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Abstract

Powdered Activated Carbon (PAC) adsorption was studied in order to
determine the influence of natural organic matter (NOM) on the adsorption of two
acidic pharmaceutically active compounds (PhACs), clofibric acid and ketoprofen.
Suwannee River humic acids (SRHAs) was used as substitute of NOM in natural water.
Batch adsorption experiments were conducted to obtain the single compound
adsorption kinetics and adsorption isotherm with and without SRHAs in the system.
Three main findings resulted from this study. First, the adsorption isotherms showed
that the adsorption of clofibric acid was not significantly affected in the presence of
SRHAs (5 ppm); however, the adsorption of ketoprofen markedly decreased with
SRHAs in the solutions. Higher initial concentrations of clofibric acid than ketoprofen
together with the compressed double layer theory helped explain the different behaviors
that were observed. Furthermore, the more hydrophobic ketoprofen molecules may
increase the possibility that this compound would adsorb less on the surface area which
was covered by the more hydrophilic humic acids. Second, the adsorption kinetics of
both compounds were not affected by the SRHAs, although more research may be
needed, as it is possible that slight differences exist during the initial adsorption phase.
Lastly, possible intermolecular forces were discussed and a sequence of importance is
proposed for their role in the adsorption process as A). electrostatic forces; B). electron

donor-acceptor interaction; C & D). H-bond and London Dispersion forces.
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1. Background and Introduction

1.1 Presence of PhACs in the Environment

The detection of PhACs in the aquatic system has raised public concern over
their potential toxicity towards aquatic biota and human beings. In recent years, a
number of reports and research papers have been published focusing on the presence,
concentrations, and treatability/fate of PhACs in either natural systems or Wastewater
Treatment Plant (WWTP) (Heberer 2002; Carballa, Omil et al. 2004; Benotti and
Brownawell 2007; Kasprzyk-Hordern, Dinsdale et al. 2009). Medicine disposed and
excreted into household wastewater and hospital wastewater will eventually travel
through sewer network and reach municipal wastewater treatment plants. According to
Ternes et al (Ternes, Joss et al. 2004), there are over thousand of species of PhACs in the
wastewater, including antibiotics, liquid regulators, painkillers, tranquilizer, and beta-
blockers. Their diverse chemical structures and relative recalcitrance with respect to
biodegradation also increase the difficulty of elimination of these compounds inside of
WWTP. It is repeatedly shown that the removal efficiency of PhACs varies dramatically
from 3% to over 99% depending on both the nature of the compound and treatment
conditions in specific WWTP, such as treatment techniques, sludge retention time (SRT),
and weather (Benotti and Brownawell 2007; Kasprzyk-Hordern, Dinsdale et al. 2009).
Thus, incompletely degraded PhACs will enter the receiving water with the discharge
from WWTPs and pose risk to the whole aquatic system. In addition, human exposure to

trace PhACs may exist when the discharged water is used for aquifer recharge or



discharged to a water body used as a source of drinking water. This problem is expected
to increase with the current push for water reuse (Kasprzyk-Hordern, Dinsdale et al.
2009).
1.2 Concentrations in the Environment

Table 1 shows commonly found concentrations of two PhACs, clofibric acid and
ketoprofen, in the environment. One distinct feature of these compounds is their low
concentrations in the environment. This also increases the degree of difficulty for
removing. Currently, studies show that the removal of PhACs inside a traditional
WWTP often relies on two mechanisms: biodegradation and adsorption to both
activated sludge and suspended mineral content (Ternes, Joss et al. 2004). Because in
wastewater, the PhACs often exist at ng/L or low pg/L level (Kasprzyk-Hordern,
Dinsdale et al. 2009), using PhACs as primary substrate by microorganisms is less
probable and degradation through co-metabolism may account for large part of the
biological transformation. With respect to adsorption, PhACs are generally not charged
or positively charged at neutral pH and could readily adsorbed to activated sludge
(Extracellular Polymeric Substances and microorganisms) which has net negative charge
(Wilen, Jin et al. 2003). The likely dominant mechanisms in adsorption are non-specific
interaction (Van der Waals force) and electronic interaction. Acidic PhACs, like clofibric
acid and ketoprofen, which exist almost entirely in their deprotonated forms at neutral
pH, can hardly adsorb to activated sludge (Urase and Kikuta 2005). The water-sludge
partition coefficient (Kp), which is the C siudge /C water, is around 0.03 at pH=6.7 for both

clofibric acid and ketoprofen. Research (Scheytt, Mersmann et al. 2004) simulating the



transport process of clofibric acid through soil column using real groundwater (pH=7)
shows that this compound is transported through the column like a conserved tracer,
i.e., no retardation was observed. So this explains why the removal of clofibric acid in
primary sedimentation and activated sludge process (ASP) is low, while a large
proportion of the mineral content of wastewater and organic content is removed,
respectively. This is consistent with field data (Kimura, Hara et al. 2007) from a WWTP
with both ASP and membrane bioreactors (two parallel reactors with different solid
retention times, MBR A/15 days and MBR B/65 days). Removal Efficiencies (RE) of
clofibric acid and ketoprofen after ASP were only around 50% (residual concentration of
clofibric acid 14 ng/L, ketoprofen 445 ng/L) and the RE remained stable for clofibric acid
after MBR A and increased to around 80% for ketoprofen after MBR A. Besides,
comparison study of REs of ketoprofen by ASP (~50%) and MBR B (>90%) showed that
different sorption affinities of this PhACs to biomass from different sources may
determine the RE. Some other field data (Heberer, Reddersen et al. 2002; Benotti and
Brownawell 2007) also show similar results for clofibric acid while the RE for ketoprofen
is always better than that for clofibric acid. This might be explained by the chlorine atom
in clofibric acid which reduces the rate of electrophilic attack of the carboxylic oxygen
and thus slows the rate of biodegradation (Schwarzenbach, Gschwend et al. 2003) (page

716).



Table 1: Reported Environmental Concentration of Clofibric Acid and Ketoprofen

Clofibric Acid Ketoprofen
Concentration Reference Concentration Reference
800-2000 (Fent, Weston et al. 1620 ng/L (Petrovic,
ng/L(Treated WW) 2006) Hernando et al.
2005)
Low ng/L (Miao, Koenig et al. 1000-1300 ng/L (Benotti and
2002) Brownawell 2007)
4-2370 ng/L (Roberts and 0.12-2.2 pg/L (Nikolaou, Meric et
Thomas 2006) al. 2007)
1.3 ng/L (Khan and Ongerth
2002)
0.1-18.6 ng/L (Weigel, Kuhlmann
et al. 2002)

1.3 Treatment Techniques
Considering the persistence of these PhACs, multiple other physiochemical

techniques are introduced and are currently being assessed in the process of water
reclamation. UV treatment is considered to be a promising process as an advanced
oxidation technique. Direct UV degradation of organic contaminants relies on both the
UV -sensitivity (degree of absorption of UV light at certain wavelength, often 254 nm)
(Yuan, Hu et al. 2009) and the UV dose. In the study conducted at the Montreal sewage
treatment plant (Gagnon, Lajeunesse et al. 2008), RE were around 10% for most of the
PhACs being studied, including clofibric acid. Factors such as low transmittance and
interference induced by UV-absorbing substance were mentioned; however, since no
water quality information was provided, the authors attribute the results to low UV
dose and difference in UV-sensitivities. As such, UV degradation coupled with
hydrogen peroxide (Yuan, Hu et al. 2009) and Fenton (Sirtori, Zapata et al. 2009) was

examined and this kind of photolysis plus advanced oxidation process achieved
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satisfying RE. Sirtori et al (2009) found that when the photo-Fenton treatment was
coupled with biological process, non-biodegradable nalidixic acid was removed up to
95%. However, toxicity test of photo-Fenton operation process to the microbial
community had to be evaluated for specific biological treatment unit prior to efficient
operation. Ozone treatment was also examined. High RE can often be achieved when
applying large ozone doses (Gagnon, Lajeunesse et al. 2008). It is believed that the
reason for the high oxidation rate with ozone is a combined effect of selective ozone
oxidation and nonselective hydroxyl radical oxidation (Broseus, Vincent et al. 2009).
Another advanced treatment technique being investigated is membrane technology.
Unlike the aforementioned techniques, no reactions or oxidation of the PhACs occur in
membrane filtration processes. The governing mechanisms proposed are steric exclusion
(Nghiem, Schafer et al. 2005) for uncharged and nonadsorptive organic compounds and
electrostatic repulsions between negatively charged organic compounds and membrane
(Verliefde, Heijman et al. 2007). The experimental results from Verliefde et al (2007)
show that acidic PhACs, which are largely negatively charged at neutral/close to neutral
waters, were relatively better retained (almost 100% RE ) by their nanofiltration system.
Although these advanced treatment techniques often yield high REs, problems such as
complexity in operation and/or potential of producing disinfection by-products impede
their wide applications. Therefore, searching for easy available alternative techniques is

necessary.



