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CHAPTER 1: LITERATURE REVIEW

Introduction

Organic matter (OM)-mineral systems are ubiquitous in the environment and exhibit
controlling effects on biotic and abiotic processes '. For instance, OM-mineral interactions have
been implicated in long residence times of soil organic matter (SOM) because they stabilize
organic species to mineral surfaces preventing SOM degradation by enzymes and microbes >,
Additionally, soil organic carbon associated with colloidal-sized minerals has been shown to be
critical to soil fertility > °, disintegration of bioresistant organic contaminants has been linked to
organo-mineral interactions ’, and minerals in soils and sediments can be sinks for carbon and

hence potential repositories for excess atmospheric carbon .

The OM-mineral interface in the natural environment is incredibly complex with sorption
and desorption reactions involving OM in distinct phases from the mineral and the bulk solution
in the environment * '°. Due this complexity, there is still minimal comprehension as to how
minerals and OM interact in the natural world '° and most importantly an understanding of these

reactions at an atomic level is yet to be achieved '!.

Complexity in OM and minerals

The mineral can have several types of reactive functional groups on its surfaces, varying
specific surface areas, and changing electrostatic charges associated with it *. Aluminosilicates,
amorphous aluminosilicates, and sesquioxides (oxides, hydroxides, and oxyhydroxides of Al and
Fe) form the majority of sorbent surface area in soils 2. The net surface charge of hydroxylated
surfaces varies, becoming increasingly negative as pH increases while clays (smectite, illite)

have a permanent negative charge arising from the substitution of ions of lower valence for ones



of higher valence within their crystal structure '?. Dissolved organic matter can also have distinct
characteristics, such as different functional groups, hydration sphere, ionic radius, valence, outer-
shell electron configuration, covalent and ionic bonding characteristics, polarizability,
hydrophobicity, molecular coordination, steric effects, and redox characteristics , all of which

dictate bonding mechanisms with minerals.

Bonding mechanisms in OM-mineral systems

The abundance of OM in marine sediments has long been associated with the sorption of
OM to fine-size mineral surfaces '*. Similarly, when soils are separated by size, fine silts and
clay separates contain the highest organic matter contents . There is evidence that OM in
terrestrial ecosystems, the largest reservoir of organic carbon '°, is preserved through physical
aggregation and/or chemical sorption '°. The major mechanisms by which OM adsorbs onto
mineral surfaces have been suggested by Sposito '® to be: 1) ligand exchange-surface
complexation involving the exchange of acidic hydroxyl groups of organic matter (e.g.,
carboxylic and phenolic) for hydroxyl groups on the surface; 2) electrostatic interaction
involving the exchange of ions between a solution and a complex or surface; 3) hydrophobic
interactions where nonpolar residues are excluded from water by entropy-related interactions that
force the nonpolar groups together into micelles; 4) hydrogen bonding where a hydrogen atom
with a positive partial charge interacts with partially negatively charged atoms; 5) cation
bridging involving the formation of positively charged bridges by polyvalent cations between the
negatively charged mineral surface and the negatively charged acidic functional groups of the
OM; and 6) van der Waals interactions also known as electrostatic forces caused by a
temporarily fluctuating dipole moment arising from a brief shift of orbital electrons to one side

of an atom or molecule, which creates a similar shift in adjacent atoms or molecules. These



mechanisms fall under a bigger umbrella of inner sphere complexation adsorption if there is
direct bonding of OM to mineral surfaces and outer sphere adsorption if the OM adsorbs onto the

mineral by interplay through water molecules *.

The stability of the bonds between OM and minerals is proposed to follow a discrete
zonal sequence whereby bond strength decreases with increasing distance from the surfaces !> '8,
The contact zone between OM and the mineral is stabilized by organic-mineral associations
dominated by either polar organic functional groups interacting via ligand exchange with simply
coordinated mineral hydroxyls or proteinaceous materials that unfold upon adsorption 7. A
secondary hydrophobic zone contains other organic matter that maybe adsorbed into the first
layer and whose components may exchange more easily with the surrounding solution !’. An
outer region or kinetic zone contains OM loosely retained by cation bridging, hydrogen bonding,
and other interactions with the outer layers of the organic matter, having a more rapid turnover
17 Desorption processes of OM have been studied to a significantly lesser extent than adsorption,
with several mathematical formulations of solute transport considering the adsorption-desorption
reaction reversible . This has been proven to be an invalid postulation for several heavy metals
interactions with several soils in batch studies !°. The nature of the physical space at the mineral
surface is another important factor that affects adsorption reactions. Minerals are often porous
solids and the physical constraints of small pores create forces on water and chemicals that affect
molecular interactions of the sorbed chemicals ¢. The properties of the bathing solution, such as
pH, is another factor that determines minerals’ surface charge and the extent of dissociation of
carboxylic acids in OM and thus affecting bonding mechanisms *. The mineral-organic matter

interface in the natural environment therefore is multidimensional and significant knowledge

gaps exist regarding steric effects, distribution, and conformation of organic molecules on the

19,21

3

surface, 2° and susceptibility of organic ligands to desorption, degradability, and exchange



Quantifying sorption mechanisms at the organic matter-mineral interface would provide

researchers with insights into the stabilization of carbon pools.

While the type of bonding in these systems is well characterized by a variety of
spectroscopic techniques, the mechanisms behind these interactions and the trends are not clear.
For instance, the sorption of humic and fulvic acids on synthetic gibbsite peaked at pH 5 22,
whereas sorption on K-saturated smectite and on synthetic lepidocrocite decreased continuously
over the range pH 3.2 to 7.0 ?2. In other studies with humic substances, sorption on gibbsite,
montmorillonite, illite, mordenite, and amorphous silica decreased over this same pH range,
whereas it decreased or stayed constant for kaolinite, and increased for 6-Al,03 2323,

Additionally, information on controls on desorption of organics is often conflicting because

several mechanisms are at work simultaneously .

Energetics of OM-mineral interactions

Enthalpies of adsorption measurements derived from temperature dependence of sorption
isotherms in batch experiments have been traditionally used to study OM-mineral associations 2%
27 Energy-dependent adsorption isotherms determined are based on the Clausius-Clapeyron
equation, which assumes that sorption reaches equilibrium, is reversible, and leads to no change
of the adsorbing surface ?®. These postulations are only acceptable when single crystal systems
exhibit monolayer organic bonding onto the mineral surface for one type of binding site 2% °.
However, minerals in the natural environment possess dynamic surfaces with a variety of sites
where the reactivity and distribution change depending on crystallinity, morphology, and crystal-
face orientation .

The direct, dynamic, highly sensitive, and quantitative nature of flow adsorption

microcalorimetry (FAMC), as well as its advantages over batch systems and other calorimetric



methods, make the technique well suited for investigating changes/dynamics of complex

19,31

reactions occurring at the liquid-solid interface . It has widely been used to study the surface

32,33

chemistry of many types of solids such as organics and synthetic inorganics **. FAMC has

several advantages over batch calorimetric systems: 1) fine temporal resolution (seconds), ii)

simultaneous monitoring of reactions occurring at different rates °->!

, 1i1) easy control of
physico-chemical conditions of the system (e.g. pH, ionic strength) 2!, and iv) sorption and
desorption processes can be performed on the same sample making it possible to determine the
reversibility of the reaction 2%, Energy measured as heat is the main factor in this study because
all reactions require energy or heat transfer to occur. This measured heat is also known as change
in enthalpy. Coupled with Ultraviolet-visible spectroscopy (UV/vis), FAMC can yield
information about how sorption energies and quantities vary with surface coverage.

The major objective of this study was to use a combined method of FAMC-UV/vis to
quantify sorption dynamics, kinetics, heat of reaction, and change in surface charge of
ferrihydrite associated with ferrihydrite-organics interactions. Iron is the most prevalent element
in Earth’s crust after oxygen, silicon, and aluminum. It circulates in biogeochemical cycles in
biotic (biosphere) and abiotic (atmosphere, hydrosphere, and lithosphere) systems . Under
aerobic conditions, iron exists in its ferric (Fe**) form while under anaerobic conditions it exists
in its ferrous (Fe?*) form . Ferrous iron is soluble while ferric iron is insoluble . Consequently,
the ferric form is the predominant form found in naturally occurring, iron-bearing minerals, like
the iron oxyhydroxide used in this study ¢. Organic acids used in this study were amino-bearing
carboxylic acids (glycine, a-alanine, $-alanine, G3.5-COOH) and ATP. These were chosen to
reflect differences in size, molecular conformation, and deprotonation behaviors. Additionally,
these molecules are environmentally and/or technologically significant. Glycine and a-alanine,

typically chosen as good models for studying biological systems exhibiting peptide bonds, are



the simplest proteinogenic amino acids used as food additives and precursors for chemical and
pharmaceutical products *°. B-alanine is a non-proteinogenic amino acid incorporated in Vitamin
B5 and is employed in secondary metabolism in plants (lignin biosynthesis) *°. Amino acids are
characterized by two active functional groups, the amine and carboxylic groups (NHx and COO
(H)), which define the chemical form of the molecules and can be involved in bonds formed with
ferrihydrite. Depending on the pH environment, the chemical speciation of glycine, a-alanine,
and B-alanine in solution vary from cationic (NH3 " CHRCOOH) through zwitterionic to anionic
NH2CHRCOQO) forms (see appendix).

The poly amido amine (PAMAM) dendrimer G3.5-COOH was chosen for this study as a
model for operationally dissolved (< 0.45 um) larger synthetic amino-bearing organic
compounds. Made of repeating units of amine and amide groups branching out into -COOH
groups, the G3.5-COOH dendrimer also exists as a cation, zwitterion, or anion depending on the
pH of the environment. Lastly, adenosine triphosphate disodium (ATP) completes the list of
amino-bearing organic acids chosen for this study. ATP is a ubiquitous nucleotide that acts as a
reservoir and energy conveyer in terrestrial and marine photosynthetic processes®’. ATP consists
of an adenine base bound to a ribose molecule, which is bound to a tri-phosphate unit at the fifth
position of the ribose. Depending on the pH of the environment, the terminal phosphate and
nitrogen of the base (N-7) dictate the dominant species and sorption behavior of ATP. ATP’s
phosphate groups will allow comparisons to be drawn between nitrogenous based organic
carboxylates and phosphates to understand how the energy dynamics at the organic-ferrihydrite
interface is affected by the type of organic acid involved. A notable mechanism expected in
particular is the ferrihydrite-enhanced dephosphorylation of ATP leading to inorganic phosphate

37 adsorption on the mineral surface and preventing Pi release into solution, and the production of



other ribonucleotides (AXPs), namely adenosine monophosphate ** and adenosine diphosphate

(ADP) *°.

This study was accomplished through several specific tasks. Task 1 was to extract energy-
based and quantity-based sorptive information from interactions between different classes of
amino-bearing organic acids (glycine, a-alanine, and G3.5-COOH) and ferrihydrite at pH 5. Task
2 was to monitor interactions between B-alanine (amine group is in-plane with the carboxyl
group and is attached to the B-carbon) and a-alanine (amine group is out of plane with the
carboxyl group and is attached to the a-carbon) with ferrihydrite at pH 5 to quantify the effect of
the position of the amine group relative to the carboxyl group on sorption dynamics, kinetics,
heat of reaction (4H in kJ/mol ), and surface charge of ferrihydrite. Task 3 was to use non-
hydrolyzable G3.5-COOH and hydrolyzable ATP as amino-bearing organic acids of interest in
order to study their interactions with ferrihydrite at pH 5 to compare the effect of hydrolizability
and/or the lack of it on sorption dynamics, kinetics, heat of reaction (4H in kJ/mol), and surface
charge of ferrihydrite. The G3.5-COOH and ATP have pK,;at 4.5 and 4.3 and pK,> at 6.3 and

6.5 respectively.



