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Abstract The structure and composition of short-
range ordered aluminosilicates (SROAS) may con-
trol their affinity for organic acids with potential
effects on soil organic matter stabilization. Adsorp-
tion mechanisms of model organic acids were stud-
ied to resolve the effect of Si incorporation. Adsorp-
tion of oxalic, salicylic, and octanoic acid on Al-rich
(AL:Si = 3.7) and Si-rich (Al:Si = 1.4) SROAS was
quantified by analyses of dissolved organic carbon
using catalytic high-temperature combustion. The
initial pH of 5 and 6.5 increased to 6.3-8.2 during
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adsorption of oxalic and salicylic acid, demonstrat-
ing hydroxyl release by ligand exchange. Minor
changes in pH indicated weak interactions of octa-
noic acid with both SROAS. Adsorbates were char-
acterized by Fourier-transform infrared spectros-
copy. Asymmetric stretching of carboxylate groups
at 1720 and 1700 cm™', and symmetric stretching
at 1430 cm™! evinced the formation of chelate com-
plexes for oxalic acid. An absorption band centered
at 1545 cm™! indicated partial inner-sphere bind-
ing of salicylic acid on both SROAS. Silicon-rich
SROAS adsorbed 80-90% less than Al-rich SROAS,
suggesting that adsorption of oxalic and salicylic
acid was controlled by surface aluminol groups.
Fast kinetics of oxalate adsorption on Al sites was
studied by a conductivity-based stopped-flow tech-
nique. Ligand exchange proceeded at a rate constant
of 3.5 57! (25°C), similar to solute Al complexation,
with an activation energy of up to 34.1 kJ mol™!. A
slow process with a rate constant of 0.13 s (25°0)
was attributed to diffusion of oxalate at the surface
or into SROAS particles. As supported by structural
characterization of Si-rich SROAS, the much lower
susceptibility of Si-rich SROAS to ligand exchange
relates to Al speciation. The formation of tetrahedral
Al precludes its complexation by carboxyl groups.
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Introduction

Short-range ordered aluminosilicates (SROAS) are
hydrous minerals that form frequently in the course
of weathering of volcanic ejecta (Levard & Basile-
Doelsch, 2016; Parfitt, 2009). At the nanoscale,
these phases exhibit variable degrees of spatial order,
including structurally defined tube-shaped imogolite
(Cradwick et al., 1972). Moreover, primary particles
may occur as hollow spheres and corresponding frag-
ments with variable chemical composition, frequently
referred to as allophane (Levard & Basile-Doelsch,
2016). Adsorption of dissolved organic matter (DOM)
on SROAS is presumed to be a major pathway of soil
organic matter (SOM) accrual because SROAS sur-
faces have a high affinity for DOM (Lilienfein et al.,
2004; Singh et al., 2017). Carboxylic aromatic acids,
derived from lignin degradation, are retained prefer-
entially on SROAS (Ding et al., 2019; Lenhardt et al.,
2022), forming stable bonds by displacing hydroxyls
(OH") from the surface (Parfitt et al., 1977). Conse-
quently, they are protected from microbial degrada-
tion, contributing to deceleration of SOM turnover in
andic soils (Basile-Doelsch et al., 2005; Kramer et al.,
2012; Torn et al., 1997).

Surface affinity of SROAS for carboxylic acids
probably depends on chemical composition, which
is governed by formation conditions. Aluminum-
rich SROAS have molar Al:Si ratios of 2—4 and were
detected in andic and podzolic soils (e.g. Gustafsson
et al., 1999; Parfitt et al., 1980). In particular, Al-
rich SROAS exhibit short-range order, namely, imo-
golite-like structural features (Cradwick et al., 1972;
Goodman et al., 1985). A pronounced abundance of
silicic acid facilitates Si incorporation into SROAS,
and phases with Al:Si ratios of ~1 form. Such condi-
tions may prevail in the early stages of tephra weath-
ering (Gérard et al., 2007), when water availability
restrains Si leaching (Parfitt et al., 1983), or during
precipitation of stream deposits (Childs et al., 1990).
Together with smaller Al contents, Si incorporation is
accompanied by the formation of tetrahedral Al and
condensation of Si tetrahedra, resulting in structural
features similar to tectosilicates in Si-rich SROAS
(Farmer et al., 1979; Ildefonse et al., 1994). Positive
correlations of Al:Si ratios and amounts of adsorbed
anions with high affinity for inner-sphere complexa-
tion (oxalate, fluoride, phosphate; Clarke & McBride,
1984; Hanudin et al., 2002; Kaufhold et al., 2010)

https://doi.org/10.1007/s42860-023-00248-2 Published online by Cambridge University Press

suggest that Si incorporation diminishes SROAS
reactivity toward carboxyl groups. This may be
related to a lesser abundance of aluminol groups, as
silanol groups do not participate in ligand exchange
with organic functional groups (Pokrovski & Schott,
1998). On the other hand, silicic acid disturbs Al
oxolation (Exley et al., 2002; Lenhardt et al., 2022),
which may actually foster aluminol abundance. The
formation of tetrahedral Al imparts negative charge
on SROAS particles (Su et al., 1992). This may cause
repulsion of oxidized DOM components, but facili-
tates hydrogen bonding or electrostatic interactions
with amino groups. Sugars, nitrogenous compounds,
and benzene derivatives adsorbed on SROAS by
forces weaker than chemical binding (Hashizume &
Theng, 2007; Nishikiori et al., 2009). Polymerized Si
species provide variable charge to SROAS (Clarke &
McBride, 1984; Su et al., 1992), and may thus con-
tribute to electrostatic retention of organic substances.
Hence, mechanistic studies are needed to resolve the
effect of SROAS structure and composition on DOM
binding.