1.4 Activated Carbon Adsorption

Compared with all these above advanced techniques, activated carbon
adsorption is cheaper and the operation is less sophisticated. Activated carbon
adsorption is traditionally used in drinking water treatment and advanced wastewater
treatment for synthetic organic compounds (SOC) e.g. PhACs and natural organic
matter (NOM) reduction. Granular activated carbon (GAC), powdered activated carbon
(PAC), and activated carbon fiber are the three commonly used forms of activated
carbon. It is believed that both physical adsorption and chemical adsorption occur
because of the heterogeneous structure and surface functional groups of activated
carbon. Extensive research work has been done in attempt to obtain the adsorption
capacities/model parameters of single aqueous organic pollutants by various kinds of
activated carbons (Dabrowski, Podkoscielny et al. 2005). However, the information on
single compound adsorption might not sufficient to design actual treatment systems.
Adsorption information gathered in laboratory indicates that when NOM exists in the
water undergoing treatment, the adsorption of targeted contaminants is often negatively
affected (Wilmanski and Vanbreemen 1990; Kilduff, Karanfil et al. 1998; Quinlivan, Li et
al. 2005). This interference from NOM seems inevitable, simply because the
concentration of NOM in natural water is often about 3 to 6 orders of magnitude larger
than the concentration of targeted SOCs, such as PhACs (Quinlivan, Li et al. 2005).
Therefore, the understanding of the mechanisms of the adsorption in multi-component
systems and definition of the interactions between all the solutes and activated carbon

may offer clues on how one could possibly decrease or eliminate the interference from



NOM and thus increase the RE of targeted SOCs. To date, although uncertainties still
exist in the mechanism of activated carbon adsorption and surface interaction between
activated carbon and various compounds, decreasing adsorption capacity of SOC is
often attributed to the pore blockage by NOM and/or preferential adsorption of NOM

onto activated carbon. These are briefly discussed next.

A). Pore Blockage Effect

According to the pore size classification recommended by the International
Union of Pure and Applied Chemistry (IUPAC) (Rouquerol, Avnir et al. 1994), pore
diameters can be classified as primary micropores (< 0.8 nm), secondary micropores (0.8-
2 nm), mesopores (2-50 nm), and macropores (> 50 nm). For activated carbon, 56%-78%
of the total pore volume (mm?/g) can be microporous and mesoporous (Sontheimer et al.
1988) and the remainder are macropores. In wastewater, many organic contaminants
have spherical diameters around 0.1-1 nm (Levine, Tchobanoglous et al. 1985; Li,
Quinlivan et al. 2002). On the other hand, NOM has a complex composition and wide
molecular size distribution (Figure 1). It is generally admitted that NOM is comprised of
relatively small-size part, such as amino acids, which has similar molecular size as
common SOCs and large-size part (macromolecules), such as protein and nucleic acids,

which can be several orders of magnitudes larger than the SOCs of interest.
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(Shon, Vigneswaran et al. 2006)

Previous research focused on influence of the molecular size effect of NOM on
SOC adsorption show that the components of NOM which have similar molecular sizes
most negatively affect the adsorption of targeted SOCs through direct site competition
(Kilduff, Karanfil et al. 1998; Pelekani and Snoeyink 1999; Li, Snoeyink et al. 2003;
Quinlivan, Li et al. 2005) rather than pore blockage. When it comes to large NOM
molecules, the results are more complex. Pelekani and Snoeyink (1999) found that large
NOM molecules block the surface pores and thus reduce the adsorption capacity of
atrazine on activated carbon fiber. Qinlin Li et al (2003) used poly (styrene sulfonate)
(PSS), which has nominal molecular weight (MW) of 1800 Dalton, to simulate large
NOM molecules and found that PSS had no effect on the adsorption of atrazine, whether
the carbon is preloaded with PSS or it is a simultaneous adsorption of atrazine and PSS.
The authors assumed that the reversibility of PSS adsorption and/or PSS adsorbed onto

different sites from atrazine can explain the above phenomenon. The same researchers



(Li, Snoeyink et al. 2003) later found that pore size distribution actually plays a key role
in deciding the pore-blockage effect. The pore-blockage would be more significant if
most of the carbon surface pores are micropores. It is believed that increased
mesopores/pore-size heterogeneity will alleviate the blockage effect. This is consistent

with the conclusions from another study (Hsieh and Teng 2000).

B). Carbon Surface Chemistry and Sorbate Chemical Properties

The pore-blockage is an important factor in elucidating the mechanisms why
NOM sometimes interferes with the adsorption of SOCs; however, it seemed that this
could not be the sole cause. As was noticed by some other researchers, dissolved oxygen
(Grant and King 1990; Karanfil, Schlautman et al. 1996), carbon surface charge and ionic
strength (Bjelopavlic, Newcombe et al. 1999), and carbon surface chemistry (Li,
Quinlivan et al. 2002) can also influence the adsorption of SOCs from aqueous phase to
activated carbon. Since most of the SOCs have functional groups like hydroxyl group (-
OH), carboxyl group (-COOH), and/or amino group (-NH2) which allow them exist in
either protonated form or deprotonated form under various pH conditions. Meanwhile,
the surface of AC can also be charged or in neutral condition (point of zero charge or
potential of zero charge, PZC) which is also affected by solution pH (Moreno-Castilla
2004). Therefore, investigating the adsorption at different pH values is one approach for
studying the surface chemical effect of carbon adsorption (Bjelopavlic, Newcombe et al.
1999; Mestre, Pinto et al. 2010). In short, both the carbon surface chemistry and the
chemical properties of various sorbates can affect the adsorption process. It is believed

that the activated carbon can adsorb more neutral form of acidic organic compounds
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than its dissociated form. The relationship between pH and species of PhRACs under

study is shown in Table 2 and Figure 2.

Table 2: Surface Charge and pH Values

pH >PZC pH<PZC
Activated carbon surface Negative charged Positive charged
pH > pKa pH <pKa
Organic Acid Deprotonated (Negative Protonated (Neutral)
charged)
1 —_— — — — 1 / -_———
0.8 0.8
g g [
g 06 g 06
s —— -Charged Form o e== «Charged Form
99) 0
'§ 0.4 '§ 0.4 Neutral Form
£3 Neutral Form &
0.2 0.2 /
0 0 —~
0 2 4 6 8 10 12 14 0 2 4 6 8§ 10 12 14
pH pH

Figure 2: Speciation Plot of Clofibric Acid (left, pKa=2.5) and Ketoprofen (right,
pKa=4.29)

1.5 Objectives of Study

This thesis is concerned with the adsorption of two acidic Pharmaceutically
Active Compounds (PhACs), clofibric acid and ketoprofen, onto powdered activated
carbon (PAC). The influence of humic acids used as a mimic of natural organic matter
(NOM) in the solution was investigated. Based on previous research, acidic PhACs are

the most difficult to remove from wastewater. Hence, the objectives of this study were to:

10



1. Determine the adsorption capacity of negatively-charged acidic PhACs on PAC,
which has positively charged surface under experimental condition at both
high (10-200 mg/L) and low (0-2000 ng/L) concentration of PhACs. Generate the
adsorption isotherms in both high concentration range and low concentration
range for the two acidic PhACs.

2. Examine the influence of large-size and negatively-charged NOM like humic

acids on the adsorption process

11



2. Experiment

2.1 Adsorbates
Stock solutions of clofibric acid (MP Biomedicals, LLC. Cat. # 150701) and

ketoprofen (TCI America, Cat. # KO038) were prepared in pure ethanol at concentration
of 20 mmol/L and stored in a refrigerator (< 0°C). For the adsorption experiments, a
known volume of the stock solution was taken out using micropipette and dispensed to
the test flask. Ethanol was evaporated with the help of a vacuum oven (40 min, ~70 °C).
Then, the compounds were re-dissolved in laboratory nanopure water with various salts
or pH adjustment as described below. All the bottles were placed on a shaker (~140 rpm)
for 24 hours to ensure the compounds totally dissolved into the water. The maximum
initial concentration of clofibric acid and ketoprofen are 1400 pmol/L and 200 pumol/L,
respectively. The chemical structures and additional information on the two
compounds can be found in Table 3. The ionic strength of the solutions was adjusted to
0.01 mol/L using sodium chloride (NaCl). When there was no humic acids involved, the
pH value was adjusted (Oakton pH meter, Ion 510 series) to 7.00 by adding NaOH (5 M)
and HCI (1 M) using a micropipette (1-5 pl). When humic acids were involved, the
solution pH was adjusted to 7.00+£0.05 after the humic acids stock solution was added.
Suwannee River Humic Acids standard II (SRHAs) were supplied from the
International Humic Substances Society (IHSS). The SRHAs stock solution (Hyung and
Kim 2008) was prepared by mixing a know amount (~40 mg) of humic acids with 10 ml
nanopure water. Dissolution of humic acids was assisted by adding sodium hydroxide

(NaOH, 5 M) till the pH value equals to 7.00. The solution was stabilized for 6 hours and
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then the Total Organic Carbon (TOC) was measured by a Shimadzu TOC analyzer 5000.
The residual concentrations of humic acids were not measured due to the complexity
(solid phase extraction, species characterization on solid surface) and relevant low
concentration (hard to quantify organic carbon from different sources) in the solutions

after adsorption.