CHAPTER 2: EXTRACTING INFORMATION ON SORPTION CHARACTERISTICS FROM
FAMC-UV/VIS

Introduction

The controlling effects of organic matter (OM)-mineral interactions and the trajectory of
a system are inextricably linked to the nature and dynamics of sorption between the organic
sorbate and the mineral sorbent *°. The types of bonding in these systems have been identified
and well characterized by a variety of spectroscopic techniques and range from weak van der
Waal’s forces, hydrogen bonding, cation bridging, hydrophobic interactions, to ion exchange and
permanent ligand exchange *!. Due to the complexity in OM-mineral interactions however,
significant knowledge gaps exist regarding steric effects, distribution, and conformation of
organic molecules on the surface ** and susceptibility of organic ligands to desorption,

degradability, and exchange **°.

Electrostatic interactions and reversible sorption were identified as the dominant
mechanisms for simple ion exchange between NO3z and CI” in an Al(III)-substituted Fe(III)
hydr(oxide) system 3!. Similar mechanisms were observed for exchange reactions between Na*
and K" on amorphous aluminum hydroxide *¢. Unlike the behavior of simple ions, conflicting
reports on OM-mineral associations exist due to the complexity in the organic and mineral
phases 2?°, For instance, the sorption of humic acid on synthetic gibbsite was found to peak at
pH 5 in one study ?? and to decrease continuously over a pH range of 3.2 to 7.0 in other studies

involving gibbsite, montmorillonite, illite, mordenite, and amorphous silica 2>%°.

The objective of this study was to use combined Flow adsorption microcalorimetry-
Ultraviolet visible spectroscopy (FAMC-UV/vis) to extract key sorptive properties of different

classes of amino-bearing organic acids at the ferrihydrite-water interface. FAMC in conjunction



with the UV/vis together provide measurements of the energy and quantity respectively involved
in reactions. Since all reactions require energy/heat transfer to occur, it follows that for simple
reactions the quantity and energy should be directly proportional as shown by the equation

below:

Etotar = K Qrotar [2-1]

where Eow represents the total energy (kJ g'!) involved in the reaction, Qris the total
quantity (mol g!) transferred from one medium to the other during the reaction, and K is a
constant which gives the molar heat of reaction (kJ mol™!). Evaluation of the relationship
between energy and quantity of solutes involved in the reaction provides mechanistic insights
into changes occurring along the spectrum of bonding. Here, the objective was to use FAMC-
UV-vis to extract information on sorption dynamics, kinetics, heat of reaction, and change in
surface charge of ferrihydrite from interactions of different classes of amino-bearing organic

acids with ferrihydrite at pH 5.
Materials and Methods

Synthesis and characterization of ferrihydrite

Ferrihydrite was synthesized using a modified method by Villacis-Garcia *’. A solution
of 7.5 g of Fe(NO3)3-9H>0 in 200 ml of deionized water was adjusted to a pH of 7.5 by the drop-
wise addition of 1M NaOH in a 500 ml conical flask at room temperature. The resulting
suspension was repeatedly washed in nanopure water and centrifuged until electrical
conductivity of the suspension was <80uS cm™! which is indicative of removal of sodium nitrate
(NaNO3) salts. The resulting paste was then dried at 80 "C overnight, crushed in an agate mortar

and pestle and sieved to particle sizes of < 125 um and 125-250 um. The resulting < 125 um



powders were used in x-ray diffraction (XRD) and thermogravimetric (TGA) analyses, while
125-250 um powders were used in other subsequent characterization and all
adsorption/desorption experiments.

Morphology, crystallinity, and thermal degradation characteristics of ferrihydrite were
investigated using scanning electron microscope %, x-ray diffraction (XRD) and
thermogravimetric (TGA) techniques, respectively. For SEM analysis, the oxide powders were
mounted using conductive carbon tape onto 10 mm metal mounts and then sputter coated with
gold and imaged at 10 kV. All imaging was done on a JEOL JSM-7100F scanning electron
microscope. For XRD analysis, samples were mounted as randomly oriented powders on a 0.2
mm deep dry powder plate and analyzed from 2-theta 15 to 80 degrees (2.5° min'!) on a Rigaku
SmartLab SE Multipurpose X-ray diffraction system, equipped with a Cuka x-ray source and
running at a voltage of 40 keV and 30 mA *°. Thermogravimetric analysis (TGA) was
performed using between 10 and 15 mg of sample under air flow of 100 mL/minute, temperature
ramp of 10°C/minute between a temperature range of 30°C to 500 °C. TGA analysis was
performed on a TA Q600 SDT simultaneous DSC/TGA calorimeter >°. Details on the properties

of the ferrihydrite applies to all chapters and are covered in greater details in the appendix.

Amino-bearing organic acids

The amino-bearing organic acid solutions used were glycine, a-alanine, and
polyamidoamine dendrimer generation 3.5 (G3.5-COOH) at pH 5. Some physicochemical
properties that would influence their sorption properties are summarized in Table 2-1.
Concentrations of glycine, a-alanine, and G3.5-COOH were such that [COOH]iota1 = 18.1mM.
That is, [glycine] = 18.1mM, [o-alanine] = 18.1 mM, and [G3.5-COOH] = 2.8 X 10> mM. Note

that the G3.5-COOH was set to 64 times lower concentration to account for its 64 total COOH
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groups. All three molecules were dominantly in their zwitterionic form as indicated by molecular

electrostatic potential (MEP) in Fig 2-1.

Table 2 - 1 . Selected physicochemical properties for glycine, a-alanine, and G3.5-COOH interacting with

ferrihydrite at pH 5

Amino-based Molecular

L o .
organic acid weight (¢/mol) K, K> Speciation at pH 5 (%) Length (nm) Width (nm)

Cationic Zwitterionic ~ Anionic

glycine 75.1 2.34 9.6 0 100 0 0.5 0.25
a-alanine 89.1 2.34 9.69 0 100 0 0.5 0.35
G3.5-COOH 12931 4.5 6.3 24 76 4 3.5-4.5

B

-0.89
+0.90  -0.89
H
- H /H
g N( 0 H o N
~ ,N
i o Ny .
H o_Je4
0 o)

Figure 2-1: Distribution of molecular electrostatic potential (MEP) at pH 5 around (A) glycine, (B) a-
alanine, (C) Poly amido amine (PAMAM) dendrimer G3.5-COOH’s 64 terminal carboxyl groups and 62
tertiary amine groups (in the branches of the dendrimeric molecule). Molecular simulations were generated
in MolView.

+0.89
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Flow adsorption microcalorimetry-Ultraviolet-visible spectroscopy (FAMC-UV/vis)

The flow calorimeter used was designed and built by Dr. Harvey. The central part of the
calorimeter is the sensing unit shown in Figure 2-2. The unit is equipped with a glass
microcolumn which holds a maximum of 300 mg of ferrihydrite, two NTC-type thermistors
(with a negative temperature coefficient) that form one-half of an electronic bridge, and a
calibrating resistor that facilitates conversion of voltage response to energy. Thermistor 1, the
reference thermistor, senses the initial temperature of the reacting solution as it enters the unit.
Thermistor 2, the column thermistor, senses the temperature of the effluent as it leaves the
microcolumn, after the solute-sorbent reaction has occurred. A change in solution temperature
due to solute-sorbent interaction produces a differential voltage between reference and column
thermistors. This calorimetric response is amplified and recorded as a thermogram of voltage

versus time in 1-5 second intervals until thermal equilibrium is achieved.
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Figure 2-2: Basic design and outlay of the sensing unit for the flow
microcalorimeter showing relative positions of the reference thermistor
(Thermistor 1), the column thermistor (Thermistor 2), microcolumn for
the sorbent and the calibrating resistor.
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Figure 2-3: Heat signals/thermograms produced as a result of differences between
temperatures detected at thermistor 2 (T2) and thermistor 1 (T1) of the sensing unit.
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No detected temperature difference between Thermistor 2 and Thermistor 1 (7> = T7) is
indicative of thermal equilibrium arising from no (or no further) reaction between the solute in
the solution and the sorbent in the glass microcolumn. A positive deviation (7> > 77) is indicative
of heat being added to the system as a result of an exothermic solute-sorbent reaction while a
negative deviation (7> > T7) is indicative the solute-sorbent reaction being endothermic and
hence removing heat energy from the system (Fig. 2-3). An exothermic or endothermic reaction

is complete with return to baseline/thermal equilibrium.

Here, thermal equilibrium within the microcolumn was achieved by flowing a
background electrolyte of NaNOs (10 mM; pH 5) at a flow rate 0.5 ml min™! through the
microcolumn (containing 50 + 0.5 mg of ferrihydrite) until a baseline/thermal equilibrium is
achieved. Baseline/thermal equilibrium was indicative of 1) the elimination of heats of wetting in

ferrihydrite and 2) saturation of positive charge sites on ferrihydrite with NOs".

Once thermal equilibrium and a NO; saturated ferrihydrite was achieved the following
experimental protocol was used: Pre-probe anion exchange characteristics were assessed using
alternating cycles of CI replacing NO3™ (CI/NOs") and NOs™ replacing C1I" (NO37/CI") (Fig. 2-4).
This was achieved via a switching valve where the valve position was set to allow NaCl (10 mM;
pH 5) to flow through the micro column to initiate Cl” for NO3™ exchange. Once Cl for NO3
anion exchange was completed as evidenced by a return to baseline, the valve was switched to
flow NaNOs (10mM; pH 5) through the micro column. This facilitated NO3™ for CI" exchange on
the Cl” saturated ferrihydrite. A total of two pre-probe C1/NO3™ and NO3;7/Cl" cycles were
collected on each sample prior to the examination of organic probe-ferrihydrite interactions. The

last cycle was always a NO3/Cl  cycle to return the surface to NO3™- saturated ferrihydrite status.

14



Organic sorption and desorption from ferrihydrite were assessed (Fig. 2-4). The
switching valve was set to allow the organic solution to flow through the micro column
containing the NOs'- saturated ferrihydrite. After the sorption reaction was completed, the valve
was set to allow NOs3™ solution (NaNO3") to flow through the now organic probe-saturated
ferrihydrite. This represented the “desorption” cycle of the experiment. In both the sorption and
desorption cycle absorbance of effluent was continuously monitored on the UV/vis at a
wavelength that was shown to produce a standard curve that obeys Beer’s law up to

concentrations used in this study (see appendix).

Post-probe anion exchange characteristics were performed on the NO3™- saturated
ferrihydrite following the desorption stage (Fig. 2-4). Once the desorption stage was completed,
as evidenced by a return to baseline, the valve was switched to flow NaCl through the micro
column to facilitate C1/NOj3” exchange. Once CI” for NOs™ anion exchange was completed as
evidenced by a return to baseline, the valve was switched to flow NaNOj3 through the micro
column. This facilitated NO3™ for ClI” exchange on the Cl -saturated ferrihydrite. A total of two
post-probe C1/NO3™ and NO3/CI cycles were collected on each sample after the desorption of

the organic probe from ferrihydrite.
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Figure 2-4: Displayed signal (volts) over time (minutes) for flow adsorption microcalorimetry
(FAMC) running protocols. Left to right: pre-probe anion exchange, sorption, desorption, post-
probe anion exchange. Glycine is the probe interacting with ferrihydrite at pH 5 in this figure.
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Data handling and analysis

Dynamics, kinetics, and energetics of amino-bearing organic acid interactions with
ferrihydrite were assessed via a series of systematic analyses involving raw differential voltage
versus time thermograms, their integration and transformation to weight-adjusted energy (E;;
J/g), the side-by-side energy analyses and deconvolution of E; and cumulative sorption (Qsors;
mmol/g) or desorption (Ques) curves from UV/vis spectroscopy, and the association of overall
and deconvoluted E;, Osorp, and Quesorp curves. Details on how integration, deconvolution, and

association of Ej, Osorp, and Quesorp Were executed is provided in the appendix.

