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ABSTRACT
Denatonium benzoate is an aversive agent proposed for use in certain anti-freeze formulations to reduce poisoning
events of pets and humans. Unfortunately, the sorption properties of denatonium cations to soil and/or soil components
have not been investigated. In this paper, denatonium sorption to reference kaolinite clay under varied pH, ionic
strength, and cation identity is described. The data clearly indicate that the nature of the background electrolyte cation
modulates denatonium sorption with enhanced sorption occurring the presence of potassium ions versus minimal sorption occurring in a calcium chloride electrolyte at each pH studied as estimated using Dubinin-Raduskevich (D-R) isotherms. The effect of background electrolyte concentration on sorption was consistent with an ion-exchange process
wherein the sorption capacity increased with decreased background electrolyte concentration. An interesting and unexpected observation of increased sorption capacity (estimated using the D-R model) with decreasing pH was observed in
10 mM CaCl2 in contrast to an observed and expected increase in denatonium sorption to kaolinite in the presence of
either of 10 mM NaCl or 10 mM KCl. Estimates of the mean sorption energy using D-R isotherms ranging from 2.65
kJ/mol in 10 mM CaCl2 at pH 4 to 4.68 kJ/mol at pH 10 suggesting that the sorption process is not exclusively ion-exchange.
Keywords: Denatonium; Sorption Isotherms; Kaolinite; Clay Minerals; Water Quality

1. Introduction
The proper stewardship of water supplies is essential to
human health and quality of life. The use of any material
which could negatively impact natural water supplies
should thus be viewed with caution. Denatonium benzoate (DB), benzyldiethyl(2,6-xylylcarbamoylmethyl)ammonium benzoate is a water-soluble, quaternary ammonium compound (QAC) shown in Figure 1. DB is widely
used to a) prevent human or animal consumption of poisonous substances because the compound is extremely
bitter and b) to denature alcohol and prevent the sale and
consumption of untaxed spirits [1-3]. Since 1995, Oregon
has mandated that DB be added to products meeting certain criteria (windshield washer fluids containing > 4%
methanol and automotive antifreeze containing > 10%
ethylene glycol). More recently, The Antifreeze Bittering
Act of 2005 (H.R. 2537) was reintroduced (H.R. 615,
2009) to amend the Federal Hazardous Substances Act
and required engine coolant and antifreeze to contain a
bittering agent (DB) to discourage ingestion by humans
and pets. While well-spirited, the literature is devoid of
*

Corresponding author.

Copyright © 2013 SciRes.

studies addressing potential deleterious effects of DB and
the environmental fate and mobility of DB, as highlighted in 2005 by Tom Bonacquisti, American Water
Works Representative, in an address to the Environment
and Hazardous Materials Subcommittee, of the House of
Representatives Energy and Commerce Committee pertaining to The Antifreeze Bittering Act; in the address it
was stated that “… little was known about the environmental fate and transport of DB...” and that “… small
amounts of DB could render drinking water supplies bitter and unpalatable due to the extreme bitterness of DB”
[4]. Since the literature lacks specific studies of DB partitioning between aqueous and solid phases, the sorptive
behavior of related quaternary ammonium compounds
can provide clues.
Quaternary ammonium compounds (QACs) are commonly utilized in consumer products, cleaning agents and
industrial processes [5]. Benzalkonium chloride (BAC),
for example, represents the most well-known member of
the class and is used in antiseptic formulations in cosmetics, soaps, baby lotions, shampoos, eye drops and
contact lense cleaning solutions; as a cleaning agent,
BAC is utilized in hospitals to cleanse floors, surgical
JEP
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apparati and medical instruments [6,7]. Industrially, paper and pulp wastewater are treated with QAC-functionalized molecular sieves to remove dyes [4]; waters contaminated with pesticides (i.e. linuron) are cleaned via
sorption to QAC treated wood [8] or sorption to QAC
treated soils [9]. Anticholinergic drugs also utilize QACs
as active ingredients [10]. Until recently, herbicides containing the toxic QACs, paraquat and diquat, are routinely applied to soils as herbicides [11]. Unfortunately,
some have been linked to occupational asthma and other
health problems [7].
Sediment and soil sorption of surfactant QACs is wellstudied [5,6,12,13]. Generally, surfactant results suggest
that the quaternary ammonium cation adsorbs to mineral
surfaces via a cation-exchange process with charge balancing cations associated with mineral surfaces. In clay
minerals, such as 2:1 layered aluminosilicates, excess
negative charge (due to isomorphic substitutions of
cations into the clay structure) are present; these charges
are generally balanced by alkali or alkaline earth cations
[14]. QAC sorption to soil OM has also been investigated
and indicates that herbicide sorption to montmorillonite
is negatively impacted by organic matter [15].
In this preliminary study, the sorption properties of DB
onto a reference kaolinite clay were investigated. The
maximum sorbate concentration of DB was determined
via sorption under varied solution conditions (i.e. pH,
ionic strength, background cation identity).