Table 3: Properties of PhACs®

Compound Name Clofibric acid Ketoprofen
Structure O o CH3

O

K
Cl

Chemical Formula C10H11CIOs Ci1sH140s
Water Solubility (mg/L) 583 (25 C) 51 (22 °C)
Moleular Weight(g/mol) 214.7 254.3
Log Kow 2.57 3.12
pKa 250r3.182 3.984,4.29¢8 or 4.45
Molecular Dimensions 0.5x0.58x1.9¢ 0.39x0.61x0.77¢
(nm) 0.41x0.66x0.95¢

Source: a. (Dordio, Candeias et al. 2009); b. http://www.syrres.com/;
c. (Mestre, Pinto et al. 2010); d.(Avdeef, Berger et al. 2000);
e.(Briard and Rossi 1990); f.(Yangali-Quintanilla, Kim et al. 2008);
g.(de Ridder, McConville et al. 2009)

The Suwannee River Humic Acids used in this thesis is a welled studied
dissolved organic matter and some relevant properties of this humic acids are compiled
in Table 3. The Polydispersity Index (PDI), which is a measurement of the uniformity of
molecular size in polymer sample, is relatively large for this humic acids. Thus the
humic acids has a wide molecular size distribution. Definition of weighed-averaged

molecular weight and number-averaged molecular weight can be found in appendix.
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Table 4: Properties of Humic Acids

Suwannee River HAs

Molecular weight- number- Polydispersity Index (PDI,
Weight? averaged averaged Mw/Mn)
molecular molecular
weight (Mw) weight (Mn)
3820 1810 211
Functional Carbonyl Carboxyl Aromatic Aliphatic
Groups® Composition | Composition | Composition | Composition
(%) (%) (%) (%)
6 15 31 29

Source: a (Chin, Aiken et al. 1997); b (Niederer, Schwarzenbach et al. 2007).

2.2 Adsorbent
The PAC used in this study was obtained by pulverizing GAC, which was

supplied by Sterm Chemical (cas# 7440-44-0), using a coffee grinder (Hamilton Beach
80365). The particle size distribution of the raw powder activated carbon was then
narrowed to between 53 um and 106 um by two sieves (US Standard). After sieving, the
carbon was washed with nanopure water. A volume of 1 L nanopure water was added
to the flask containing the PAC and the supernatant was removed using a 10 ml syringe.
Another 1L of nanopure water was refilled and the above process repeated until the
liquid-solid interface of the H2O-carbon mixture was clear and the powder settled
rapidly. The PAC was then boiled for 30 min to remove any volatile organic components.
This water-washed carbon was dried in an oven at 110 °C for 2 days. Finally, the carbon
was stored in a dessicator until use.

To characterize the surface charge of PAC, the Point of Zero Charge (PZC) of the

PAC was determined following a mass titration method (Noh and Schwarz 1989). This
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method was chosen for its simplicity and suitability for determining PZC at certain ionic
strength. The method was put forward based on fact that the initial solution pH value, if
not equals to the PZC point of the solid, has the potential to approach the PZC point at
equilibrium after adding solid. The method varies mass of solid in the solution at certain
pH value and deems the pH value of the mixture when the mass of solid approaches
sufficiently high as the PZC point. Theoretically, the PZC point can be achieved only
when mass of solid is infinite. In practice, the PZC point is determined with no more
than 20% (by weight) of solid. For details of the mechanism and supporting materials of
this method, please refer to Noh and Schwarz (Noh and Schwarz 1989). According to
this method, three titration curves at different pH values (3, 6, and 11) are plotted with
mass-fraction against pH and the asymptotic values of the three different curves should
indicate the PZC value. In the titration process, HNO:s (0.1 M) and NaOH (0.1 M) were
used to adjust the pH and NaNOs was the electrolyte for ionic strength control. For each
pH condition, six clear 200 ml bottles were used and different amount of the PAC (0.05%,
0.1%, 0.5%, 1%, 5%, and 10% by weight) were added to the 100 ml NaNOs solutions. All
the bottles were placed on shaker (~140 rpm) at room temperature for 24 hours until
equilibrium. The water-carbon suspensions formed slurry; hence all samples were
tiltered (Nalgene Filter Unit, Whatman GF/C glass microfibre filters, 1.2 um) before pH

measurement. The results were shown in Figure 3.
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Figure 3: Point of Zero Charge Determination

Additional information on the BET surface area and pore size distribution were
obtained by Material Synergy (Pacific Surface Science Inc). The measured BET surface

area is 982 + 35 m?/g. The pore size distribution and cumulative pore volume are shown

below.
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Figure 4: Pore Size Distribution of PAC
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2.3 HPLC Measurement
High-Pressure Liquid Chromatography (HPLC)-UV absorption was used in the

analysis of PhACs in high concentration range experiment according to the method
developed by Shuyi Wang (Wang, Holzem et al. 2008). The same equipment was used
and wavelengths of 260 nm and 230 nm were used for ketoprofen and clofibric acid,
respectively. For detailed information, refer to the above paper. It should be noticed that
when preparing sample for HPLC analysis, stabilization (~ 2 hour) of the samples with
PAC before filtration is necessary to decrease the scattering of data. Potential
interference from humic acids with the detection of PhACs was tested and no observable

influence was found. The relevant HPLC chromatographs are provided in Appendix.

2.4 Kinetics Experiment
Kinetics experiments were designed to find the time necessary for adsorption

systems to reach equilibrium. Only one initial concentration was used for either

compound, 100 umol/L for ketoprofen and 200 umol/L for clofibric acid. The pH values
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and ionic strength were adjusted as mentioned above. The carbon dose used was 0.20

g/L (0.04 g/200 ml) for all batch experiments. This carbon dose is close to the maximum
dose commonly used for SOC removal (Martin 1980) and was determined based on the
study of Ternes et al (Ternes, Meisenheimer et al. 2002) whose initial PhACs
concentration was around 100 ug/L. Upon adding PAC, all the bottles were laid down

on the shaker (~140 rpm) at room temperature. Samples were taken using 3 ml plastic
syringes (BD, Luer-Lok) and filtered through 0.2 um polypropylene syringe filter (VWR).
Each data point consists of at least 2 replicates and each sample was measured 3 times

on the HPLC.

2.5 Isotherm Experiment

Adsorption isotherms were obtained by varying the initial solution concentration
at a constant PAC dose (0.20 g/L). The initial concentrations used for clofibric acids are
200 pmol/L, 320 pmol/L, 400 pumol/L, 500 umol/L, 650 pmol/L, 1000 pmol/L, and 1400
pumol/L and those for ketoprofen are 80 pumol/L, 100 pmol/L, 150 pmol/L, 180 umol/L,
and 200 umol/L. The bottles were placed on a shaker (~140 rpm) for 4 to 7 days to
ensure equilibrium conditions. Controls flasks without PAC were included and no
degradation was found in pure PhACs solutions up to 2 weeks on a shaker and no
observable degradation was found when humic acids coexist. To alleviate the influence
of PAC dust on analysis, batch reaction bottles were kept in the refrigerator (4 C) for 2

hours prior to sampling.
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2.6 Mathematical Modeling of Isotherm Data
To facilitate the understanding of the adsorption processes and prepare for

potential engineering design, fitting of experimental data to three frequently used
isotherms was conducted (Dabrowski, Podkoscielny et al. 2005; Mestre, Pinto et al. 2010).
These were the Langmuir Isotherm, Freundlich Isotherm, and Koble-Corrigan Isotherm.

2.6.1 Langmuir Isotherm
The Langmuir Isotherm was developed based on the assumption that the

adsorption process is confined to monolayer coverage and there is no interaction
between adsorbed molecules. The mathematical expression of this isotherm is shown in

the equation below.

_ Kl Ce
B 1+ a; Ce
Where C, is the equilibrium concentration (mg/L), g, is the amount of sorbate adsorbed

e

(mg/g), K; and q,; are isotherm constants.

2.6.2 Freundlich Isotherm

The Freundlich Isotherm is an empirical formula describing the adsorption

equilibrium. The mathematical expression of this isotherm is below.

qe = KfCen

Where C, is the equilibrium concentration (mg/L), g, is the amount of sorbate adsorbed

(mg/g), Kr and n are isotherm constants.

2.6.3 Koble—Corrigan Isotherm

Koble-Corrigan Model (KC) is a three-parameter empirical model representing
equilibrium adsorption. It is a combination of the Langmuir and Freundlich Isotherm-

Type Models and is given by the equation below. Compared with Langmuir isotherm,
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the additional parameter g can be regarded as characteristic of the heterogeneity of the

adsorption system (Duong 1998)(58).

_Ac?
"~ 1+BC,Y

where A, B, and g are the Koble—Corrigan parameters.

e

All the three isotherm equations were fitted to experimental data by least square
regression which was performed applying the Solver Function from Excel 2007. The best
fit parameters were determined and the Correlation Coefficient (R?), Residual Sum of
Squares Error (SSE) and the Standard Error (SE) were calculated to test the goodness of

fit. The definition of SSE, SE, and R? are shown by equations below.

n
SSE = ) (@ - 4.’
i=1

Where §; is the estimated equilibrium adsorbed concentration and g; is the experimental

equilibrium adsorbed concentration.