Raw differential thermograms versus time allowed for the assessment of reaction time,
whether the reactions were exothermic, endothermic, or mixed, and comparative magnitudes of
energy change. Weight-adjusted energy (Ei; 1/g), Osorp, and Quesorp Were used to assess the overall
reaction dynamics (energy, sorption, desorption), total reaction energy (Ewtal), total quantity
sorbed (Osorp) and total quantity desorbed (Qdesorp). Deconvolution of Ei, Osorp, and Qdesorp Was
used to assess the number of reaction steps, their respective contribution to the total reaction, and

respective rate constants. Here logistic equations of the following form were used:

_ Etotal
Ei - [(1 + 10k’(t—t1/2)) to ]n [2 h 2]
Q= ., 2-3]

(1 + 10% (t~t1/2))

where, E; is the measured differential energy at time ¢; Eoa 1s the differential energy when
the reaction goes back to baseline; k£’ is the rate constant of the reaction; ¢, is the time when
50% of the reaction is complete; n is the number of reaction steps. Q; is the measured cumulative
quantity at time, #; Qi 1s the cumulative quantity when the reaction goes back to baseline; &’ is
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the rate constant of the reaction; ¢, is the time when 50% of the reaction is complete; and n is
the number of reaction steps. The optimized number of reaction steps was determined via error

minimization between experimental data and equations 2-2 and 2-3 (see appendix).

In assessing the effects of the amino-bearing probes on ferrihydrite anion exchange
characteristics, pre-probe NO37/Cl” and CI/NO;3™ behavior was compared to that of post-probe
NO37/CI" and CI'/NO3" behavior. Specifically, Eww (J/g) given by peak area/integral of power
curves were compared to quantify the difference between post- and pre-probe anion exchange
(J/g) energy on the surface. This allowed for the assessment of whether sorption followed by
desorption of the probe on the surface increased, decreased or had no effect on Ej for anion

exchange on the surface.

Results and Discussion

Sorption and desorption dynamics and kinetics

Raw calorimetric response thermograms for glycine, a-alanine, and G3.5-COOH onto
NOs saturated ferrihydrite at pH 5 are shown in Fig. 2-5 A. Thermograms for the reverse

reaction (i.e. NO3™ sorption to glycine, a-alanine, and G3.5-COOH-saturated ferrihydrite) are

shown in Fig. 2-5 B. In all cases, thermograms for sorption and desorption of the amino-bearing

organic acids were log-normal in shape with reaction time lasting between 15-20 minutes (Fig.

2-5). The log-normal shape in the thermograms was consistent with an initial fast phase sorption

followed by a slower (more diffusive) sorption/desorption reaction (Fig. 2-5). Reaction times of

15-20 minutes were shorter than reported from previous studies of ligand exchange on metal

hydr(oxides)*! but consistent with reports for simple ion exchange reactions’!. A recent study by

152

Leonce et. al °* on (hydroxy)cinnamates interactions with ferrihydrite also showed that the

involvement of van-der Waals in OM-mineral associations cannot be ruled out.
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Differential voltage thermograms pointed to glycine and a-alanine sorption to NO3'-
saturated ferrihydrite occurring via purely exothermic reaction steps (Fig. 2-5). In contrast,
sorption of G3.5-COOH to NOs -saturated ferrihydrite was mixed with the first half being
exothermic and the other half being endothermic (Fig. 2-5). Given the spontaneous nature of the
reactions at the experimental temperature (22 = 2.5°C) and the requirement of spontaneous
reactions having -4G (where 4G = AH - TAS), it is reasonable to postulate that for glycine and a-
alanine with exothermic sorption steps, that carry a -4H value by convention, their sorption to
NOgs-saturated ferrihydrite required no increase in entropy (4S)/disorder of the system to
facilitate sorption. By contrast, the spontaneous sorption observed for G3.5-COOH with its
endothermic sorption (+4H) would require an increase in entropy/disorder of the system. The
endothermic nature of NOs™ interacting with glycine, a-alanine, and G3.5-COOH-saturated
ferrihydrite indicated that spontaneous desorption of amino-bearing organic acids from
ferrihydrite by NOs™ at pH 5 required increased entropy. That is, while the sorption for glycine
and o-alanine to NOs -saturated ferrihydrite is enthalpy-driven, that for G3.5-COOH and the
desorption of all three molecules from ferrihydrite by NOs™ is entropy-driven at pH 5 and room
temperature. Increased entropy that would drive spontaneous sorption/desorption reactions in
aqueous systems is often attributed to rearrangement of water at the surface-water interface
and/or hydration sphere of the sorbate in water. For instance, it is well accepted that the water
molecules at the surface of nanocrystalline oxides like ferrihydrite are highly disordered
compared to more crystalline counterparts like hematite or goethite>>. G3.5-COOH and similar
dendrimeric amino-bearing organic acids are known to change molecular conformation in
reaction environments>*. Such molecular conformational change around the molecule and the

ferrihydrite surface could plausibly account for increased entropy for a spontaneous reaction.
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Cumulative energy curves were qualitatively consistent with entropy-driven sorption
following the order G3.5-COOH > a-alanine > glycine with E;o values of 0.16 J/g, -1.52 J/g,
and -3.13 J/g respectively (Fig. 2-6 A). By contrast entropy-driven desorption (Fig. 2-6 B)
followed the order glycine (+2.59 J/g) > a-alanine (+1.42 J/g) > G3.5-COOH (+1.35 J/g).
Deconvolution of energy curves was in agreement with sorption of glycine, a-alanine, and G3.5-
COOH onto ferrihydrite occurring in two distinct reaction steps (Fig. 2-7). Subsequent
desorption of glycine and a-alanine by NO3™ also followed two reaction steps but the desorption
of G3.5-COOH occurred in one reaction step (Fig. 2-7). Fitted rate constants, k’, pointed to
glycine and a-alanine being desorbed at similar rates but 1.5-2 times slower than G3.5-COOH
(Table 2-2). For a given amino-bearing organic acid, the first sorption step occurred at 1.5-2.2
times faster than the slower second sorption step (Table 2-2). Desorption generally occurred at
slower rates than sorption with desorption rates being similar across reaction steps and amino-
bearing organic acids (Table 2-2). Deconvolution of QOs.» and Ques curves yielded very
comparable trends, and absolute values in rate constants for both sorption and desorption
reactions across glycine, a-alanine, and G3.5-COOH (Fig. 2-8). This was consistent with the
same kinetic information being contained in energy- and mass-based data from FAMC and UV-

vis, respectively (Fig. 2-9).

Comparison of deconvoluted Ei, Osorp, and Quesorp curves further pointed to glycine and
(G3.5-COOH sorption to NOs™-saturated ferrihydrite being completely reversible by NO3™ (Fig 2-
7; Fig 2-8). However, a-alanine sorption was only partially (= 10%) reversible by NO3™. Osorp
peaks also showed that while removal of glycine and G3.5-COOH achieved equilibrium in all
reaction steps, for a-alanine equilibrium was achieved in reaction step 1 but not reaction step 2

(Fig 2-8). It is worth noting that such non-equilibrium removal of a-alanine from solution has
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been observed previously and attributed to intra-aggregation of a-alanine with a soil allophane >

and crystal deposition of a-alanine on alumina by hydrogen bonding .
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Figure 2-5: Calorimetric signals in voltage for (A) amino-bearing
organic acids/probe interacting with a nitrate (NO3") saturated

ferrihydrite and (B) NOs™ interacting with a probe saturated ferrihydrite.
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Figure 2-7: Deconvoluted s-shaped energy (J g-1) for (A-red) cumulative quantity for glycine, (B-
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reaction 2.

Table 2 - 2 Sorption/desorption total energy and kinetics of amino-bearing organic acids

glycine o-alanine G3.5-COOH
Sorption Desorption Sorption Desorption Sorption Desorption
Reaction-steps, n 2 2 2 2 2 1
Cumulative energy (J/g)  -3.14 2.59 -1.52 1.42 1.64 1.35
E a1 -1.87 1.65 -1.03 1.05 -0.74 1.35
E 12 -1.27 0.94 -0.49 0.37 0.90
Rate constants, k' (min'])
k' 0.38 0.33 0.42 0.28 0.63 0.27
k', 0.20 0.22 0.19 0.25 0.43
Half-life, ¢ ;/, (min)
tip, g 9.92 10.14 9.70 10.54 9.20 11.99
Lips 2 14.93 16.00 13.25 17.22 15.09

22



>
o
O

1.00 < 20
T 0.751 &b o L5
S 0.501 = & 1.0
E 0.254 E S 0.5
2 0.004 = £ 00
= -0.50 = -1.0
< 075} < C%'I‘S' —
-1.00 T -0.5 T -2.0 T
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (minutes) Time (minutes) Time (minutes)

Figure 2-8: Deconvoluted s-shaped quantity (mmol g) for (A-red) cumulative quantity for glycine,
(B-blue) cumulative quantity for a-alanine, (C-orange) cumulative quantity for G3.5-COOH.
Continuous line: probe/NOs cycle, dashed-line: NOs7/ probe cycle, brown: reaction 1, black:
reaction 2.

ers
s o o
P 2 2

ame

T

e e 2
=@

pal

Energy-based modeled '
t
(e
~

O.G T T T T T T
0.0 0.1 0.2 03 04 0.5 0.6 0.7

Quantity-based modeled &'
parameters

Figure 2-9: Comparison of reaction rate constants
(k’rx) derived from energy data and quantity data.
Filled symbols: sorption; unfilled symbols:
desorption; circle: reaction 1; (square) reaction 2;
red: glycine; blue: a-alanine; orange: G3.5-COOH.



Energetics of sorption/desorption

Table 2-3 shows the overall and step specific £;, Osorp, and Quesorp 0f glycine, a-alanine,
and G3.5-COOH at the ferrihydrite-water interface. Using deprotonation information from Table
2-1, absolute molar heats of sorption (4Hsor») and desorption (4Hyes) were shown to be on the
order of 0.61-22.4 kJ/mol of COO™ (Table 2-3). These values reflected a range of bonding
mechanisms from a combination of van der Waals with ion exchange (< 2 kJ/mol), ion exchange
(<10 kJ/mol), and ligand exchange (20-30 kJ/mol). An absolute 4H., value of 3.6 kJ/mol
pointed to the reaction between glycine and NOj -saturated ferrihydrite occurring predominantly
by ion exchange while absolute 4H;,,, values of 1.24 kJ/mol and 1.69 kJ/mol for a-alanine and
G3.5-COOH respectively were more in line with weak mixed van der Waals (induced dipole)
and ion exchange (permanent dipole) bonding mechanism (Table 2-3). The exothermic nature of
the glycine and a-alanine reactions pointed to their sorption being enthalpy-driven. On the other
hand, the endothermic nature of the G3.5-COOH reaction pointed to its sorption being entropy-
driven. This was well supported by calculated entropy at equilibrium (4G = 0) and the
experimental temperature of 22°C. Here the entropy associated with the overall sorption (4Ssorp)
of glycine, a-alanine, and G3.5-COOH was -12.4, - 4.21, and + 5.7 J/mol K respectively,
pointing to increasing disorder at the ferrihydrite-water interface for glycine < a-alanine < G3.5-

COOH (Table 2-3).

Molar heat of sorption (4Hsorp) and associated ASso-, point to the first molecules of
glycine, a-alanine, and G3.5-COOH going onto a well-ordered NOs ™-saturated ferrihydrite
surface (reaction step 1), with glycine (4H;o, = 2.58 kJ/mol) and a-alanine (4H o, = 2.43 kJ/mol)
in the first step undergoing an ion exchange type process and G3.5-COOH (4Hsorp, = 13.1

kJ/mol) undergoing a stronger, possibly mixed ion-ligand exchange (Table 2-3). Interestingly,
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the calculated A4Sy, for the equilibrium case suggested that the ordering at the NOjs saturated
ferrihydrite surface was significantly greater for G3.5-COOH sorption than glycine and a-alanine
sorption. This comparatively more ordered interface could plausibly enable shorter-range, more
inner sphere association between G3.5-COOH compared to weaker outer sphere associations of

glycine and a-alanine in the first reaction step.