2. Experimental
2.1. Materials
Denatonium benzoate was obtained from MP Biomedicals (USA). High-defect kaolinite (KGa-2), Warren
County, Georgia was obtained from the Source Clay
Minerals Repository at Purdue University and fractionated to obtain clay sized particles (<2 μm diamter). Burgos et al. reported a CEC value for KGa-2 43 at pH 7 in
10 mM LiCl [16]. All solvents were HPLC grade.

2.2. Batch Adsorption Experiments
Stock solutions of DB 2 g/L were prepared by DB dissolution in electrolytes matching those of the given ex-

Figure 1. The structure of denatonium benzoate with the
quaternary ammonium cation and the benzoate anion.
Copyright © 2013 SciRes.

periment (i.e. 0.01 M CaCl2, 0.01 M NaCl, 0.01 M KCl,
etc). Batch equilibrium adsorption experiments were implemented according to Organisation for Economic Cooperation and Development (OECD) guidelines [17]. The
pH each of suspension was adjusted with dilute HCl or
NaOH. All sorption experiments were performed in duplicate using Clarified Polypropylene, BD Falcon 50 mL
conical centrifuge tubes. The reaction mixtures were
equilibrated in a Big-shot III hybridization oven (Boekel
Scientific) which mixed the samples end-over-end at 25
rpm for 24 hr. Equilibration studies indicated that 24 hrs
was sufficient for attaining equilibrium in all systems.
Subsequent to each experiment, all vials were centrifuged
for 25 minutes at 4150 g. The pH of the supernatant was
measured using a calibrated combination electrode.

2.3. Detection of Denatonium Benzoate
Aqueous denatonium concentrations were determined in
two milliliter aliquots of the supernatant via HPLC
(Perkin Elmer, Series 275 HRes UV/VIS Liquid Chromatography System with autosampler) using a C-18
analytical column (LiChrospher, 100 × 4.6, 5 μm). The
mobile phase consisted of acetonitrile (ACN) and MilliQ water adjusted to pH 2.2 with H3PO4. The column flow
rate was 1.0 mL·min−1. The total time analysis time for
each sample was 59 minutes. The mobile phase composition was initially held constant at 70% water (solvent
A) from 0 to 8 min, linearly ramped to 60% water from 8
to 14 min, held constant at 60% water from 14 to 23 min,
linearly ramped to 30% water from 23 - 28 min, held
constant at 30% water from 28 - 43 min and finally
linearly ramped back to 70% water. The retention time of
denatonium benzoate was 15.5 min in standards, but
varied from 14.9 to 15.8 min in supernatant solutions
suggesting that dissolved solutes from the clay mineral
were present.
Denatonium was detected via absorption at 205 nm
with 600 nm as the reference wavelength. Linearity up to
100 ppm DB in all electrolytes was consistently achieved
with R2 = 0.999. Controls and blank experiments were
run for each denatonium solution. Control samples
consisted of denatonium benzoate solutions without clay
minerals and experiment blank samples were composed
of clay suspensions without denatonium benzoate. At the
lowest denatonium concentration utilized, no changes in
the aqueous concentration were detected in controls indicating that significant sorption by centrifuge walls were
not likely. Thus, aqueous denatonium benzoate concentrations were determined by calculating the difference
between the initial and final concentrations.

2.4. Sorption Isotherms
To predict or assess the potential for denatonium transJEP
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port in subsoil environments, a number of empirical models are typically employed to estimate partition or distribution coefficients and to approximate the sorption
capacity under a variety of solution conditions. The Freundlich isotherm is used to model the sorption capacity
(qe, mmol/g) as a function of equilibrium solute concentration (Ce, mmol/L) allowing for heterogeneous surfaces
and allow for multilayer sorption [18]. The Freundlich
equation is given by
qe  K F Ce1 N

(1)

where KF, Ce and N represent the Freundlich factor, the
equilibrium solute concentration, and surface heterogeneity, respectively. In contrast to the Freundlich sorption
model, the Langmuir model is generally applicable for
describing sorption to homogenous surfaces where monolayer absorption is presumed to occur. The Langmuir
model is defined as
 K L Ce 
qe  Qmax 