1
SE = n_pZ(Qi—Qi)
1=

Where n is the number of experimental points and p is the number of parameters in the

model.

SSE

R?=1-—
SST

Where SST stands for Sum of Squared Totals which is defined as
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n
SST =) (4 - D)?
i=1
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3. Results and Discussion
3.1 Adsorption Isotherms

Currently, only few reports exist on the adsorption isotherms of PhACs (Ternes,
Meisenheimer et al. 2002; Simazaki, Fujiwara et al. 2008; Cuerda-Correa, Dominguez-
Vargas et al. 2010; Mestre, Pinto et al. 2010). The adsorption isotherms obtained with
PAC with and without humic acids are shown below. In the case of clofibric acid (Figure
6), the adsorption capacity of PAC without humic acids falls in the range of 80 to 160
mg/g and can hardly be differentiated from the adsorption capacity when humic acids
coexisted, which is from 60 to 130 mg/g. From these results, it can be concluded that
there is no influence of humic acids on the adsorption of clofibric acid or that the
influence is not significant. The adsorption kinetics study (see section 3.3) is consistent
with this finding. The scattering of experimental data on the isotherm adds significant
difficulty in analyzing the data. Much effort was directed towards reducing the spread
of the data without being totally successful. Some scattering probably stem from the

impurity in the samples injected into HPLC column.

In the study of Ternes et al (2002), an adsorption capacity of 10-50 mg/g for
residual concentrations of 1 to 100 pg/L of clofibric acid was achieved at near neutral pH
condition. Mestre et al (2010) conducted activated carbon adsorption experiment at pH
equals to the pKa value of clofibric acid (50% of each conformation) using 4 kinds of
activated carbon, some which had a similar PZC to ours. They found a maximum
adsorption capacity of around 250 mg/g (pH=3.6), i.e., close to twice our value. A

possible explanation is that it is possible that neutral form of clofibric acid can diffuse
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through the macropores and mesopores more easily than the charged counterpart. This
is because the carbon surface is highly heterogeneous and certain negatively charged
surface area would repulse the deprotonated clofibric acid molecules, but allow the
neutral form pass through. Another possible explanation is that electron donor-acceptor
interaction and/or London dispersion effect (see section 3.2) are more significant than

electrostatic forces in clofibric acid adsorption.
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Figure 6: Adsorption Isotherm of Clofibric Acid in Solutions with (3 replicates, 9
measurements) and without Humic Acids (2 replicates, 6 measurements). The Error
Bars are Standard Errors

The adsorption isotherms for ketoprofen are shown in Figure 7. In contrast to
the results of clofibric acid, a negative influence of humic acids on the adsorption of
ketoprofen is clearly visible. The adsorption capacity was decreased from around 120
mg/g to 70 to 100 mg/g. The impact of humic acids will be even more apparent in the

kinetics study results which are discussed later.
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The different effects of humic acids on the adsorption of clofibric acid and
ketoprofen can be attributed to (1) the different chemical properties, especially
hydrophobicity, and (2) the relative concentrations of PhACs to the humic acids which
was 5 mg Carbon/L (initially, 40-50% carbon content) in all the solutions. As shown in
Figure 3, the PAC used in this study has a PZC value over 10. Therefore, the net charge
of the carbon surface should be positive at current experimental condition (pH=7.00). In
other words, the electrostatic force or attraction between clofibric acid or ketoprofen and
carbon should be significant because both PhACs are in their deprotonated forms
(Figure 2). This phenomenon has been investigated by others. The role of electrostatic
force in adsorption has been recognized in the adsorption of ionic dyes on activated
carbon with charged surface (Faria, Orfao et al. 2004). In such cases, the ionized forms of
PhACs could bind to the charged surface groups (basic ones) in the diffuse double layer
as counter ions (Schwarzenbach, Gschwend et al. 2003)(Chapter 11.4) or diffuse inside
the carbon surface to high adsorption energy sites (micropores). Meanwhile, humic
substances are always negatively charged at pH values from 4.5 to 8 (Newcombe 1994).
Obviously, once these negatively charged molecules adsorbed on the carbon surface, the
adsorption of negatively charged PhACs will decrease due to repulsion from the
residual negative charges of the humic acids. Nevertheless, considering the larger molar
ratio of PhACs to humic acids in this study which is 80-560 for clofibric acid and 32-80
for ketoprofen (initial concentration range of PhACs over 2.5 umol/L of humic acids,
Mw=3820 g/mol), the repulsion of clofibric acid should be smaller. This effect of

concentration may be analogous to the phenomenon described by the compressed
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double layer theory. As the concentration of the electrolyte (ionized clofibric acid)
increases, the electro-potential decreases and thus more adsorbed on the carbon surface

(Stern layer).

In the case of ketoprofen, because much lower concentrations were used, the
molar ratio of ketoprofen to humic acids ranged from 32 to 80; thus the influence of
electrostatic effects should be more important. This explains why the adsorption
capacity of ketoprofen decreased significantly in the presence of humic acids. Besides,
considering the more hydrophobic characteristic of ketoprofen (log D=0.41, pH=7.0,
pKa=4.29) compared with clofibric acid (log D=-1.25/-1.93, pH=7.0, pKa=3.18/2.5) (Yu,
Peldszus et al. 2008; de Ridder, McConville et al. 2009), the hindering effect from
relatively hydrophilic surface of humic acids aggregate (Wershaw 1999) should be larger.
The log D is a pH-dependent octanol water partition number (Kow) and it is defined by

equation below. An increasing log D value indicates the increase of hydrophobicity.

Acids (negatively charged): log D = logK,,,, — logiifil + 10®H-PKa))
Bases (positively charged): log D = log K,,, — logi{fil + 10®Ka-PH))

This effect of hydrophobicity in adsorption experiments was reported by Ahnert
et al (Ahnert, Arafat et al. 2003). In their study, cyclohexane, a nonpolar solvent was
employed to study the influence of hydrophobicity of carbon surface on the adsorption
of several organic compounds including benzene and xylene which have similar log Kow
(2.13 and 3.15) to the PhACs in this study. They found that the adsorption of benzene

and xylene decreased as the surface polarity/acidity increased. Considering the
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abundant acidic functional groups of humic acids, the enhanced acidity after binding of

humic acids to PAC surface could induce the decrease of ketoprofen adsorption.
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Figure 7: Adsorption Isotherm of Ketoprofen in Solutions with (3 replicates, 9
measurements) and without Humic Acids (2 replicates, 6 measurements). The Error
Bars are Standard Errors

Although the residual concentrations of humic acids in the adsorption
systems were not measured in this study, semi-quantitative prediction of the partition of
PhACs to dissolved humic acids could help in interpreting the experimental data. The
prediction of distribution of PhACs between water and activated carbon (Ka) is hard,
since the partition coefficients of either the ionized PhACs and neutral PhACs are
unknown. Thus, only prediction of the partition of PhACs to humic acids is discussed
here. The approach is as follows: First, one assumes that the humic acids totally
dissolved in water (i.e. no adsorption of humic acids). Then, based on the Karickhoff’s

empirical relationship (Karickhoff, Brown et al. 1979; Yamamoto, Nakamura et al. 2009)

26



which is shown below, the log D values of ketoprofen (0.41) and clofibric acid (-1.25) are
used to calculate the Koc values of ketoprofen (1.585 L/kg OC) and clofibric acid (0.0074
L/kg OC). In this case, when there is 5 mg carbon/L as humic acids in the solutions and
the equilibrium concentration of ketoprofen and clofibric acid are 20 mg/L and 100 mg/L
(close to adsorption saturation) in liquid phase, the amount of PhACs partitioned to the
humic acids are 3.45x10"2mol (clofibric acid) and 1.25x10°mol (ketoprofen). These

results are tabulated in Table 5.

Log Ko=Log D-0.21

Table 5: Calculation of partition of PhACs to humic acids

Compound | Log | Log | Koc Equilibrium Equilibrium Moles of Moles of
D Koc | (L/kg | Concentration | Concentration | PhACs PhACs
0Q) in liquid on solid partitioned | in
(umol/L) (umol/kg) to humic liquid,200
acids ml (umol)
(umol)
Clofibric - - | 0.0074 466 (=100 3.45 1.72x10° 93.2
acid 1.25 | 1.46 mg/L)
Ketoprofen | 0.41 | 0.2 | 1.585 78.65 (=20 124.66 6.23x104 15.73
mg/L)

Based on the above result, we can conclude that ketoprofen tends to
partition to humic acids more than clofibric acid, although the concentration of
ketoprofen is lower. However, it is impossible to claim that this stronger dragging effect
from humic acids on ketoprofen played an important role in reducing the amount
adsorbed onto activated carbon, because part of the humic acids are also adsorbed to the

activated carbon surface.
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3.2 Possible Intermolecular Forces

In addition to electrostatic interaction, proposed interactions between organic
compounds containing phenyl group/s and activated carbon surface (Dabrowski,
Podkoscielny et al. 2005) include (1) Donor-Acceptor Complex which involves surface
electron-donating groups (e.g. carbonyl oxygen) and aromatic ring as electron-acceptor;
(2) London Dispersion forces between the aromatic rings of sorbate and aromatic rings
of carbon surface. Since it is the delocalization of mt-electrons that induces the dispersion
forces, people also name this kind of dispersion force “m-1t dispersion”. (3) Hydrogen
Bond formation between the heteroatoms (chlorine and oxygen) and hydrogen atoms on
the carbon surface.