Disorder at the ferrihydrite-water interface increased during the second sorption/reaction
step for a-alanine and G3.5-COOH, but decreased (increasing order) for glycine (Table 2-3).
Despite disorder increasing for both a-alanine and G3.5-COOH in this second sorption step, an
absolute 4Hy,r, value of 0.61 kJ/mol suggested that a-alanine formed more long-range, outer
sphere mixed van der Waals and ion exchange type interaction compared to G3.5-COOH’s
absolute 4H;,r, value of 22 kJ/mol that showed formation of shorter-range, inner sphere ligand
exchange type interactions. Increasing order for glycine in this second sorption step favored a
shorter range (stronger) more inner sphere exchange mechanism than that apparent from the first
sorption step. It is also worth noting that the very different energy dynamics in step 2 points to
the generally slower diffusion kinetics in this step being a result of steric effects arising from
molecular size and entropic shifts plus shifts in chemodynamics from alteration in bonding
mechanisms. Glycine also reportedly aligns its backbone perpendicular to sorbates’ framework
within the pores resulting in stabilized bonds and clogging and hindered diffusion of more

molecules in the pores *’.

All endothermic 4Hesorp Obtained across reactions pointed to the desorption of glycine, a-
alanine and G3.5-COOH from ferrihydrite by NO3™ being an energy consuming, entropy-driven
process. Glycine desorption from ferrihydrite by NO3™ consumed 0.5-1 times the energy released

during the sorption step (Table 2-3). Desorption for a-alanine consumed 4-28 times the energy
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released in its sorption while that for G3.5-COOH desorption consumed 1-8 times the energy
released in sorption. This desorption occurred spontaneously in an environment that involves an
entropic shift/increased disorder of 1.5-30 times that of the interface during the sorption steps. It
appears that energy shifts associated with reaction step 1 of the sorption and desorption dictate
reversibility of sorption of the amino-bearing acids to ferrihydrite. For instance, despite their
significant magnitudinal differences in 4Hsorp and 4Hesorp , all the sorbed glycine and G3.5-
COOH were desorbed in the desorption phase. In both instances, the AHuesorp/ AHsorp and
associated entropic shift were 1 and 2 respectively; indicating that 1) the unit energy involved in
the bond forming was equal to that consumed in bond breaking with the ferrihydrite surface; and
2) this was facilitated in an environment where disorder increased by a factor of 2 compared to
the sorption state. Contrastingly, for a-alanine where only about 10% reversibility was observed,
AH esorp/ AH0rp and entropic shift between sorption-desorption was 4 and 5 respectively, pointing
to significantly higher energy demand and reorganization of the ferrihydrite-water interface to
facilitate its complete desorption. That the energy dynamics and specifically of reaction step 1
would control the outcome is completely plausible given that this step would represent

interactions in closest proximity to the ferrihydrite surface.

Table 2 - 3 Measured and calculated total energy, quantity, molar heat of reaction, and entropy for
sorption and desorption reactions of amino-bearing organic acids onto/from ferrihydrite

Total Energy, E ., (J/g) Quantity (pmol/g) Molar heat of reaction, A H (kJ/mol COO’) Entropy, A4S (J/mol/K)
Overall Reaction 1 Reaction 2 Overall Reaction 1 Reaction 2 Overall Reaction I Reaction 2 Overall Reaction 1 Reaction 2
Sorption
glycine -3.13 -1.87 -1.26 856 727 135 -3.66 -2.58 -9.34 -12.4 -8.73 -31.6
a-alanine -1.52 -1.02 -0.49 1221 421 800 -1.24 -2.43 -0.61 -4.21 -8.25 -2.08
G3.5-COOH 0.16 -0.74 0.90 1.86 1.08 0.785 1.69 -13.4 224 5.74 -45.4 76.0
Desorption
glycine 2.59 1.64 0.94 852 645 208 3.03 2.55 4.53 10.3 8.6 153
a-alanine 1.42 1.05 0.37 127 106 21.0 11.2 9.92 17.4 37.8 33.6 59.0
G3.5-COOH 1.35 1.34 1.87 1.87 14.1 14.1 47.8 47.7
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Effect on ferrihydrite surface charge

Fig. 2-10 shows thermograms for the pre- and post-amino-bearing probe NO3/Cl" and
CI'/NOs™ exchange on ferrihydrite. Consistent with previous studies, NO3 replacing CI°
(NO37/CI') on ferrihydrite was exothermic while CI replacing NO3™ (C1/NO3") was always
endothermic with reactions lasting 10-15 minutes. Also consistent with a simple ion exchange,
fully reversible process, the energy involved was equal for the forward and reverse reaction, i.e.
Eora for NO37/CI™ exchange is equal to Esr for CI/NOs3™. This held true within each experiment.
Comparison between anion exchange thermograms across amino-bearing organic acids indicated
that sorption then desorption of glycine and G3.5-COOH resulted in increased Eyow: for post
NO37/CI"and CI/NO3 on ferrihydrite. On the other hand, sorption then desorption of a-alanine
had no effect (or only slightly decreased) Ero for NO3/CI and C1/NO3™ exchange on
ferrihydrite. The increase in Eyw for anion exchange post-glycine and G3.5-COOH was
consistent with a 2-3 times increase in anion exchange while the absence of an effect on anion
exchange post a-alanine was consistent with no change (or a slight decrease) in anion exchange
sites. Irreversibly sorbed amino-bearing organic acid zwitterions (with the COO" to the
ferrihydrite surface and the NH3" pointing away) in a 1:1 amino acid: charge ratio would be a
plausible explanation for lack of effect on charge in a-alanine, but would not explain the
apparent increase in anion exchange sites after the sorption then desorption of Glycine and G3.5-
COOH from ferrihydrite. This could be for two reasons; Firstly, that glycine and G3.5-COOH
were completely reversible (Osorp = Quesorp); 01 secondly, that even with irreversibility an amino-
acid: charge sorption ratio of 2 to 3 would be needed to account for observed differences
between pre- and post-glycine and -G3.5-COOH, NOs3;7/Cl or CI'/NO3™ Esa. Instead the most

plausible explanation for glycine and G3.5-COOH-induced increase in anion exchange site on

27



ferrihydrite was pitting and crevice corrosion resulting in increased Fe edge sites with oxygen-
deficiency and hence net positive charge.’® > Given the observed changes in Eru between pre-
and post-probe anion exchange, 2 or 3 additional oxygen-deficient, positively-charged Fe edge

sites are produced per mole of desorbed glycine- or G3.5-derived carboxyl, respectively.
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Figure 2-10: Anion exchange on ferrihydrite A: before amino-bearing organic acids
treatment of ferrihydrite, B: after glycine treatment of ferrihydrite, C: after a-
alanine treatment of ferrihydrite, D: after G3.5-COOH treatment of ferrihydrite.
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CHAPTER 3: EFFECTS OF MOLECULAR CONFORMATION OF ALANINE ON
SORPTION DYNAMICS, KINETICS, HEAT OF REACTION, AND SURFACE CHARGE OF
FERRIHYDRITE

Introduction

Interactions between amino acids and inorganic compounds, such as metal oxides, are
believed to have formed the first peptides . A peptide bond/amide bond is formed between the
a-nitrogen atom of one amino acid and the carbonyl carbon of a second. a-alanine is the simplest
chiral amino acid present in nature and is typically chosen as a good model for studying
biological systems that exhibit peptide bonding °°. Like their predecessors, proteins can
aggregate into insoluble abnormally larger structures during normal physiological conditions and
in response to age or stress-induced protein misfolding and denaturation ®!. This aggregation is a
recognized histopathological trait of Alzheimer’s and Parkinson’s disease and is also associated
with several localized and systemic types of amyloidosis . One approach to inhibit this is to
synthesize short peptides that correspond to a self-recognition element (SRE) within the target
sequence that drives fibril growth with subtle modifications so that the peptides can hydrogen-
bond to the self-recognition site of the parent protein and block aggregation®® ¢, Madine et. al®?
found that extending the backbone of a native SRE by replacing a-alanine with B-alanine
decreased aggregation of a-synuclein in the hydrogen-bonding direction by 50% after a

monitoring period of 7 days.

a-alanine is the simplest chiral proteinogenic amino acid used as a food additive and
precursor for chemical and pharmaceutical products®. B-alanine is a non-proteinogenic amino
acid incorporated in Vitamin B5 and employed in secondary metabolism in plants (lignin
biosynthesis) *°. The adsorption of a-alanine onto ferrihydrite at pH 5 was determined in Chapter

2 and found to be a two-step and enthalpy-driven process that occurred via a mixture of van der
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Waals bonding and ion exchange reactions with a AHj,, of -1.24 kJ mol™!, and 10% reversibility
by NOj3™ with no impact on ferrihydrite charge. The goal of this study was to investigate the shift
in energetics and energy dynamics at the ferrihydrite—water interface induced by changing the

position of the amine group in a-alanine from out-of-plane to in-plane with the carboxylic group,

as observed in -alanine.

Non-equilibrium transfer of a-alanine to ferrihydrite was observed in Chapter 2 and was
attributed to a-alanine’s ability to intra-aggregate > . The difference in molecular conformation
between a-alanine and B-alanine, namely the longer backbone of B-alanine, can be expected to
alter the potential for intra-aggregation and hence interactions at the ferrihydrite-water interface.
This would be reflected in its kinetics, with interactions anticipated to occur faster than in a-
alanine. The location of the NH>" group in B-alanine is also further away from its COO™ group;
this would reduce repulsive forces between the amine group and the surface (NH,™ - M-OH™)
and facilitate stronger bonding in the -alanine-ferrihydrite compared to its a-alanine-ferrihydrite
counterpart. To test these hypotheses, a combined Flow adsorption microcalorimetry (FAMC)-
Ultraviolet-visible spectroscopy (UV/vis) method was used to investigate and compare
sorption/desorption dynamics of a-alanine versus B-alanine at the ferrihydrite-water interface.
Specific focus was placed on their sorption/desorption dynamics, kinetics and energetics, as well
as their post-sorption/desorption effects on ferrihydrite surface charge. All experiments were

conducted at a solution pH of 5.
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Materials and Methods

Ferrihydrite and Amino-acid solutions

Synthesis and characterization of the ferrihydrite used is covered in Chapter 2 and the
Appendix. Selected physicochemical properties for a-alanine and B-alanine that would influence
their sorption/desorption behavior are summarized in Table 3-1. At the experimental pH of 5, the
surface of ferrihydrite would be predominantly (~99%) positively charged and would be
expected to be involved in some electrostatic bonding with both amino acids which would be in
their zwitterionic forms (Fig. 3-1). Molecular electrostatic potential (MEP) around the molecules
was -0.89 at their deprotonated carboxylic group (i.e. MEPcoo-=-0.89) and +0.90 at their
protonated amine group (MEPnu. = +0.90). Concentrations of a-alanine and p-alanine were such

that [COOH Jiota1 = 18.1mM. That is, [a-alanine] = 18.1mM and [a-alanine] = 18.1mM.
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Table 3 - 1 : Physicochemical properties of a-alanine and B-alanine interacting with ferrihydrite

atpH 5
Molecular
Amino acid weight pK,; pK,; Speciation at pH 5 (%) Length (nm)  Width (nm)
(g/mol)
Cationic Zwitterionic ~ Anionic
a-alanine 89.1 2.34 9.69 0 100 0 0.50 0.35
B-alanine 89.1 2.34 9.69 0 100 0 0.60 0.35

-0.89
H
\ _H
oF N*
H \
-0 ) H
+N\
/ H
H o

Figure 3-1: Distribution of molecular electrostatic potential (MEP) at pH 5 around
(A) a-alanine and (B) B-alanine. At pH 5, the two molecules were in their
zwitterionic form indicated by equal average positive charge and negative charge
on the molecular simulations generated in MolView.
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Experimental protocol and data handling

The same experimental and data handling protocols described in Chapter 2 and the
appendix were used. Details are presented in these sections of the thesis. In brief, once initial
thermal equilibrium and a NOs™-saturated ferrihydrite surface was achieved, pre-probe anion
exchange characteristics were assessed using two CI'/NO;™ and two NO37/Cl ion exchange
cycles. After the second NO37/CI cycle and a return of the surface to NO3™- saturated ferrihydrite
status, a single sorption cycle of the organic probe (a-alanine or -alanine) was carried out until a
return to thermal equilibrium, indicating full surface coverage of the ferrihydrite by a-alanine or
B-alanine. This was then followed by a single “desorption” cycle and two cycles of post-probe
CI'/NOs and NO3/CI" exchange. Effluent absorbance was continuously monitored in-tandem

with FAMC measurements on both the sorption and desorption cycle.