 1  K L Ce 
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in CaCl2, KCl, and NaCl at pH 4.0, 6.5, and 10 shown in
Figure 2. Generally, denatonium sorption to kaolinite in
each electrolyte varies as a function of pH. Figure 2(a)
shows the sorption behavior of denatonium in 0.01 M
CaCl2 electrolyte at pH 4, 6.5, and 10 where the sorption
isotherm is S-type [20] and sorption is inversely dependent on initial pH. A C-type [20] isotherm was
observed in a potassium chloride electrolyte at all pH
values (Figure 2(b)) along with a direct (albeit moderate)
dependence of concentration on pH in contrast to the
calcium chloride electrolyte. When sorption experiments
were carried out in NaCl, L-type isotherms [20] were
obtained under all solution conditions as shown in Figure 2(c). Generally, the Freundlich model satisfactorily
fit all data with R2 > 0.91 as shown in Table 1. The suitableness of the Langmuir model considerably varied
from system to system, and values derived from the model were not considered reliable (although they are shown
in Table 1).

(2)

where Qmax is the maximum sorption capacity (mmol/g),
KL is the Langmuir constant (L/g), and Ce is the equilibrium solute concentration (mmol/L).
To gain insight into potential sorption mechanisms, the
Dubinin-Radushkevich (D-R) model can be utilized. The
linearized form of the D-R model is [19]
ln Q  ln Qm  k  2

(3)

where Qm represents the Dubinin-Radushkevich monlayer capacity (mmol/g), k is a constant which allows the
mean free energy of sorption to be calculated, and  is
the Polyani potential which can be related to the equilibrium concentration (Ce) as follows:


  RT ln 1 


1

Ce 

(4)

where R represents the molar gas constant 8.314
J·mol−1·K−1 and T is the absolute temperature. To determine the mean free energy change (E) in kJ/mol associated with a mole of molecules being transferred from
solution to the sorbent surface, the following relationship
can be utilized
E

1
2k

(5)

where k represents the slope of the Dubinin-Radushkevich model given in Equation (3).

3. Results and Discussion
3.1. pH Effects
Equilibrium sorption isotherms for denatonium sorption
Copyright © 2013 SciRes.

Figure 2. Sorption isotherms of denatonium by kaolinite in
mM (a) Ca2+, (b) K+, and (c) Na+ at indicated pH values.
JEP
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Table 1. Fitting parameters for Freundlich, Langmuir and Dubinin-Radushkevich (DR) isotherms.
Treatment

Freundlich

Langmuir
2

DR
Qm(mmol/g)

E (kJ/mol)

R2

0.8341

9.36E-01

2.65

0.9658

6.42E-01

0.9890

4.57E-01

3.52

0.9630

0.06

3.13E-01

0.9649

3.00E-01

4.68

0.9119

KF (L/mmol)

1/n

R

KL (L/g)

Qmax(mmol/g)