Before the discussion of these interactions, knowledge of the carbon surface
functional groups such as acidic and basic groups is necessary. According to information
collected in the literature, acidic surface groups of activated carbon were relatively well
studied. Carboxyl groups, phenol groups, Lactone groups, hydroxyl groups, and
carbonyl groups are common acidic groups (Karanfil and Kilduff 1999; Ahnert, Arafat et
al. 2003). Basic surface groups are not well studied compared to acidic groups, however,
pyrone-type and chromene-type are oxygen containing basic groups (Tessmer, Vidic et

al. 1997).
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Table 6: Relationship of Carbon Acidity/Basicity, PZC, and Oxygen Content

Sample Basicity Acidity Oxygen PzZC
(1eq/g) (1eq/g) (wt %)
AC2 34 716 19.7 2.7
AC3 153 358 7.6 5.4
AC1 302 149 3.6 9.7
AC5 365 179 4.9 9.9
AC4 437 89 0.7 10.8

Above data from P.C.C. Faria et al (Faria, Orfao et al. 2004). AC2 to AC5 are
surface modified activated carbon. AC1 is the parent carbon.

Sample Acidic group | Basic group | Basic group/ PZC
(neq/m?) (neq/m?) Acidic group

BPL 0.23 0.57 2.47 9.50
FS100 0.47 0.61 1.29 9.25
WPLL 0.85 1.26 1.48 9.20
F400g 0.24 0.40 1.48 9.15
MICRO 0.65 0.31 0.47 5.35
MESO 0.52 0.26 0.5 5.05
MACRO 0.57 0.13 0.23 3.45

Above data from Karanfil and Kilduff (Karanfil and Kilduff 1999). PZC of
carbon increases with the ratio of basicity and acidity.

As shown in Table 5, a large PZC corresponds to a large content of basic groups,
either in absolute or relative terms. Also based on the above data, one can conclude that
the basic group does not need to include oxygen. They can be regarded as Lewis basic
active sites which have high content of electrons (Faria, Orfao et al. 2004). Therefore,
these basic sites could act as electron donor and interact with the electron acceptors
which are the aromatic rings of clofibric acid or ketoprofen whose m-system’s electron
density is reduced by the electron-withdrawing groups like chlorine and oxygen (keto

function).

29



Besides, the existence of heteroatoms such as oxygen and chlorine make the
occurrence of H-bond possible. In summary, all above 4 intermolecular forces could play
a role in the adsorption of clofibric acid and ketoprofen on PAC. The expected
importance should be (1) electrostatic interactions; (2) electron donor-acceptor
interactions; (3 and 4) H-bond and London Dispersion forces. Meanwhile, the
hydrophobicity of the target compounds could also have an effect in the adsorption
process, especially when humic acids exist.

3.3 Adsorption Kinetics

Adsorption kinetics studies (Figure 8 and Figure 9) show that ketoprofen has a
larger affinity to the PAC surface than clofibric acid, because most of the adsorption of
ketoprofen occurred in the first 24 hours while it required around twice this time for
clofibric acid to reach equilibrium. This time required to reach equilibrium is longer
compared with 5 hours in the some other studies (Simazaki, Fujiwara et al. 2008; Mestre,
Pinto et al. 2010) but is comparable with the one done by Ternes et al (2002). The reason
why ketoprofen-PAC system needs less time to equilibrium may due to the smaller
solute molecular size (Table 2). It is known that a smaller molecular size enhances the
rate adsorbate to transfer from liquid phase to macropores and further the transfer to the
mesopores and micropores where the largest adsorption energy can be achieved (Huang,
Chou et al. 2002). Another direct observation is that the humic acids affected ketoprofen
adsorption severely as shown in Figure 9. As aforementioned, this phenomenon was at
least partially attributed to the much smaller amount of ketoprofen in the system and its

greater hydrophobicity.
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Figure 8: Adsorption Kinetics of Clofibric Acid with and without Humic Acids in the
Solution. Error Bars Stand for One Standard Deviation from Means of one replicate (3

measurements)
120
100 X X X x p 4
80 £
60 ¢ with HA T

without HA I
40 X without HA II
20 % + + + + mwithHATI

[ |

0

Solid Phase Concentration (mg/g)

0 50 100 150 200 250 300 350

Time (hour)

Figure 9: Adsorption Kinetics of Ketoprofen with and without Humic Acids in the
Solution. Error Bars Stand for One Standard Deviation from Means of one replicate (3
measurements)
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3.4 Modeling Results of Isotherms and Kinetics Data

3.4.1 Isotherm Modeling

To better understand the adsorption process, experimental data were fitted to 3
widely used isotherm equations. The adsorption isotherm fitting results are presented in
Figure 10, Figure 11, Figure 12, and Figure 13. All the model parameters and statistics
are tabulated in Table 7 and Table 8. It is found that the 3-parameter model, the Koble—-
Corrigan Isotherm, fits the data best which is consistent with the established conclusion
that 3-parameter isotherm models often give better fitting (Sontheimer, Crittenden et al.

1988).

Table 7: Isotherm Constants and Statistics of Batch Experiments with Humic Acids in
the Solutions

Isotherm Model Parameter Clofibric acid Ketoprofen
Langmuir K 31.06 143.82
a 0.31 1.62
R? 0.596 0.80
SSE 1477.1 382.60
SE 27.2 13.83
Freundlich Ky 46.05 50.47
n 0.163 0.21
R? 0.644 0.77
SSE 1301.3 447.48
SE 25.5 14.96
Koble-Corrigan A 52.48 200.07
B 0.34 2.38
Y 0.35 1.67
R? 0.653 0.82
SSE 1268.9 348.45
SE 25.2 13.20
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Table 8: Isotherm Constants and Statistics of Batch Experiments with Only PhACs

Isotherm Model parameter Clofibric acid Ketoprofen
Langmuir K, 145.77 362.14
a 1.42 2.87
R? 0.491 0.969
SSE 563.15 77.37
SE 16.78 6.2
Freundlich K¢ 82.55 87.21
n 0.044 0.13
R? 0.23 0.86
SSE 850.6 356.0
SE 20.62 13.3
Koble-Corrigan A 33.96 112523
B 0.34 930.62
g 3.01 10.13
R? 0.52 0.986
SSE 533.4 35.3
SE 16.3 4.2
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Figure 10: Adsorption Isotherm of Clofibric Acid without Humic Acids in the

Solutions
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Figure 12: Adsorption Isotherm of Ketoprofen without Humic Acids in the Solutions
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Figure 13: Adsorption Isotherm of Ketoprofen with Humic Acids in the Solutions.
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3.4.2 Kinetics Modeling

The adsorption kinetics data were fitted to Pseudo-first-order equation (PFO)
(Lagergren 1898), Pseudo-second-order equation (PSO), and a Intra-particle diffusion
kinetics equation (IPD) (Kannan and Sundaram 2001). The expressions of these three
models are shown below. The derivation of these three kinetics models is provided in

Appendix.

(a) Pseudo-first-order equation

Jt = Je — Qe ekt

Where q; (mg/g) and q, (mg/g) are the adsorption capacity at time t and

maximum adsorption capacity, respectively and Ki (hr?) is the PFO rate constant.

(b) Pseudo-second-order equation
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t K, t

i e Qe

Where K2 (mg/g'hr) is the PSO rate constant.

(c) Intra-particle diffusion kinetics
q. =Ktl/2 +C

Where K (mghr 2/g) and C (mg/g) are the IPD rate constant.

Both kinetics with and without humic acids were fitted to these three kinetic
models. The results are shown in figures below. It was found that the kinetic data of
clofibric acid, either with or without humic acids, were best fitted by the Intra-particle
diffusion model. The consistent of adsorption kinetics was also found in the study of
simultaneous adsorption PSS and atrazine (Li, Snoeyink et al. 2003). In contrast, the
kinetics data of ketoprofen with humic acids were fitted well by all three kinetics models
(R2=0.978, 0.997, 0.986), while the data of ketoprofen without humic acids were best
titted by the Pseudo-second-order model. A possibility, especially for this study, is that
lack of enough data points in the initial adsorption phase may cover the difference

between the systems with and without humic acids.
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Table 9: Kinetics Model Constants and Statistics of Batch Experiments with Humic
Acids in the Solutions

Isotherm Model Parameter | Clofibric Acid Ketoprofen
Pseudo-first-order Ki(hr?) 0.14 32.28
q.(mg/g) 59.17 26.65
R? 0.538 0.978
SSE 198.06 1.91
SE 7.04 0.62
Pseudo-second-order K;(mg/ghr) 266.59 6.29
q.(mg/g) 63.07 27.10
R? 0.640 0.997
SSE 154.39 0.25
SE 6.21 0.25
Intra-particle diffusion K (mghr ?/g) 0.028 0.038
q.(mg/g) 59.91 1.80
C(mg/g) 41.32 26.15
R? 0.675 0.986
SSE 139.40 1.26
SE 6.82 0.65