Voltage versus time thermograms were used to assess reaction time, comparative
magnitudes of energy change and whether the reactions were exothermic, endothermic, or
mixed. Weight-adjusted energy (Ei; J/g), Osorp, and Quesorp Were used to assess the overall reaction
(energy, sorption, desorption) dynamics, total reaction energy (Etotal), total quantity sorbed (QOsorp)
and total quantity desorbed (Quesorp). Deconvolution of Ej, Osorp, and Quesorp Was used to assess
the number of reaction steps, their respective contribution to the total reaction, and respective

rate constants.

In assessing the effects of a-alanine versus -alanine on ferrihydrite surface charge, Eiom
(J/g) for pre-probe NO3/CI" and CI/NO3™ behavior was quantitatively compared to that for post-
probe NO37/Cl” and CI/NOs". This allowed for the assessment of whether sorption then
desorption of a-alanine versus B-alanine at the ferrihydrite-water interface increased, decreased

or had no effect on the quantity of anion exchange sites.
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Results and Discussion

Sorption and desorption dynamics and kinetics:

Raw calorimetric response thermograms for a-alanine and -alanine sorption onto NO3'-
saturated ferrihydrite are shown in Fig. 3-2 A. Thermograms for the desorption cycles (NO3
sorption to a-alanine and (-alanine-saturated ferrihydrite) are shown in Fig. 3-2 B. All
thermograms were log-normal in shape with reaction times of 15-20 minutes. Thermograms
indicated that a-alanine and B-alanine sorption onto NOjs ™-saturated ferrihydrite occurred via an
exothermic reaction while desorption was endothermic. The spontaneous occurrence of these
reactions at the experimental temperature (22 + 2.5°C), with the requirement of a negative 4G
(Where AG = 4H - TAS), suggested that the exothermic sorption reactions, which by convention
carry a negative AH, required no increase in entropy/disorder (4S), while the endothermic
desorption reactions, which carry a positive 4H, required an increase in entropy of the system to

facilitate spontaneous desorption.

Cumulative energy curves (Fig. 3-3 A) were consistent with enthalpy-driven sorption
reactions and indicated that with Ej values of -1.52 J/g and -2.78 J/g for a-alanine and [3-
alanine respectively, the sorption of B-alanine onto a NOs -saturated ferrihydrite was a more
spontaneous reaction compared to a-alanine’s sorption by a factor of 1.8. On the other hand,
entropy-driven desorption reactions (Fig. 3-3 B) were comparable for a-alanine (+ 1.42 J/g) and
B-alanine (+ 1.75 J/g). Deconvolution of energy curves (Fig. 3-4) and quantity curves (Fig. 3-5)
pointed to sorption and desorption reactions of both amino acids onto and from ferrihydrite
occurring in two steps. Energy curves fitted with rate constants, &’, pointed to a-alanine and f3-
alanine being sorbed at similar rates with the first sorption step occurring faster than the second

sorption step by a factor of 1.5-2.2 (Table 3-2). The desorption of f-alanine occurred at rates
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similar to its sorption reaction steps, whereas the desorption of a-alanine was slower in the first
desorption step compared to the first sorption steps of both amino acids and the first desorption
step of B-alanine by a factor of 1.3-1.5. However, the reaction rates for two desorption steps of
a-alanine were comparable (Table 3-2). This points to a-alanine’s desorption occurring by a two-
step desorption reaction with similar rates and mechanisms (k ’sorp7 = 0.28 and & ’zesorp2=0.25) as
opposed to B-alanine’s desorption occurring in fast and then slow-diffusion type desorption steps

(k ,desorp] - 0.40 al’ld k’desorpz - 021)

Further, comparison of deconvoluted Erorai, Osorp, and Quesorp indicated that while a-
alanine’s sorption to NOs™-saturated ferrihydrite was only partially reversible (10%) by NOs", -
alanine’s sorption was completely reversible by NOs". Intra-aggregation of a-alanine with the
surface is a plausible explanation for its significantly lower degree of reversibility (10%)
compared to B-alanine (90%)°% ¢2. As observed in proteins ¢, it is plausible that a-alanine’s intra-
aggregation with the surface is mediated by its constricted backbone while B-alanine’s elongated

backbone inhibits a similar mechanism.
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Calorimetric response

Figure 3-2: Calorimetric signals in voltage for (A) amino-acids/probe interacting with a
nitrate (NOs") saturated ferrihydrite and (B) NO; interacting with a probe saturated
ferrihydrite.
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Figure 3-3: S-shaped energy peaks (J g™') for sorption (probe/NOs") and desorption
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Figure 3-4: Deconvoluted s-shaped energy peaks (J g!) for (A-blue) cumulative energy
for a-alanine, (B-purple) cumulative energy for f-alanine. Continuous line: probe/NOj3
cycle, dashed-line: NO37/ probe cycle, brown: reaction 1, black: reaction 2.

Table 3 - 2 Sorption/desorption total energy and kinetics of amino acids

a-alanine f-alanine
Sorption  Desorption Sorption Desorption
Reaction-steps, n 2 2 2 2
Cumulative energy (J/g) -1.52 1.42 -2.44 1.75
E i -1.03 1.05 -1.34 0.99
E -0.49 0.37 -1.43 0.76
Rate constants, &’ (min™)
k' 0.42 0.28 0.37 0.40
k', 0.19 0.25 0.18 0.21

Halflife, 7, (min)
L 9.70 10.54 1024 10.11
Lip, o 13.25 17.22 1589 1492
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Figure 3-5: Deconvoluted s-shaped quantity (mmol g!) for (A-blue) cumulative energy for a-
alanine, (B-purple) cumulative energy for B-alanine. Continuous line: probe/NOs cycle,
dashed-line: NO;7/ probe cycle, brown: reaction 1, black: reaction 2.



Energetics of sorption/desorption:

Table 3-3 shows the overall and step specific £;, Osorp, Quesorp 0f 0-alanine and B-alanine
at the ferrihydrite-water interface. Using deprotonation information from Table 3-1, absolute
molar heats of sorption (4H;.) and desorption (4Hesorp) Were shown to be on the order of 0.61-
17.4 kJ/mol COO, reflecting a range of bonding mechanisms from a combination of van der
Waals with ion exchange (< 2 kJ/mol), ion exchange (<10 kJ/mol), and long-range type ligand
exchange (20-30 kJ/mol). Absolute 4H,.-» values pointed to the sorption reaction of a-alanine
(4H,0rp = 1.24 kJ/mol) occurring by a weak mixed van der Waals (induced dipole)-ion exchange
(permanent dipole) bonding mechanism while that for B-alanine (4Hso» = 3.7 kJ/mol) occurred
predominantly by ion exchange. The exothermic nature of the glycine and a-alanine reactions
pointed to their sorption being enthalpy-driven. The calculated entropy values at equilibrium (4G
= 0) and at the experimental temperature of 22 ° C associated with the overall sorption (4Ss:)
for a-alanine and B-alanine were - 4.21 and - 12.51 J/mol/K respectively pointing to far less

disorder at the ferrihydrite-water interface in B-alanine compared to a-alanine.

Molar heat of sorption (4H;.rp) and associated 4S5, pointed to the first molecules of -
alanine and B-alanine going onto a well-ordered NOs™-saturated ferrihydrite surface (reaction step
1). 4Hyorp values for a-alanine (- 2.43 kJ/mol) and B-alanine (- 5.0 kJ/mol) in this first sorption
step pointed to an ion exchange type process appearing to be much stronger process in -alanine.
The calculated 4Ss0,» for the equilibrium case suggested that the ordering at the NOs -saturated
ferrihydrite surface was comparatively greater for B-alanine sorption than a-alanine sorption
(Table 3-3), which most likely allowed B-alanine to form stronger bonds with the surface as

opposed to a-alanine’s weaker associations.
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Disorder at the ferrihydrite-water interface increased during the second sorption/reaction
step for both amino acids (Table 3-3). This resulted in a change from a shorter-range to longer-
range ion exchange bonds for f-alanine with absolute 4Ho,, values of 5 kJ/mol and 3 kJ/mol for
reaction 1 and reaction 2 respectively while, a-alanine exhibited a change from ion exchange to
outer sphere mixed mixed van der Waals and ion exchange type interaction with absolute 4Hyop
values of 2.43 kJ/mol and 0.61 kJ/mol for reaction 1 and reaction 2 respectively. It is worth
noting that the maintained ion exchange-type mechanism for B-alanine in sorption reaction 1 and
reaction 2 despite the latter being a diffusion-type mechanism (k’; = 0.42 vs k2 = 0.19, Table
3-2) points to the reported arrangement of B-alanine parallel to the adsorbent’s wall in the pores
reducing steric effects and facilitating more molecules to penetrate the pores in an ion exchange
mechanism °’. In contrast, a-alanine steric hindrances associated with its constricted and short
backbone *7 are most likely responsible for weaker bonds formed in this sorption step 2, most

likely in the hydrogen bond direction as previously discussed.

Endothermic 4Hues0rp values for both amino-acids reactions pointed to the desorption of
a-alanine and B-alanine from ferrihydrite by NO3™ being an energy consuming, entropy-driven
process. Desorption of a-alanine from ferrihydrite consumed 4-28 times the energy released in
its sorption (Table 3-3) while that for B-alanine consumed 0.5-1.8 times the energy released
during sorption. It appeared that the energy shifts associated with reaction step 2 of the sorption
and desorption reactions dictated the overall energetics of $-alanine sorption and desorption
onto/from ferrihydrite. This is plausible because -alanine underwent more adsorption into the
pores in reaction step 2 (QOpina = 483 umol/g) compared to that on the surface in reaction step 1
(Qvind = 268 pmol/g). The AH yesorp/AHsorp and associated entropic shift for this reaction step 2 of
B-alanine was 0.5 and 1.5 respectively, indicating that 1) the unit energy involved in the bond

forming was much less than that consumed in bond breaking with the ferrihydrite surface; and 2)
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this was facilitated in an environment where disorder increased by a factor of 1.5 compared to

the sorption state. Contrastingly, for a-alanine where only about 10% reversibility was observed,

the energy associated with reaction step 1 appeared to dictate the overall energetics of a-

alanine’s interactions with ferrihydrite (Table 3-3). This reaction step 1 indicated that

AH esorn/AHsorp and entropic shift between sorption-desorption was 4 and 5 respectively, pointing

to significantly higher energy demand and reorganization of the ferrihydrite-water interface to

facilitate a-alanine’s complete desorption.