R

pH = 3.9, 0.01 M, Ca2+

0.005

0.944

0.9813

0.01

3.14E+00

pH = 6.5, 0.01 M, Ca2+

0.002

1.726

0.9752

0.02

pH = 10, 0.01 M Ca2+

0.001

0.360

0.9065

pH = 4, 0.01 M Na+

2

0.019

0.882

0.8376

0.01

4.76E+00

0.4389

1.66E+00

3.53

0.8822

pH = 6.5, 0.01 M Na

+

0.016

0.754

0.9983

0.01

4.51E+00

0.9662

2.16E-03

3.78

0.9510

pH = 4.0, 0.02 M Na

+

0.008

1.348

0.9990

0.01

2.94E+00

0.9170

1.66E+00

3.48

0.9114

pH = 10, 0.02 M Na+

0.105

0.697

0.9310

-0.01

−2.63E+00

0.2173

4.82E+00

2.16

0.9946

pH = 4, 0.01 M K+

0.095

0.911

0.9997

0.00

−1.21E+01

0.9238

4.27E+00

3.32

0.9773

+

0.084

1.035

0.9990

0.00

−1.53E+01

0.2763

4.36E+00

3.48

0.9859

+

0.079

1.006

0.9997

0.00

1.23E+02

0.3103

4.36E+00

3.63

0.9818

pH = 6.5, 0.01 M K
pH = 10, 0.01 M K

Three principal observations can be made for denatonium sorption in 0.01 M CaCl2 over the pH range
studied. Firstly, mineral sorption of denatonium varies
with pH with the greatest amount of sorption occurring at
pH 4 for the highest initial concentration. Secondly, at
low initial denatonium concentrations (0 - 50 ppm),
sorption is nearly independent of initial pH. Finally, the
maximum sorption (at the highest initial concentration)
varies inversely with pH with the lowest amount of
sorption occurring at pH 10. However, in the presence of
0.01 M KCl, a positive correlation between initial pH and
sorption was observed although the degree of sorption at
different pH values was not large. A background electrolyte of 0.01 M NaCl yielded sorption isotherms which
showed that denatonium sorption varied significantly
with pH, in contrast to observations for 0.01 M KCl
systems at the same pH. That the degree of sorption
varies with initial pH is consistent with the fact that
kaolinite has a pH-dependent surface charge due to protonation/deprotonation reactions of silanol and aluminol
[14]. Generally, the net surface charge for kaolinite is
expected to be zero at the point of zero charge (PZC)
which has been found to be around 2.8 [21]. Thus, cation
sorption is expected to occur and increase with initial
solution pH for values in excess of the PZC. This has
been observed in numerous studies of cation absorption
to kaolinite [5,22,23]. For example, in an early study by
Brownawell et al., the adsorption of the cationic surfactant dodecylpyridinium (DP) to kaolinite clay under
varied solution conditions (pH, background electrolyte
and dodecylpyridinium concentration) was found to be
directly proportional to solution pH [5]. A similar observation was made in studies of paraquat [22] and methylene blue [23] dye sorption onto kaolinite.
Copyright © 2013 SciRes.

Interestingly, the pH-dependent behavior observed for
the 0.01 M CaCl2 system is counter to that which would
be expected were a simple cation-exchange process occurring. To the contrary, as pH increased, the maximum
amount of sorption generally decreased suggesting that
the clay surface charge actually increased. A possible
explanation could be that the background electrolyte
(CaCl2) plays an active (although unknown) role in the
sorption process wherein a partially dissociated calcium
benzoate complex (CaBenzoate+) forms with the complex subsequently absorbing to the clay surface. The presence of such a complex was documented in an early
study of organic calcium complexes where an association
constant was measured in 5 mM CaCl2 and 50 mM
sodium benzoate and found to be 0.75 suggesting that the
complex has a small propensity to form [24,25]. Thus,
although this complex was not readily detected in these
experiments, it’s presence on the kaolinite surface could
preclude the denatonium cation from sorbing to the surface and account for decreasing denatonium sorption at
elevated pH values. An additional, though highly speculative, explanation could be that at pH 10, Ca(OH)2 precipitates could physically block access of denatonium
cations to the surface thus reducing sorption. The obstructing of cation access to sorption sites in mineral
systems was suggested in a study of copper sorption to
layer silicates in natural soils; in the study Fe oxide
precipitates were postulated to coat lateral surfaces of the
silicates hindering the access of Cu to those sorption sites
[26].
Denatonium sorption in the presence of 0.01 M KCl
(Figure 2(b)) was markedly different from that occurring
in the presence of calcium at the same concentration. The
most notable difference is the linearity of sorption across
the concentration range. Linear sorption isotherms sugJEP
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gest that under the given experimental conditions, binding at one site does not impact other binding sites of the
sorbent such that the sorbate distribution constant does
not vary with initial concentration and could further
imply a solute partition mechanism rather than true sorption [27]. More likely than not, the linearity of isotherms
observed here in the presence of potassium ions are more
related to cation properties, i.e. low hydration energy,
and the concentration range employed. Regardless, under
the conditions of the study, it is apparent that the sorption
process differs somewhat from that observed for sorption
in the presence of CaCl2 and NaCl.
Figure 2(c) shows sorption isotherms collected in a
0.01 M NaCl background electrolyte at different pH
values. Immediately apparent is a modulation in sorption
mechanism in the concentration range by pH as evidenced by a change in isotherm shape. At low pH, the
isotherm is linear across the range, however, with increasing pH, the isotherm displays Langmuir-type sorption again suggesting that monolayer sorption of denatonium to the kaolinite surface took place. The figure
also shows that sorption increased with pH as would be
expected were cation sorption to pH-dependent edge sites
occurring [28].