Table 10: Kinetics Model Constants and Statistics of Batch Experiments without
Humic Acids in the Solutions

Isotherm Model Parameter | Clofibric Acid Ketoprofen
Pseudo-first-order K;(hr?) 1.92 1.32
q.(mg/g) 51.10 99.99
R? 0.173 0.799
SSE 1335.41 119.49
SE 12.92 4.46
Pseudo-second-order K,(mg/g'hr) 20.43 33.58
q.(mg/g) 53.82 101.28
R? 0.291 0.971
SSE 1144.33 17.42
SE 11.96 1.87
Intra-particle diffusion K (mghr ?/g) 0.042 0.96
q.(mg/g) 59.91 1.22
C(mg/g) 34.82 85.80
R? 0.898 0.575
SSE 164.08 253.09
SE 7.39 7.95
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4. Conclusion

The overall objective of this research was to determine the adsorption capacity of
PAC towards two PhACs and to investigate the potential influence of NOM, which was
surrogated by humic acids. For this, adsorption experiments were conducted with
clofibric acid and ketoprofen in water at a pH of 7.00£0.05 and constant ionic strength of
0.01 M as NaCl and PAC as the adsorbent. The results demonstrated that:

(1) The PAC in this study has relatively high capacity for clofibric acid and
ketoprofen adsorption. The solid phase concentrations obtained were around 120
mg/g. The adsorption isotherms of clofibric acid with and without humic acids
were hardly differentiated from each other. Hence, humic acids do not seem to
have any influence on clofibric acid adsorption, at least when the concentration
of clofibric acid is high. However, the adsorption of ketoprofen was negatively
affected by the humic acids. The difference between the two compounds’
behaviors was attributed to the different molar ratio of PhACs to humic acids in
the solution and the stronger hydrophobicity of ketoprofen.

(2) The adsorption kinetics of clofibric acid was not affected in the presence of humic
acids and the kinetics data were best fitted by the Intra-particle diffusion model.
The kinetics of ketoprofen with humic acids was well fitted by all three models
according to high R? values and low SSE and SE values. The data of ketoprofen

without humic acids were best fitted to the Pseudo-second-order kinetics model.
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(3) Based on the physico-chemical properties of the system studied, the importance
of molecular interactions between the carbon surface and solutes is expected to
go by the following order:

A). electrostatic forces between the carbon surface and solute molecules;
B). electron donor-acceptor interaction;

C & D). H-bond and London Dispersion forces.

Even so, hydrophobic interactions may also play an important role in the

adsorption process.
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5. Statement of Engineering Significance and Future
Work

PAC adsorption of PhACs has advantages over common advanced oxidation
process in terms of its simplicity in the operating procedure, low cost, and relatively fast
pollutant removal rate. Only few work has been done on the adsorption of PhACs by
PAC, especially at environmentally relevant concentrations (<2000 ng/L) and this study
adds data that can be used for treatment system design and to support the development
of a better understanding of the mechanisms of adsorption of clofibric acid and
ketoprofen adsorption on PAC. Because of limitation of the analytical methods used, the
experiments were conducted at relatively high concentrations. However, experiments
conducted at low concentration would offer valuable data to firmly determine the
feasibility of PAC adsorption for PhACs removal. Thus future work should address
issues such as:

1. Adsorption experiment at low concentration which will greatly enhance our
understanding of the removal efficiency of PAC treatment;

2. Adsorption experiment of mixture of PhACs under different ionic strengths and a
range of pH values (pKa to ~10) and selected PAC with various properties which

will help us either select or synthesize optimum activated carbon for PhACs removal.
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Appendix
Data in Plots

Table A.1: Point of Zero Charge Determination

Mass of carbon (g) in 100ml 0.01M NaNOs solution

0.05 0.1 0.5 1 5 10
Initial Mass of carbon (g); final pH
pH
3 0.0493;3.25 | 0.1006;3.48 | 0.5001;6.89 | 1.0000;7.10 | 5.0000;9.90 | 10.0100;10.21
6 0.0497;6.30 | 0.1000;7.63 | 0.4996,9.30 | 1.0035;9.78 | 5.0021;10.11 | 9.9975;10.60
11 | 0.0501;11.28 | 0.1032;11.20 | 0.5032;11.30 | 1.0050;11.22 | 4.9755;10.87 | 9.9598;10.68

Table A.2: Calibration Curve of Clofibric Acid without Ethanol and Humic Acids in

solution

Concentration (umol/L)

Peak Area (mAU*sec)

1 28.2
1 35.7
5 142
10 288
10 386
15 427
20 571
25 958
50 1909
200 9610
300 14305
400 19004
500 23348.6
500 23786
600 27856
1000 41971
2000 87292
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Table A.3: Calibration Curve of Ketoprofen without Ethanol and Humic Acids in

solution
Concentration (umol/L) Peak Area (mAU*sec)

1 70.6

5 386
10 742
15 1069
20 1480
50 3723
10 574
40 3116
100 8217

Table A.4: Adsorption Kinetics Data of Clofibric Acids without Humic Acids, 200ml
solution, 200pmol/L clofibric acid, Ionic Strength=0.01M, pH=7.00+0.05

Time Solid Solid Standard
(hour) | Concentration | Concentration | Deviation of
(mg/g) (mg/g) Replicate II (3
Replicate I Replicate II | measurements
for each)
0 0 0 0
0.5 50.46 34.48 13.52
1 48.97 42.18 13.45
2 43.25 42.27 13.48
4 38.18 34.37 13.46
8 52.73 38.10 13.64
24 67.25 45.38 15.17
48 45.10 60.13 22.31
120 67.93 59.11 14.41
264 65.65 76.37 13.88
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Table A.5: Adsorption Kinetics Data of Clofibric Acids with Humic Acids, 200ml
solution, 200pmol/L clofibric acid, 5mg Carbon/L Humic Acids, Ionic Strength=0.01M,

pH=7.000.05
Time Solid Solid Standard
(hour) | Concentration | Concentration | Deviation of
(mg/g) (mg/g) Replicate II (3
Replicate I Replicate II | measurements
for each)
0 0 0 0
8 42.04 42.04 11.93
24 50.28 52.77 10.98
48 73.80 59.31 13.36
120 67.40 51.65 24.38
240 73.55 70.05 14.40

Table A.6: Adsorption Isotherm Data of Clofibric Acids without Humic Acids, 200ml
solution, Ionic Strength=0.01M, pH=7.00+0.05

Replicate I Replicate II
Residual Solid Standard Residual Solid
Concentration | Concentration | Deviation (3 | Concentration | Concentration
(umol/L) (mg/g) measurements (umol/L) (mg/g)
for each)
344.93 138.32 35.96 359.48 94.51
293.20 88.85 0.78 295.59 86.31
72.80 122.53 2.086 94.32 99.66
158.68 137.92 1.25 158.90 137.67
577.20 120.13 44.20 668.91 65.62
825.99 114.26 28.79 832.97 86.15
9.54(original
100pM, 8.51 (SD of 3
3replicates) 75.24 replicates)
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Table A.7: Adsorption Isotherm Data of Clofibric Acids with Humic Acids (5mg
Carbon/L), 200ml solution, Ionic Strength=0.01M, pH=7.00+0.05

Residual Solid Standard

Concentration | Concentration | Deviation (3

(pumol/L) (mg/g) replicates for
each)
885.72 93.64 44.73
677.21 89.32 34.91
326.06 86.89 28.26
224.50 81.47 66.72
188.15 74.38 19.76
14.12 50.50 24.68

Table A.8: Adsorption Kinetics Data of Ketoprofen without Humic Acids, 200 ml
solution, Ionic Strength=0.01 M, pH=7.00+0.05

Time Solid Solid Standard
(hour) | Concentration | Concentration | Deviation of
(mg/g) (mg/g) Replicate II (3
Replicate I Replicate II | measurements
for each)
0 0 0 0
1 66.98 62.70 1.072
2 69.94 66.91 1.078
24 81.31 79.68 1.093
48 81.21 79.77 1.090
96 81.63 79.89 1.11
192 80.11 80.92 1.09
336 80.59 80.83 1.092
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Table A.9: Adsorption Kinetics Data of Ketoprofen with Humic Acids (5 mg
Carbon/L), 200 ml solution, Ionic Strength=0.01 M, pH=7.00+0.05

Time Solid Solid Standard
(hour) | Concentration | Concentration | Deviation of
(mg/g) (mg/g) Replicate II (3
Replicate I Replicate II | measurements
for each)
0 0 0 0
4 24.99 25.49 9.84
8 26.48 26.52 9.84
24 26.74 27.041 9.84
48 27.14 27.088 9.84
120 27.59 26.67 9.84
240 27.63 27.094 10.42

Table A.10: Adsorption Isotherm Data of Ketoprofen without Humic Acids, 200 ml
solution, Ionic Strength=0.01 M, pH=7.00+0.05