Table 3 - 3 Measured and calculated total energy, quantity, molar heat of reaction, and entropy for
sorption and desorption reactions of amino acids onto/from ferrihydrite

Total Energy, E .. (J/g)

Quantity (pmol/g)

Molar heat of reaction, A H (kJ/mol COO")

Entropy, A4S (J/mol/K)

Overall Reaction 1 Reaction 2

Overall Reaction | Reaction 2

Overall

Reaction1 Reaction 2

Overall Reaction I Reaction 2

Sorption
a-alanine -1.52 -1.02 -0.49 1221 421 800 -1.24 -2.43 -0.61 -4.21 -8.25 -2.08
B-alanine -2.78 -1.35 -1.43 750 268 483 -3.71 -5.0 -3.0 -12.56 -17.1 -10.1
Desorption
a-alanine 1.42 1.05 0.37 127 106 21.0 11.2 9.92 17.4 37.8 33.6 59.0
B-alanine 1.76 1.00 0.76 670 112 559 2.6 8.9 1.36 8.9 30.3 4.6
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Effect on ferrihydrite surface charge

Thermograms for pre- and post-amino acids NO3/Cl and CI'/NO3™ anion exchanges on
ferrihydrite are shown in Fig. 3-6. Comparison between anion exchange thermograms across
amino acids indicated that sorption then desorption of B-alanine resulted in increased Eiowi by a
factor of = 2 for post NO37/CIl and CI/NO3™ exchanges on ferrihydrite. On the other hand,
sorption then desorption of a-alanine as previously discussed in Chapter 2 had no effect (or
showed only slight decrease) on Ejosa for NO3/Cl”and CI'/NOs” exchange on ferrihydrite. -
alanine’s high reversibility (90%) compared to a-Alanine’s slight reversibility (10%) points back
to previously observed mechanisms in Chapter 2 of irreversibly sorbed amino-bearing organic
acids having no effect (or slight decrease) in Es1 for NO3/Cl”and CI/NOs” exchange on
ferrihydrite while reversibly bound amino-bearing organic acids increase Eow for NO3/Cl™ and
CI'/NOs" exchange on ferrihydrite. B-alanine’s increase in Ew by a factor of 2 falls in line with
an increased E: between pre- and post-probe anion exchange of 2 - 3 observed in Chapter 2 for
the completely reversible glycine and G3.5-COOH. This then indicates that 3-alanine was
behaving more like glycine and G3.5-COOH and its desorption corroded the surface leaving
58,59

behind more Fe edge sites that are oxygen deficient with net positive sites charges

increasing post anion exchange Eo as a result.
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Figure 3-6: Anion exchange energy on ferrihydrite A: before amino-bearing organic acids treatment of
ferrihydrite, B: after a-alanine treatment of ferrihydrite, (B) after B-alanine treatment of ferrihydrite.
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CHAPTER 4: EFFECTS OF HYDROLIZABILITY ON SORPTION DYNAMICS,
KINETICS, HEAT OF REACTION, AND SURFACE CHARGE OF FERRIHYDRITE

Introduction

Minerals play an important role in the bioavailability and cycling of nutrients in
biogeochemical cycles. Adsorption of organic phosphorous-type molecules to environmental
particles is assumed to limit enzymatic hydrolysis and phase transformation from organic
phosphorous (Po) to inorganic phosphorous (P1i), a reaction preceding phosphorus uptake by
plants and microorganisms ®. Olsson et. al reported otherwise in their findings that the rate of
enzymatic hydrolysis of glucose-1-phosphate (G1P) adsorbed on goethite by acid phosphatase
(AcPase) was on the same order of magnitude as in aqueous solution ®°. Contrary to enzyme
mediated-dephosphorylation found to occur on a time-scale of hours %%, Klein et. al observed
that ferrihydrite-mediated dephosphorylation of a suite of ribonucleotides occurred on a time-

scale of days ¢°.

Building on the findings of the aforementioned studies, the objective of the present study
was to use a combined method of Flow adsorption microcalorimetry (FAMC)-Ultraviolet visible
spectroscopy (UV/vis) to extract information regarding the effect of hydrolysis of organic
molecules on sorption/desorption dynamics, kinetics, heat of reaction, and change in surface
charge at the ferrihydrite-surface interface at pH 5. Adenosine triphosphate disodium (ATP) is a
ubiquitous nucleotide that acts as a reservoir and energy conveyer in terrestrial and marine
photosynthetic processes *’, and a source of Po in natural soils and sediments " 7!, ATP consists
of an adenine base bound to a ribose molecule, which is bound to a triphosphate unit at the 5
position of the ribose (Fig. 4-1). Depending on the pH environment, the terminal phosphate and

nitrogen of the base (N-7) dictate the dominant species and sorption behavior of ATP.
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The adsorption of a sturdy/nonhydrolyzable-ATP analog, Poly amidoamine dendrimer
G3.5-COOH onto ferrihydrite at pH 5 was determined in Chapter 2 and found to be an
electrostatic reversible reaction that increases surface charge by pitting. FAMC-UV/vis
adsorption data of G3.5-COOH onto ferrihydrite identified two stages; an initial enthalpy-driven
sorption reaction, followed by a slower entropy-driven reaction with the surface. Unlike G3.5-
COOH, adsorption of ATP is expected to be a driven by two compounds (Po and Pi) because the
hydrolysis of ATP can sequentially generate Piand ribonucleotides with different Po moieties as

shown by the equation below:

ATP — ADP + Pi - AMP + Pi — Adenosine + Pi [4-1]

where Pi is inorganic phosphorous and ATP, ADP, and AMP are

adenosine monophosphate, diphosphate, and triphosphate respectively. Klein et. al reported that
at pH 7, ferrihydrite mediated the dephosphorylation of = 15% of the initial ATP within a 10-day
reaction time (generating ADP and AMP), and attributed missing ATP to adsorption on the
surface ®. ATP-ferrihydrite interaction in this study is expected to occur through an adsorption
reaction onto the surface, followed by a slower ferrihydrite-mediated Pi generation and
adsorption. Using flow adsorption calorimetry like the technique used in this study, Harvey et. al
noted that at pH 4.8 Pi sorption on Al(III) subsituted—Fe(III) hydr(oxide) occurred irreversibly on
anion exchange sites with molar heats of reactions ten times that for anion exchange (—25

and —39 kJ/mol) 3!. In natural systems, this trapped Pi can become available upon mineral
weathering, dissolution, or exchange reactions > 7. In this study, recovering of this trapped Pi
by an anion exchange reaction is expected to be a high energy and slow irreversible reaction that

will decrease anion exchange sites on ferrihydrite.
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Materials and Methods
Ferrihydrite and Organic acid solutions

Synthesis and characterization of the ferrihydrite used is covered in Chapter 2 and the
appendix. Selected physicochemical properties of G3.5-COOH and ATP that would influence
their sorption/desorption behavior are summarized in Table 4-1. Although the two molecules
have comparable pK,; and pK,.>(Table 4-1), ATP is a phosphate-type organic molecule that is
80% uncharged, 16% cationic, and 4% anionic at pH 5, while G3.5-COOH is a carboxylic-type
organic molecule that is 76 % zwitterionic, 24 % cationic, and 4% anionic at pH 5 (see
appendix). The molecular electrostatic potential (MEP) around the G3.5-COOH decreased from
the deprotonated terminal carboxylic groups (COO") to the protonated tertiary amine groups
(NH2"), while for ATP MEP decreased from the triphosphate unit to the adenine base (Fig. 4-1).
Concentrations of molecules were such that [COO/H2PO3iota1 = 18.1mM 1.e. [G3.5-COOH] =
2.8*%102 mM and [ATP] = 18.1mM. At the experimental pH of 5, G3.5-COOH and ATP were

interacting with a predominantly positively charged ferrihydrite (~99%).
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Table 4 - 1 Physicochemical properties for G3.5-COOH and ATP interacting with ferrihydrite at

pHS
Amino-based Molecular o o
organic acid weight (g/mol) PKa PR Speciation at pH 5 (%)
Cationic Zwitterionic  Anionic Uncharged
G3.5-COOH 12931 4.5 6.3 24 76 4
ATP 551.14 4.3 6.5 16 4 80

Figure 4-1: Distribution of molecular electrostatic potential (MEP) at pH 5 around (A) Adenosine
triphosphate (ATP) and (B) poly amidoamine dendrimer G3.5-COOH. Molecular simulations were
generated in Mol View.
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Experimental protocol and data handling

The same experimental and data handling protocols described in Chapter 2 and the
appendix were used. Details are presented in these sections of the thesis. In brief, once initial
thermal equilibrium and a NOs™-saturated ferrihydrite surface was achieved, pre-probe anion
exchange characteristics were assessed using two CI'/NO;™ and two NO37/Cl ion exchange
cycles. After the second NO37/CI cycle and a return of the surface to NOs™- saturated ferrihydrite
status, a single sorption cycle of the organic probe (G3.5-COOH or ATP) was performed until a
return to thermal equilibrium was achieved, indicating full surface coverage of the ferrihydrite by
G3.5-COOH or ATP. This was then followed by a single “desorption” cycle and two cycles of
post-probe C1/NO3™ and NO3/CI" exchange. Effluent absorbance was continuously monitored in-
tandem with FAMC measurements on both the sorption and desorption cycle. For ATP, the
ascorbic acid solution-based analysis " of the effluents was also conducted to monitor hydrolysis

of ATP to P;.

Voltage versus time thermograms were used to assess reaction time, comparative
magnitudes of energy change and whether the reactions were exothermic, endothermic, or
mixed. Weight-adjusted energy (Ei; J/g), Osorp, and Quesorp Were used to assess the overall reaction
(energy, sorption, desorption) dynamics, total reaction energy (Ewtal), total quantity sorbed (Qsorp)
and total quantity desorbed (Quesorp). Deconvolution of Ej, Osorp, and Quesorp Was used to assess
the number of reaction steps, their respective contribution to total reaction, and respective rate

constants.

In assessing the effects of G3.5-COOH versus ATP on ferrihydrite surface charge, Eroui
(J/g) for pre-probe NO3;7/CI" and CI/NO3™ behavior was quantitatively compared to that for post-

probe NO37/Cl” and CI/NOs". This allowed for the assessment of whether sorption then
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desorption of G3.5-COOH and ATP at the ferrihydrite-water interface increased, decreased or

had no effect on the quantity of anion exchange sites.

Results and Discussion

Sorption and desorption dynamics and kinetics:

Raw calorimetric response thermograms for ATP and G3.5-COOH onto NO3™-saturated
ferrihydrite at pH 5 are shown in Fig. 4-2 A. Thermograms for the reverse reaction (i.e. NO3"
sorption to ATP and G3.5-COOH -saturated ferrihydrite) are shown in Fig. 4-2 B. Thermograms
for sorption and desorption of G3.5-COOH were log-normal in shape with reactions lasting 15
minutes, consistent with simple ion exchange reactions on metal oxides *!**°. Similarly, ATP
thermograms were log-normal shaped but extended in time with ATP sorption and desorption
lasting 30 and 160 minutes respectively. These long reaction times are similar to those observed
in phosphate sorption on Al-Fe co-precipitated hydr(oxides) *! and arsenic sorption on

amorphous aluminum hydroxide *® via ligand exchange.

Differential voltage thermograms pointed to ATP sorption to NOs™-saturated ferrihydrite
occurring via purely exothermic reaction steps. In contrast, sorption of G3.5-COOH to NO3™-
saturated ferrihydrite was mixed with the first half being exothermic and the other half being
endothermic. Given the spontaneous nature of the reactions at the experimental temperature (22
+ 2.5° C) and the requirement of spontaneous reactions having -4G (where 4G = 4H - TAS) it is
reasonable to postulate that for ATP its exothermic sorption, which by convention carries a -4H
value, required no increase in entropy (4S5) of the system to facilitate sorption. By contrast, the
spontaneous sorption observed for G3.5-COOH with its endothermic sorption (+ AH) would

require an increase in entropy of the system. The endothermic nature of NO3 interacting with
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G3.5-COOH and ATP-saturated ferrihydrite, which carries a + 4H, indicates that spontaneous
desorption of these organic acids from ferrihydrite by NO3™ at pH 5 required increased entropy.
That is, while the sorption for ATP to NOs -saturated ferrihydrite is enthalpy-driven, that for
G3.5-COOH and the desorption of both molecules from ferrihydrite by NOs™ is entropy-driven at

the experimental conditions (22 +2.5° C).