3.2. Impact of Cation Concentration
To further assess the mobilization potential of denatonium in subsurface environments due to changes in
solution composition, the impact of ionic strength on
sorption in NaCl was evaluated. Figure 3 shows sorption
isotherms collected at pH 4 in 0.01 and 0.02 M NaCl.
The isotherms clearly indicate that cation concentration
plays a role in the sorption process with higher concentrations of cation appearing to suppress sorption. Freundlich constants listed in Table 1 quantitatively support
the observation of decreased affinity at increased ionic
strength (0.019 L/mmol(0.01 M Na+)) vs. (0.008 L/mmol
(0.02 M Na+)). The decrease in sorption observed at
higher ionic strength can be rationalized by competition
between denatonium cations and Na+ for sorption sites
with denatonium cations likely forming outer sphere
complexes in the background electrolyte. The observations suggest that sorption proceeds via a cation exchange mechanism. In previous studies of ion sorption to
charged surfaces, the observation of reduced sorption in
the presence of larger electrolyte concentrations was
taken as evidence of an ion-exchange mechanism whereby sorption occurs via an outer-sphere complexation
process [29,30]; our team thus proposes that outer-sphere
complexation occurs between denatonium and the charged surfaces of kaolinite across the pH range.

3.3. Electrolyte Cation Identity Effects
To assess the impact of varying the electrolyte cation, we
Copyright © 2013 SciRes.
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Figure 3. Sorption isothems of denatonium by kaolinite in
10 mM and 20 mM Na+ at pH 4.

evaluated sorption characteristics in the presence of Ca2+,
K+, and Na+ at three initial pH values (4, 6.5 and 10) at
varied denatonium concentrations up to 75 ppm. Figure
4 shows the sorption isotherms for each electrolyte at
different pH values with all figures drawn to the same
scale for comparison. Irrespective of initial pH, the
affinity of denatonium for kaolinite decreases in the
order K+ > Na+ > Ca2+. That denatonium sorption is
enhanced in the presence of potassium ions and suppressed with calcium ions at all pH values is directly
related to the hydration properties of potassium and
calcium as previously suggested [31]. Ca2+ has an
enthalpy of hydration of −1580 kJ/mol while that of K+ is
−314 kJ/mol. The impact of saturating cations and
supporting electrolyte cations on contaminant sorption to
clay minerals has been well documented in the literature
and our results are generally consistent with previous
studies in that sorption is enhanced in the presence of
low hydration enthalpy ions and suppressed in the presence of higher hydration energy, divalent cations [3133]. As observed in previous studies of contaminant
sorption in the presence of the same cations (K+, Na+,
Ca2+), clay retention of contaminants with sodium ions
present in the background electrolyte was intermediate
[32].

3.4. Sorption Mechanism
Representative D-R plots are shown for denatonium
sorption to kaolinite in the presence of 0.01 M KCl at pH
4.0, 6.5, 10 are shown in Figure 5. With few exceptions,
the linearized form of the Dubinin-Radushkevich model
yielded satisfactory R2 values as shown in Table 1. The
calculated mean free energy values ranged from +2.16
kJ/mol to +4.68 kJ/mol. In previous studies, many (but
not all researchers) have a ascribed a magnitude of E
between 8 and 16 kJ/mol to sorption processes proceeding via ion-adsorption or chemisorption [34-36]
while values less than 8 kJ/mol are typically ascribed to
JEP
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physical sorption processes which tend to be rapid and
reversible [37,38]. That our calculated values fall out of
the range of ion-exchange sorption processes is in direct
contrast to the experimentally observed sorption dependence on ionic strength as shown in Figure 3 for denatonium sorption in 0.01 M NaCl and 0.02 M NaCl. As
discussed previously, this observation is generally
indicative of a cation exchange mechanism being operative. Thus, the calculation of sorption energies outside
the empirically accepted range for cation-exchange processes does not preclude a conclusion of cation exchange
taking place; the observation further highlights the shortcomings of attempting to exclusively utilize theoretical
models as the sole determinant of sorption mechanisms.

4. Conclusion
The sorption of the denatonium cation to specimen clay
samples has been evaluated under a variety of solution
conditions. Kaolinite sorption of denatonium is very
much influenced by pH, ionic strength, and by electrolyte
cation identity. At low initial concentrations of denatonium, equilibrium denatonium concentrations were independent of pH for all electrolytes studied but varied at
higher initial concentrations. The uptake of denatonium
was maximal at low initial pH values in CaCl2 while in
KCl and NaCl maximum sorption was observed at higher
pH values. An observed inverse dependent sorption with
ionic strength was taken as evidence of a cation exchange
mechanism being operative in each case.
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