Replicate I Replicate II
Residual Solid Residual Solid Standard
Concentration | Concentration | Concentration | Concentration | Deviation of
(umol/L) (mg/g) (umol/L) (mg/g) Replicate II (3
measurements
for each)
76.05 119.87 75.96 119.75 1.57
42.99 115.96 48.79 129.64 5.17
2.17 81.81 2.14 81.85 0.47
2.22 70.56 2.072 70.75 2.037
18.47 109.22 16.057 117.53 9.47
3.47 122.14 4.018 119.0065 0.73
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Table A.11: Adsorption Isotherm Data of Ketoprofen with Humic Acids (5 mg
Carbon/L), 200 ml solution, Ionic Strength=0.01 M, pH=7.00+0.05

Standard

Solid Deviation of

Residual Concentration | Replicate II (3

Concentration (mg/g) replicates for
(umol/L) each)
1.91 34.35 1.80
491 66.22 3.60
39.88 69.88 8.34
62.50 96.61 14.13

Chromatographs as proof of no interference from humic
acids on PhACs detection
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method for detecting clofibric acid

50



M Interactive Graphics - M d: 5p

File Edit View Results Edit Method Help

(8| &2 blp| k| = |®Nm.e

. RN

L]
[ilusersigliseskiopingic dsrsimessurement of ha on hplc\Sppm 1100z run) Fiie o | " of ha on npke! 00Z.1un
Channel: 1 = 280.00 nm Results
Last recalc: NA
50
od
2
E
100
150 %: 11.0435 Minutes
Y -TE.0 uAU
181
bs 50 7s o0 25 !
Minutes
| |
| N
For Help, press F1 BhJEBa F

Figure A 4: Solution with 5 mg Carbon/L of humic acids. Measurement 1st using method
for detecting ketoprofen

51



File Edit View Results Edit Method Help

(% &l |%] EGE] | Qe |

3
e
[ i of haan 002.run Fil: o " of ha on hplc) 0z.1un)
= Channel: 1 = 260.00 nm Results
b Last recalo: NA
125
1004
075+
0504
2
g
025
0.00
-0.25
X 11.5315 Minutes |
Y: -0.0574 mAL
049
s 50 75 00 25 J
Minutes
| |
Al
For Help, press FL BFJELEF

Figure A 5: Solution with 5 mg Carbon/L of humic acids. Measurement 2nd using

method for detecting ketoprofen

B Interactive Graphics - I
File Edit View Resuls EcitMethod Help

&0 B2 Jol 55| B | Qe |
[ 8]-

B o =

=

v

\ |

Fie' o of haon run|
Channal: 1 = 280,00 nm Results
Last recal: NA

1254

1.00+

075+

0.50+

mAU

025+

0.00~

0254 b
X: 58348 Minutes,
Y 0.0283 mAU

-0.41
25 '5.0 7.5 ' ! !

Minutes

Al
For Help, press F1 B9 JEEF

Figure A 6: Solution with 5 mg Carbon/L of humic acids. Measurement 3rd using

method for detecting ketoprofen

52



Reference

Ahnert, F., H. A. Arafat, et al. (2003). "A study of the influence of hydrophobicity of
activated carbon on the adsorption equilibrium of aromatics in non-aqueous
media." Adsorption-Journal of the International Adsorption Society 9(4): 311-319.

Avdeef, A., C. M. Berger, et al. (2000). "pH-metric solubility. 2: Correlation between the
acid-base titration and the saturation shake-flask solubility-pH methods."
Pharmaceutical Research 17(1): 85-89.

Benotti, M. J. and B. J. Brownawell (2007). "Distributions of pharmaceuticals in an urban
estuary during both dry- and wet-weather conditions." Environmental Science &
Technology 41(16): 5795-5802.

Bjelopavlic, M., G. Newcombe, et al. (1999). "Adsorption of NOM onto activated carbon:
Effect of surface charge, ionic strength, and pore volume distribution." Journal of
Colloid and Interface Science 210(2): 271-280.

Briard, P. and J. C. Rossi (1990). "Ketoprofene." Acta Crystallographica Section C-Crystal
Structure Communications 46: 1036-1038.

Broseus, R., S. Vincent, et al. (2009). "Ozone oxidation of pharmaceuticals, endocrine
disruptors and pesticides during drinking water treatment." Water Research
43(18): 4707-4717.

Carballa, M., F. Omil, et al. (2004). "Behavior of pharmaceuticals, cosmetics and
hormones in a sewage treatment plant." Water Research 38(12): 2918-2926.

Chin, Y. P., G. R. Aiken, et al. (1997). "Binding of pyrene to aquatic and commercial
humic substances: The role of molecular weight and aromaticity." Environmental
Science & Technology 31(6): 1630-1635.

Cuerda-Correa, E. M., ]. R. Dominguez-Vargas, et al. (2010). "On the use of carbon blacks
as potential low-cost adsorbents for the removal of non-steroidal anti-

inflammatory drugs from river water." Journal of Hazardous Materials 177:
1046-1053.

Dabrowski, A., P. Podkoscielny, et al. (2005). "Adsorption of phenolic compounds by
activated carbon - a critical review." Chemosphere 58(8): 1049-1070.

53



de Ridder, D. J., M. McConville, et al. (2009). "Development of a predictive model to
determine micropollutant removal using granular activated carbon." Drink.
Water Eng. Sci. Discuss. 2(2): 57-62.

Dordio, A. V., A.]. E. Candeias, et al. (2009). "Preliminary media screening for
application in the removal of clofibric acid, carbamazepine and ibuprofen by
SSF-constructed wetlands." Ecological Engineering 35(2): 290-302.

Duong, D. D. (1998). Adsorption analysis : equilibria and kinetics. London, Imperial

College Press.

Faria, P. C. C,, ]. J. M. Orfao, et al. (2004). "Adsorption of anionic and cationic dyes on
activated carbons with different surface chemistries." Water Research 38(8): 2043-
2052.

Fent, K., A. A. Weston, et al. (2006). "Ecotoxicology of human pharmaceuticals (vol 76,
pg 122, 2006)." Aquatic Toxicology 78(2): 207-207.

Gagnon, C., A. Lajeunesse, et al. (2008). "Degradation of selected acidic and neutral
pharmaceutical products in a primary-treated wastewater by disinfection
processes."” Ozone-Science & Engineering 30(5): 387-392.

Grant, T. M. and C. J. King (1990). "Mechanism of Irreversible Adsorption of Phenolic-
Compounds by Activated Carbons." Industrial & Engineering Chemistry
Research 29(2): 264-271.

Heberer, T. (2002). "Occurrence, fate, and removal of pharmaceutical residues in the
aquatic environment: a review of recent research data." Toxicology Letters 131(1-2):
5-17.

Heberer, T., K. Reddersen, et al. (2002). "From municipal sewage to drinking water: fate
and removal of pharmaceutical residues in the aquatic environment in urban
areas." Water Science and Technology 46(3): 81-88.

Hsieh, C. T. and H. S. Teng (2000). "Influence of mesopore volume and adsorbate size on
adsorption capacities of activated carbons in aqueous solutions." Carbon 38(6):
863-869.

Huang, M. C., C. H. Chou, et al. (2002). "Pore-size effects on activated-carbon capacities
for volatile organic compound adsorption." Aiche Journal 48(8): 1804-1810.

54



Hyung, H. and J. H. Kim (2008). "Natural organic matter (NOM) adsorption to multi-
walled carbon nanotubes: Effect of NOM characteristics and water quality
parameters." Environmental Science & Technology 42(12): 4416-4421.

Kannan, N. and M. M. Sundaram (2001). "Kinetics and mechanism of removal of
methylene blue by adsorption on various carbons - a comparative study." Dyes

and Pigments 51(1): 25-40.

Karanfil, T. and J. E. Kilduff (1999). "Role of granular activated carbon surface chemistry
on the adsorption of organic compounds. 1. Priority pollutants." Environmental
Science & Technology 33(18): 3217-3224.

Karanfil, T., M. A. Schlautman, et al. (1996). "Adsorption of organic macromolecules by
granular activated carbon .2. Influence of dissolved oxygen." Environmental
Science & Technology 30(7): 2195-2201.

Karickhoff, S. W., D. S. Brown, et al. (1979). "Sorption of Hydrophobic Pollutants on
Natural Sediments." Water Research 13(3): 241-248.

Kasprzyk-Hordern, B., R. M. Dinsdale, et al. (2009). "The removal of pharmaceuticals,
personal care products, endocrine disruptors and illicit drugs during wastewater

treatment and its impact on the quality of receiving waters." Water Research
43(2): 363-380.

Kasprzyk-Hordern, B., R. M. Dinsdale, et al. (2009). "The removal of pharmaceuticals,
personal care products, endocrine disruptors and illicit drugs during wastewater
treatment and its impact on the quality of receiving waters." Water Research 43:
363-380.

Khan, S.J. and J. E. Ongerth (2002). "Estimation of pharmaceutical residues in primary
and secondary sewage sludge based on quantities of use and fugacity
modelling." Water Science and Technology 46(3): 105-113.

Kilduff, J. E., T. Karantfil, et al. (1998). "TCE adsorption by GAC preloaded with humic
substances." Journal American Water Works Association 90(5): 76-89.

Kimura, K., H. Hara, et al. (2007). "Elimination of selected acidic pharmaceuticals from
municipal wastewater by an activated sludge system and membrane
bioreactors." Environmental Science & Technology 41(10): 3708-3714.