Cumulative energy curves (Fig. 4-3) were in agreement with enthalpy-driven ATP
sorption (4Hsorp = - 8.5 J/g) as opposed to entropy-driven G3.5-COOH sorption (4Hsop =+ 0.16
J/g). By contrast, desorption of ATP (4Hyesor, =+ 11.6 J/g) was more entropy-driven than the
desorption of G3.5-COOH (4H esorp =+ 1.35 J/g); 1.e. more disorder was required for the
desorption of ATP to occur spontaneously at the experimental temperature ( 22°C). This was
very well in agreement with the formation of strong bonds via an inner sphere ligand exchange
mechanism in the ATP sorption reaction, forming much harder bonds to break as opposed to
G3.5-COOH’s weaker ion exchange associations with the surface in the sorption step. In
agreement with the log-normal shape of heat flow thermogrames, fitted rate constants (k’) pointed
to ATP and G3.5-COOH sorption to NOs™-saturated ferrihydrite in a first fast reaction step
followed by a second slow reaction step (Table 4-2). During this sorption reaction some ATP
notably hydrolyzed and produced inorganic phosphorous (P1) as evidenced by Pi concentrations
in effluents being higher than background concentrations measured in the starting solution (Fig.
4-6 A). At pH 4-5, Pi has been shown to form a bidentate complex with Fe-hydroxides 7.
Consequently, the sorption of ATP onto NOs™-saturated ferrihydrite occurred via surface
interactions with hydrolyzed and non-hydrolyzed ribonucleotides (termed AXP hereafter) and Pi

(Fig. 4-5).
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Fitted rate constants (k) pointed to the non-hydrolysable G3.5-COOH sorbing onto
ferrihydrite much faster (by an order of magnitude) compared to AXP and Pi sorption reactions
(Table 4-2). AXP and Pi rate constants were more comparable to each other with AXP’s rate of
sorption only 1.5 times faster than Pi (Table 4-2). This was in agreement with a recent study
suggesting sorption of ATP onto ferrihydrite preceding slow ferrihydrite-mediated hydrolysis .
While the desorption of G3.5-COOH from ferrihydrite occurred slower in a single reaction step
(Table 4-2, Fig 4-4 B & D); desorption rates of AXP and Pi were comparable to their sorption
rates (Table 4-2) with Pi desorbing in a three step reaction (Fig. 4-5 B & D) generating a near 7-

fold greater amount of Pi compared to the sorption stage (Fig. 4-4 B).

Comparison of deconvoluted E;, Opina, and Quesina further pointed to G3.5-COOH
sorption to NO;™ -saturated ferrihydrite being completely reversible by NO3™. AXP sorption on
the other hand was only partially (= 84%) reversible by NO3™. The missing AXP was most likely
involved in the generation of Pi in both the sorption and desorption phase. NO3™ exchange for
previously bound AXP (84%) in the desorption reaction could have also contributed in the

generation of the surplus Pi during the desorption phase.
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Figure 4-2: Calorimetric signals in voltage for (A) organic acids interacting
with a nitrate (NOs") saturated ferrihydrite (B) NOs™ interacting with a probe-
saturated ferrihydrite.
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Figure 4-6: Concentrations of inorganic phosphorous and AXP in effluents during (A) the sorption
phase and (B) the desorption phase. Red-dashed line shows background inorganic phosphate
measured in solution.

Table 4 - 2 Sorption/desorption total energy and kinetics of organic acids onto/from
ferrihydrite

G3.5-COOH ATP
AXP Pi
Sorption Desorption Sorption  Desorption Sorption Desorption
Reaction-steps, n 2 1 1 1 1 3

Cumulative energy (J/g)  0.16 1.35 -6.2 2.47 -2.62 9.68
E o1 -0.74 1.35 -6.20 2.47 -2.62 3.50
E a2 0.90 - - - - 1.35
Etotu13 - - - 4.83

Rate constants, &' (min’l)
k' 0.63 0.27 0.09 0.08 0.05 0.07
k', 0.43 - - - - 0.07
k's - - - 0.02

Half-life, ¢ ;,, (min)

tin, g 9.20 11.99 16.00 19.36 27.00 42.0
) 15.09 - - - 75.5

Lo 3 - - - - - 112.0




Energetics of sorption/desorption

Table 4-3 and Table 4-4 show the overall and step specific E;, Opina and Quepind
respectively of G3.5-COOH and ATP (AXP and Pi) at the ferrihydrite-water interface. Using
deprotonation information from Table 4-1, absolute molar heats of sorption (4H;.rp) and
desorption (4Huyesorp) Were shown to be on the order of 1.7-22.4 kJ/mol COO" for the G3.5-
COOH, 0.2-0.4 kJ/mol for AXP, and 9.9-25.3 kJ/mol for Pi. These values reflected a range of
bonding mechanisms from a combination of van der Waals with ion exchange (< 2 kJ/mol), ion
exchange (<10 kJ/mol), and ligand exchange (20-30 kJ/mol). Absolute 4H., values pointed to
the reaction G3.5-COOH (4H;or, = 1.69 kJ/mol) and AXP (4Hsorp, = 0.4 kJ/mol) at NOsz -saturated
ferrihydrite occurring predominantly by weaker mixed van der Waals (induced dipole)-ion
exchange (permanent dipole) bonding mechanisms, while that of Pi (4Hsor, = 25.3 kJ/mol) was
more in line with inner sphere ligand exchange bond formation with the surface. The one step
exothermic nature of the AXP and Pi sorption reactions onto ferrihydrite pointed to their sorption
being enthalpy-driven. On the other hand, the mixed exothermic and endothermic nature of the
(G3.5-COOH reaction pointed to its sorption being enthalpy driven first and then shifting to an
entropy-driven sorption reaction. This was well supported by calculated entropy at equilibrium
(4G = 0) and the experimental temperature of 22°C. Here the entropy associated with the overall
sorption (4Ssorp) of AXP, P1, and G3.5-COOH was -1.2, - 85.9, and + 5.7 J/mol K respectively,
pointing to increasing disorder at the ferrihydrite-water interface for Pi < AXP < G3.5-COOH. In
agreement with the mixed calorimetric responses of G3.5-COOH (exothermic and then
endothermic), the molar heat of sorption reaction 1 and sorption reaction 2 (4H;orp: = -13 kJ/mol
and 4H;orp2 = +22.4 kJ/mol) and associated calculated increasing entropy at equilibrium

conditions (4Ssorpi= -45.4 J/mol K and ASserp2=+ 76.0 J/mol K) point to G3.5-COOH shifting
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from a more ordered enthalpy-driven association with the surface in the first sorption step
towards an entropy-driven sorption type reaction in the second sorption step to allow more
adsorption on the surface. This second step entropy-driven sorption is consistent with the
PAMAM dendrimers’ reported electrostatic intramolecular attraction between their deprotonated
carboxylic (COO") and protonated tertiary amines (NH,") in their zwitterionic form °* plausibly

causing rearrangement at the ferrihydrite-water interface.

All endothermic AHes0rp values obtained across reactions pointed to the desorption of
G3.5-COOH, AXP, and Pi from ferrihydrite by NO3™ being an energy consuming, entropy-driven
process. Desorption for G3.5-COOH consumed 1-8 times the energy in desorption than sorption.
This desorption occurred spontaneously in an environment that involves an entropic
shift/increased disorder of 1.5-30 times that of the interface during the sorption steps. It appears
that energy shifts associated with reaction step 1 of the sorption and desorption dictated
reversibility of G3.5-COOH to ferrihydrite. Despite its significant magnitudinal differences in
AHiorp and AHgesorp , all the sorbed G3.5-COOH was desorbed in the desorption phase, with
AHdesory/ AHsorp and associated entropic shift of 1 and 2 respectively. This indicates that the unit
energy involved in the bond forming was equal to that consumed in bond breaking with the
ferrihydrite surface, and this was facilitated in an environment where disorder increased by a
factor of 2 compared to the sorption state. Contrastingly, for AXP with 86 % reversibility
observed, 4Hesorp/ AHyorp and entropic shift between sorption-desorption was 0.5 and 1.5,
respectively, pointing to significantly lower energy demand and reorganization of the

ferrihydrite-water interface to facilitate its partial desorption.

The comparable nature of molar heats for Pi desorption in reaction 1 and reaction 2

(4Haesorp 1= +21.1 Kj/mol and AH gesorp2 = +18.8 kJ/mol) to the molar heat of Pi sorption reaction
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(4Hy0rp = -25.5 kJ/mol) is reason to postulate that Pi molecules bound to ferrihydrite in a ligand
exchange-type reaction were desorbed in these two Pi desorption reactions with entropic swings
of 1.85 (Pi desorption 1) and 1.74 (Pi desorption 2) facilitating these desorption reactions. In
contrast, with a comparatively weaker AH gesorp 0f 9.9 kJ/mol by 0.38-0.52 times the above
mentioned 4H of Pi sorption and desorption reactions, Pi desorption in reaction 3 was most
likely associated to previously bound molecules in a strong ion exchange (<10 kJ/mol) type
association with ferrihydrite. The absence of a step equivalent to this third Pi desorption step in
sorption and the fact that = 7 times more Pi was desorbed compared to Pi previously sorbed
indicates that NO3™ desorption of AXP from the surface mediated hydrolysis which produced
more Pi that was subsequently sorbed in a short-range ion exchange type reaction then desorbed
by NOs". As shown in Fig. 4-6, the desorption reaction was stopped after ~ 2.5 hours where
effluent concentrations of AXP were non-existent, but residual Pi was still being detected ( [Pi] =
0.012 mM) indicating that missing AXP (14%) could still be on the surface being hydrolyzed. It
is also plausible that residual Pi being detected after 2.5 hours was previously sorbed Pi being

desorbed.
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Table 4 - 3 Measured and calculated total energy, quantity, molar heat of reaction, and entropy for
sorption reactions of organic acids onto/from ferrihydrite

G3.5-COOH ATP
Reaction 1 Reaction 2

Overall Reaction1 Reaction?2 Overall .

(AXP) (Pi)
Total Energy, Etotal (J/g) 0.162 -0.740 0.902 -8.50 -6.17 -2.33

Quantity (umol/g) 1.9 1.1 0.8 17870 92

Molar heat of reaction, A H
i i 1.7 -13.4 224 -0.35 -25.33
(kJ/mol COO or H,PO;")

Entropy, A4S (J/mol/K) 5.74 -45.43 75.95 -1.17 -85.81

Table 4 - 4 Measured and calculated total energy, quantity, molar heat of reaction, and entropy for
desorption reactions of organic acids onto/from ferrihydrite.

