metal hydroxides, bacteria, and natural occurring
organic matter (NOM) which reduce adsorption capacity and kinetic performance needs to be
studied. In addition, regeneration studies of the adsorbent should be conducted in order to

determine the viability of selective removal of NAs.
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Competitive Adsorption:
pH 7 - Carbon Load 400 mg/L

Figure A - 1: Multi-component adsorption pH 4
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Figure A - 2: Multi-component adsorption pH 7
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Competitive Adsorption:
pH 8 - Carbon Load 400 mg/L
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