Lagergren, S. (1898). "About the theory of so-called adsorption of soluble substances."
Kungliga Svenska Vetenskapsakademiens. Handlingar 24(4): 1-39.

55



Levine, A. D., G. Tchobanoglous, et al. (1985). "Characterization of the Size Distribution
of Contaminants in Waste-Water - Treatment and Reuse Implications." Journal
Water Pollution Control Federation 57(7): 805-816.

Li, L., P. A. Quinlivan, et al. (2002). "Effects of activated carbon surface chemistry and
pore structure on the adsorption of organic contaminants from aqueous
solution." Carbon 40(12): 2085-2100.

Li, Q. L., V. L. Snoeyink, et al. (2003). "Elucidating competitive adsorption mechanisms
of atrazine and NOM using model compounds." Water Research 37(4): 773-784.

Li, Q. L., V. L. Snoeyink, et al. (2003). "Pore blockage effect of NOM on atrazine
adsorption kinetics of PAC: the roles of PAC pore size distribution and NOM
molecular weight." Water Research 37(20): 4863-4872.

Martin, R. J. (1980). "Activated Carbon Product Selection for Water and Wastewater
Treatment." Ind. Eng. Chem. Prod. Res. Dev. 19(3): 435-441.

Mestre, A. S., M. L. Pinto, et al. (2010). "Effect of solution pH on the removal of clofibric
acid by cork-based activated carbons." Carbon 48(4): 972-980.

Miao, X. S., B. G. Koenig, et al. (2002). "Analysis of acidic drugs in the effluents of
sewage treatment plants using liquid chromatography-electrospray ionization
tandem mass spectrometry." Journal of Chromatography A 952(1-2): 139-147.

Moreno-Castilla, C. (2004). "Adsorption of organic molecules from aqueous solutions on
carbon materials." Carbon 42(1): 83-94.

Newcombe, G. (1994). "Activated Carbon and Soluble Humic Substances - Adsorption,
Desorption, and Surface-Charge Effects." Journal of Colloid and Interface Science
164(2): 452-462.

Nghiem, L. D., A. I. Schafer, et al. (2005). "Pharmaceutical retention mechanisms by
nanofiltration membranes." Environmental Science & Technology 39(19): 7698-
7705.

Niederer, C., R. P. Schwarzenbach, et al. (2007). "Elucidating differences in the sorption
properties of 10 humic and fulvic acids for polar and nonpolar organic
chemicals." Environmental Science & Technology 41(19): 6711-6717.

Nikolaou, A., S. Merig, et al. (2007). "Occurrence patterns of pharmaceuticals in water
and wastewater environments." Analytical and Bioanalytical Chemistry 387(4):
1225-1234.

56



Noh, J. S. and J. A. Schwarz (1989). "Estimation of the Point of Zero Charge of Simple
Oxides by Mass Titration." Journal of Colloid and Interface Science 130(1): 157-
164.

Pelekani, C. and V. L. Snoeyink (1999). "Competitive adsorption in natural water: Role of
activated carbon pore size." Water Research 33(5): 1209-1219.

Petrovic, M., M. D. Hernando, et al. (2005). "Liquid chromatography-tandem mass
spectrometry for the analysis of pharmaceutical residues in environmental
samples: a review." Journal of Chromatography A 1067(1-2): 1-14.

Quinlivan, P. A., L. Lj, et al. (2005). "Effects of activated carbon characteristics on the
simultaneous adsorption of aqueous organic micropollutants and natural organic
matter." Water Research 39(8): 1663-1673.

Roberts, P. H. and K. V. Thomas (2006). "The occurrence of selected pharmaceuticals in
wastewater effluent and surface waters of the lower Tyne catchment." Science of
the Total Environment 356(1-3): 143-153.

Rouquerol, J., D. Avnir, et al. (1994). "Recommendations for the Characterization of
Porous Solids." Pure and Applied Chemistry 66(8): 1739-1758.

Scheytt, T., P. Mersmann, et al. (2004). "Transport of pharmaceutically active compounds
in saturated laboratory columns." Ground Water 42(5): 767-773.

Schwarzenbach, R. P., P. M. Gschwend, et al. (2003). Environmental organic chemistry.
Hoboken, N.J., Wiley.

Shon, H. K., S. Vigneswaran, et al. (2006). "Effluent organic matter (EfOM) in wastewater:
Constituents, effects, and treatment." Critical Reviews in Environmental Science
and Technology 36(4): 327-374.

Simazaki, D., J. Fujiwara, et al. (2008). "Removal of selected pharmaceuticals by
chlorination, coagulation-sedimentation and powdered activated carbon
treatment." Water Science and Technology 58(5): 1129-1135.

Sirtori, C., A. Zapata, et al. (2009). "Decontamination industrial pharmaceutical
wastewater by combining solar photo-Fenton and biological treatment." Water
Research 43(3): 661-668.

Sontheimer, H., J. C. Crittenden, et al. (1988). 3.2.8 Selection of the appropriate isotherm
equation. Activated carbon for water treatment, DVGW-Forschungsstelle,

57



Engler-Bunte- Institut distributed in the USA by AWW A Research Foundation:
130.

Ternes, T. A., A. Joss, et al. (2004). "Scrutinizing pharmaceuticals and personal care
products in wastewater treatment." Environmental Science & Technology 38(20):
392a-399a.

Ternes, T. A., M. Meisenheimer, et al. (2002). "Removal of pharmaceuticals during
drinking water treatment.” Environmental Science & Technology 36(17): 3855-
3863.

Tessmer, C. H,, R. D. Vidig, et al. (1997). "Impact of oxygen-containing surface functional
groups on activated carbon adsorption of phenols." Environmental Science &
Technology 31(7): 1872-1878.

Urase, T. and T. Kikuta (2005). "Separate estimation of adsorption and degradation of
pharmaceutical substances and estrogens in the activated sludge process." Water
Research 39(7): 1289-1300.

Verliefde, A. R. D., S. G. Heijman, et al. (2007). "Influence of electrostatic interactions on
the rejection with NF and assessment of the removal efficiency during NF/GAC
treatment of pharmaceutically active compounds in surface water." Water
Research 41(15): 3227-3240.

Wang, S., R. M. Holzem, et al. (2008). "Effects of Pharmaceutically Active Compounds on
a Mixed Microbial Community Originating from a Municipal Wastewater
Treatment Plant." Environ. Sci. Technol 42(4): 1091-1095.

Weigel, S., J. Kuhlmann, et al. (2002). "Drugs and personal care products as ubiquitous
pollutants: occurrence and distribution of clofibric acid, caffeine and DEET in the
North Sea." Science of the Total Environment 295(1-3): 131-141.

Wershaw, R. L. (1999). "Molecular aggregation of humic substances." Soil Science 164(11):
803-813.

Wilen, B. M., B. Jin, et al. (2003). "The influence of key chemical constituents in activated
sludge on surface and flocculating properties." Water Research 37(9): 2127-2139.

Wilmanski, K. and A. N. Vanbreemen (1990). "Competitive Adsorption of
Trichloroethylene and Humic Substances from Groundwater on Activated
Carbon." Water Research 24(6): 773-779.

58



Yamamoto, H., Y. Nakamura, et al. (2009). "Persistence and partitioning of eight selected
pharmaceuticals in the aquatic environment: Laboratory photolysis,
biodegradation, and sorption experiments." Water Research 43(2): 351-362.

Yangali-Quintanilla, V., T.-U. Kim, et al. (2008). "Modeling of RO/NF membrane
rejections of PhACs and organic compounds: a statistical analysis.” Drink. Water
Eng. Sci. Discuss. 1(1): 7-15.

Yu, Z. R, S. Peldszus, et al. (2008). "Adsorption characteristics of selected
pharmaceuticals and an endocrine disrupting compound - Naproxen,
carbamazepine and nonylphenol - on activated carbon.” Water Research 42(12):
2873-2882.

Yuan, F., C. Hu, et al. (2009). "Degradation of selected pharmaceuticals in aqueous
solution with UV and UV/H202." Water Research 43(6): 1766-1774.

59



	Abstract
	List of Tables
	List of Figures
	1. Background and Introduction
	1.1 Presence of PhACs in the Environment
	1.2 Concentrations in the Environment
	1.3 Treatment Techniques
	1.4 Activated Carbon Adsorption
	1.5 Objectives of Study

	2. Experiment
	2.1 Adsorbates
	2.2 Adsorbent
	2.3 HPLC Measurement
	2.4 Kinetics Experiment
	2.5 Isotherm Experiment
	2.6 Mathematical Modeling of Isotherm Data
	2.6.1 Langmuir Isotherm
	2.6.2 Freundlich Isotherm
	2.6.3 Koble–Corrigan Isotherm


	3. Results and Discussion
	3.1 Adsorption Isotherms
	3.2 Possible Intermolecular Forces
	3.3 Adsorption Kinetics
	3.4 Modeling Results of Isotherms and Kinetics Data
	3.4.1 Isotherm Modeling
	3.4.2 Kinetics Modeling


	4. Conclusion
	5. Statement of Engineering Significance and Future Work
	Appendix
	Reference