G3.5-COOH ATP
. . Reaction 1 Reaction2 Reaction3 Reaction4

Overall Reaction 1 Reaction 2 Overall (AXP) (Pi) (Pi) (Pi)
Total Energy, Etotal (J/g)  1.350 1.344 11.63 2.47 3.50 1.35 431
Quantity (umol/g) 1.9 1.9 14650 161 72 435
Molar heat of reaction, A H 4 " 017 _— 18,84 9.90

(kJ/mol COO  or H,PO5) ’ ’ ’ ' ’ '
Entropy, A4S (J/mol/K) 47.84 47.65 0.57 73.59 63.83 33.54
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Effects on ferrihydrite surface charge

Fig. 4-7 shows thermograms for the pre and post amino-bearing organic acids treatment
on ferrihydrite anion exchange, NO3”/Cl and C1/NO;s". Comparison between anion exchange
thermograms across organic acids indicated that sorption then desorption of G3.5-COOH
resulted in increased E:ow by a factor of 3 for post NO3/Cl”and C1/NOs” exchanges on
ferrihydrite while sorption then desorption of ATP resulted in decreased Ero by a factor of 2 for
NO37/CI"and CI/NO3" exchanges on ferrihydrite. The increased and decreased Ejow for anion
exchanges on ferrihydrite by G3.5-COOH and ATP respectively, reflect the differences in these
molecules’ sorption and desorption mechanisms. G3.5-COOH formed completely reversible
mixed mixed van der Waals and ion exchange type associations with a NO3™ saturated
ferrihydrite. Then its complete desorption resulted in increased Erows for anion exchange through
surface-corrosion that left behind more active sites for anion exchange. In contrast, Pi’s inner
sphere ligand exchange complexation with the surface and the missing AXP (14 %) bound on the
surface via the phosphate groups ® most likely resulted in inner sphere irreversible metal-
phosphate complexes 7® with molecules irreversibly bound on anion exchange sites. This is in
agreement with the consistent low anion exchange occurring after ATP sorption and desorption
with the loss of anion exchange sites found to be irreversible after two cycles of NO37/Cl and CI°

/NOj3" on the surface.
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after G3.5-COOH treatment on ferrihydrite, C: after ATP treatment on ferrihydrite



CHAPTER 5: SUMMARY AND CONCLUSIONS

The main objective of this work was to shed light on sorption/desorption dynamics,
kinetics, and heat of reaction of different classes of amino-bearing organic acids at the
ferrihydrite-water interface. Effects on ferrihydrite surface charge from OM-ferrihydrite
associations were also quantified by comparing anion exchange characteristics of the surface
determined before sorption reactions and anion exchange characteristics of the surface measured
after desorption reactions of previously sorbed organic acids. For this purpose, in-tandem Flow
adsorption microcalorimetry— UV-Vis spectroscopy was used to collect the heat and quantities
associated with amino-bearing organic acid reactions at the ferrihydrite-water interface.
Calorimetric methodologies for probing surfaces and their properties were applied to the
adsorption/desorption reactions of a suite of naturally occurring proteinogenic and non-
proteinogenic amino acids (glycine, a-alanine, and -alanine), a bigger, more sturdy, synthetic
poly amidoamine dendrimer G3.5-COOH, and a hydrolyzable naturally occurring adenosine

triphosphate (ATP).

In Chapters 2 and 3, reactions were conducted at pH 5 where ferrihydrite is
predominantly positively charged and glycine, a-alanine, G3.5-COOH, and B-alanine are
predominantly in their zwitterionic form. All molecules exhibited a two-step sorption reaction
consistent with decreasing rate constant values, k’, from step 1 to step 2 towards equilibrium and
surface saturation. The exothermic nature of this reaction 1 (-4H) was consistent with a well-
ordered ferrihydrite interface facilitating enthalpy-driven ion exchange bond formation (Fig. 5-1
A,B,C,D). Towards equilibrium, subsequent sorption resulted in increased disorder in the
sequence B-alanine < a-alanine < G3.5-COOH and decreased disorder in glycine which mediated

entropic-driven sorption (4H values shifting to more positive values) in molecules more prone to
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intramolecular interactions (G3.5-COOH) and steric interferences (o-alanine) (Fig. 5-1
A,B,C,D). 4H for the desorption phase pointed to desorption being entropy-driven with
molecules that experienced no increase in disorder during the sorption phase (glycine) being
completely reversible in a two-step simple ion exchange reaction, while those on a highly
disordered ferrihydrite interface required a combination of van der Waals bonding with ion
exchange (< 2 kJ/mol) and a stronger ion exchange-type reaction (<10 kJ/mol) to facilitate
complete reversibility for G3.5-COOH and B-alanine, and partial reversibility for a-alanine (Fig.

5-2 A,B,C,D).

Chapter 4 presented a side by side analysis of sorption and desorption characteristics of
an uncharged hydrolysable ATP and zwitterionic non-hydrolysable G3.5-COOH at the
ferrihydrite-water interface. Enthalpy-driven ATP weak van der Waals forces-type association
with the surface via its phosphate groups mediated hydrolysis and subsequent resorption of
produced inorganic phosphorous by an enthalpy-driven ligand exchange reaction. The
exothermic nature of the desorption phase was consistent with increasing entropy on the surface
necessary to break the well-ordered and strong bonds (25.3 kJ/mol) between the surface and Pi to
facilitate a spontaneous desorption reaction at experimental temperature conditions (22 °C).
Typical of ion exchange associations, the non-hydrolysable G3.5-COOH interactions with
ferrihydrite were short (15 minutes) and occurred with k£’ values a magnitude greater than ATP’s

reactions that were much longer (0.5-2.5 hours).

A comparison between pre-probe and post-probe anion exchange characteristics revealed
the effect of sorption then desorption of the different classes of amino-bearing organic acids on
the surface charge of ferrihydrite. Zwitterionic molecules whose associations with ferrihydrite

are completely reversible in an ion-exchange desorption reaction by NO3™ (glycine, G3.5-COOH,
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and B-alanine) increased E . for anion exchange by corrosion of the surface leaving behind net
positive sites (oxygen vacancies) where anion exchange can take place. Zwitterionic molecules
irreversibly bound to the surface via an ion exchange-type mechanism (a-alanine) resulted in no
effect/slight decrease in Eiw for anion exchange on the surface. Lastly, ATP generated inorganic
phosphorous that sorbed onto ferrihydrite by ligand exchange resulting in inner sphere
irreversible metal-phosphate complexes onto sites previously used for anion exchange, thus

decreasing Eowi for the post ATP anion exchange on the surface.
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APPENDIX
Properties of ferrihydrite

The formation of 2-line ferrihydrite was confirmed by x-ray diffraction analysis that
displayed the presence of two ”” bands centered at 20 of 34 and 61° (Fig. A 1). The absence of
narrow sharp peaks in the XRD pattern of ferrihydrite indicated that it is highly amorphous. The
thermal analysis of ferrihydrite confirmed the amorphous nature of ferrihydrite by exhibiting
free-water loss in two stages (40 — 140 ° C), followed by structural-water (140 — 320 °C), and
chemical water loss at higher temperatures (320 — 400 ° C) (Fig. A 2). Scanning Electron
Microscopy *® showed that ferrihydrite grains used in experiments (size 125-250 um ) were
aggregated (Fig. A 3) with a median diameter (Dso) of 158 £ 10 um (Fig. A 4). With its well
documented and published point of zero charge (PZC pH 7- 9) ’® 7, at pH 5 ferrihydrite had 99 -

99.99% of its positive sites (M-OH, ", where M is Fe) (Fig. A 5).
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Figure A 1: X-ray diffractogram of
ferrihydrite with characteristic 20
peaks for the two-line form around 34°
and 61°.
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Figure A 2: Differential thermogravimetric thermogram
showing deconvoluted proportions of free (red lines),
structural (blue line) and chemical (green line) water
associated with the 2-line ferrihydrite (inset).
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Figure A 3: An example of a scanning electron microscope
image for the 125-250 um ferrihydrite fraction showing
irregularly shaped morphology.
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Figure A 4: Particle size distribution for the 125-
250 pm ferrihydrite fraction derived from Image
J analysis of 50 randomly selected particles in
scanning electron microscope.
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Figure A 5: Modeled distribution of positive charge (M-
OH,+) on ferrihydrite across pH based on published point
of zero charge (PZC) values.
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Speciation of amino-bearing organic acids
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Figure A 6. Predominant forms of selected amino-bearing organic acids: cation at pH < pKal,
zwitterion at pKal < pH <pKa2, and anion at pH > pKa2 for (A) glycine, (B) alanine, (C) Poly
amido amine (PAMAM) dendrimer G3.5-COOH. Cation at pH < pKal, neutral at pKal <pH <
pKa2, and anion at pH > pKa2 for (D) Adenosine triphosphate. Graphs developed using the
Henderson-Hasselbalch equation and the published pK,s of respective molecules.
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Data handling and processing protocol for FAMC-UV-vis

Raw heat flow thermograms were integrated to obtain the area under the peaks and then the
energy (J) associated with each heat thermogram was interpolated from the standard curve
shown in Fig. A 7. Weight-adjusted energy (E;; J/g) associated with thermograms was obtained

by normalizing the obtained energy (J) to the mass of ferrihydrite used in the experiments (50 +

0.05 mg).
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Figure A 7. Peaks obtained from timed heat pulses (A) and the
associated calibration curve (B).

Deconvolution of E; (J/g) was used to assess the number of reaction steps, their respective
contribution to total reaction, and respective rate constants. Here equation [2-2] was used and
Root Mean Square Error (RMSE) values were used to determine how far apart the predicted
values and residuals were from the values in the dataset. Adjusting the logistic model for more
reactions/steps allowed for improved RMSE values (Fig. A 8). The best fit model was indicated
by minimal change in the RMSE value as more steps were added (Fig. A 8). Apart from the
(G3.5-COOH desorption reaction that was found to occur in one step, all other reactions for all

molecules were found to occur in two steps.
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Figure A 8: Root Mean Square Error values associated
with the deconvolution of E;(J/g) energy curves

Raw UV-Vis absorbance data (Fig. A 9) were used to interpolate the amount of each amino-
bearing organic acid sorbed (Qsorp ; mmol) and desorbed Quesorp; mmol) onto/from ferrihydrite.
Osorp and desorbed Quesorp Were interpolated using previously built standard curves at each

molecules’ monitoring wavelength (Fig. A 10).

0.10 NaNO; probe/NO;y” _ NOj7/probe |
0.084 ; 7 l
L ]
(] L
Q
_§ 0.06- g
5 5
) 0.044 /
< “
L
0.024 ;
°
0.00 frempretf . . '
0 30 60 90 120 150

Time (minutes)

Figure A 9: Analysis of the portion of probe sorbed and desorbed. The
points represent the breakthrough curve as the reaction progressed. The
shaded area above the breakthrough curve is the portion of the probe
bound onto ferrihydrite during the probe/NOs" cycle. The shaded area
under the breakthrough curve is the portion of previously bound probe
removed from ferrihydrite during the NO;/probe cycle.
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Figure A 10. Standard curves (A: glycine, B: a-alanine, C: G3.5-COOH, D: B-alanine)
built at monitoring wavelengths to interpolate concentrations from absorbance.

The obtained quantity (mmol) was then normalized to the mass of ferrihydrite used in the
experiments to obtain the sorbed and desorbed quantity in mmol/g. Osorp (mmol/g) and Quesorp
(mmol/g) were then deconvoluted using equation [2-3] and #;> parameters obtained from
deconvoluted energy curves (£;; J/g) to obtain corresponding quantity data. This was to make
sure that energy peaks linked to quantity peaks were synchronous and achieved ;> at the same

time.

The molar heat of reactions in kJ/mol were determined and calculated according to the

equation:

AH — Etotal (1-1]
Qtotal
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ABSTRACT

INTERACTIONS OF AMINO-BEARING ORGANIC ACIDS AT THE FERRIHYDRITE-
WATER INTERFACE: A FLOW ADSORPTION MICROCALORIMETRY-ULTRA VIOLET
VISIBLE SPECTROSCOPY STUDY

By
Marie Aurore Niyitanga Manzi
Department of Geological sciences
Texas Christian University

Thesis advisor: Dr. Omar Harvey, Department of Geological Sciences

In-tandem flow adsorption microcalorimetry-UV-Vis spectroscopy was used to study the
dynamics, kinetics, energetics, and effects on surface charge for amino-bearing organic acids at
the ferrihydrite-water interface. The amino-bearing organic acids sorbed to ferrihydrite via
multiple, enthalpy- or entropy-driven steps at different rates involving a mixture of van der
Waals, ion exchange and ligand exchange reactions. The nature of interaction varied across
speciation, molecular size, conformation, and hydrolizability. For instance, glycine sorption to
NOs -saturated ferrihydrite was a two-step enthalpy-driven, completely reversible ion exchange
process with overall heat of sorption (AHsorp) of -3.66 kJ mol™! and after the desorption reaction,
the anion exchange energy (NO3/Cl and CI/NOy3") at the ferrihydrite-water interface was
doubled. By comparison, a-alanine, with similar speciation as glycine, had two-stepped and
enthalpy-driven sorption that occurred via mixed van der Waals and ion exchange reactions with
AHorp of -1.24 kJ mol™!, and 10% reversibility by NOs™ with no impact on anion exchange
energy. The thesis further covers comparison in interactions at the ferrihydrite-water interface
across molecular conformation (a-alanine versus -alanine) and hydrolyzability (G3.5-COOH,

ATP).