Fourier-transform infrared (FTIR) spectroscopy
was used to characterize the chemical environment
of adsorbed functional groups on SROAS (e.g. Nishi-
kiori et al., 2009; Parfitt et al., 1977). This technique
allows for a differentiation of outer-sphere and inner-
sphere complexes on Al-containing minerals (e.g.
Axe & Persson, 2001; Parfitt et al., 1977). Evalua-
tion of adsorption kinetics provides information on
the rate-controlling processes and respective activa-
tion energies (Guan et al., 2006; Sparks, 1985) and is,
thus, a tool to study the affinity of organic substances
for SROAS surfaces in more detail. However, a suit-
able kinetic method must consider rapid reactions,
because adsorption of organic molecules on Al-con-
taining minerals equilibrates in the range of seconds
to minutes (Borah et al., 2007; Das et al., 2004). This
task may be accomplished by a conductivity-based
stopped-flow technique that has been used frequently
to study solute Al complexation and ion adsorption
on minerals (e.g. Ikeda et al., 1984; Pohlmeier &
Knoche, 1996).

The objective of the current study was to assess
the impact of Si incorporation on SROAS surface
reactivity toward different organic acids as models of
natural DOM. For the first time, interaction mecha-
nisms were elucidated by spectroscopic characteri-
zation of adsorbates together with the evaluation of
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fast adsorption kinetics using structurally character-
ized SROAS. Synthesis of SROAS was performed
at ambient conditions to mimic surface properties of
natural, poorly ordered phases (Lenhardt et al., 2021).
Oxalic, salicylic, and octanoic acid were used as
models of functional moieties present in soil DOM.
Oxalic and salicylic acid are introduced to soil solu-
tion by organic matter degradation and root exuda-
tion (Strobel, 2001). Oxalic acid, in particular, is able
to displace OH™ from surface Al sites that may react
with carboxyl groups in DOM (Hanudin et al., 2002;
Parfitt et al., 1977). Salicylic acid contains phenolic
groups presumably involved in binding of aromatic
acids. Octanoic acid resembles hydrophobic aliphatic
components from plant residues (Buurman et al.,
2007). This study is based on the hypothesis that Si
incorporation reduces the amount of surface sites sus-
ceptible to ligand exchange and, thus, the affinity of
SROAS for organic acids.

Materials and Methods
Synthesis and characterization of SROAS

Two SROAS were synthesized at ambient conditions
according to Lenhardt et al. (2021) by neutralizing
Al-chloride hexahydrate (AICl;; AppliChem GmbH,
Darmstadt, Germany) with sodium orthosilicate
(Na,SiO,; abcr GmbH, Karlsruhe, Germany). The
suspensions were dialyzed with a cellulose mem-
brane (molecular weight cut-off 6-8 kD; Spectra Por
7, Repligen, Waltham, Massachusetts, USA) until the
electrical conductivity of the permeate was <10 pS
cm™! for 24 h. Suspensions were subsequently stored
at ambient temperature prior to use in batch experi-
ments. The suspension concentration was determined
gravimetrically after drying 5 mL of suspension at
105°C in triplicate. The element contents (Al, Si) of
SROAS were determined by dissolving SROAS in
0.2 M HCI and subsequent quantification of Al and
Si by microwave plasma-atomic emission spectrom-
etry (MP-AES; 4200 MP-AES, Agilent, Waldbronn,
Germany). The synthesized SROAS contained 199
and 262 mg Al g”!, and 140 and 73 mg Si g”!, result-
ing in molar Al:Si ratios of 1.4 and 3.7, respectively.
Aliquots of suspensions were freeze-dried and ground
in a mortar for mineral characterization by X-ray dif-
fractometry (XRD) and FTIR spectroscopy. Samples
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were exposed to CoKa radiation (A = 0.179 nm) and
diffractograms recorded at a step size of 0.02°26 and
a counting time of 97.5 s with a Bruker D2 Phaser
(Bruker, Ettlingen, Germany). Transmission FTIR
spectra in the mid-infrared range were obtained with
an external accessory of a LUMOS infrared micro-
scope with a mercury-cadmium-telluride detector
(Bruker) using pellets prepared with a hand press
from a mixture of 1 mg of sample and 200 mg of
KBr. Fifty background scans were recorded against
the atmosphere and subsequently 100 sample scans
accumulated at a resolution of 4 cm™.. A Vertex 70
spectrometer equipped with a deuterated D-alanine-
doped triglycine sulfate detector (Bruker) was used
to obtain spectra in the far-infrared range at a resolu-
tion of 2 cm™. Pellets were prepared with a hydraulic
press from a mixture of 1 mg of sample and 200 mg
of KBr. Background scans were measured against the
atmosphere before sample scans were recorded (64
scans each). The electrophoretic mobility of SROAS
particles was measured in dilute suspensions (500
mg L) at pH 5 and 6.5, and two concentrations of
sodium chloride (NaCl, Chemsolute, Renningen, Ger-
many; no addition of NaCl and 50 mmol L! NaCl).
The electrophoretic mobility was analyzed by phase
analysis light scattering using a Zetasizer Nano
ZSP (Malvern Panalytical, Herrenberg, Germany)
equipped with a helium-neon laser (A = 633 nm) and
a non-invasive backscatter detector at a fixed angle of
173°. Zeta potential was obtained by conversion of
electrophoretic mobility data using the Smoluchowski
approximation.

Batch-adsorption experiments

Adsorption of oxalic, salicylic, and octanoic acid was
studied at initial pH 5 and 6.5, and 5 h contact time
at room temperature. Batch experiments were per-
formed in duplicate with a mass of 200 mg of adsor-
bent in 40 mL of background electrolyte solution (50
mmol L' NaCl) in 50 mL glass bottles with polyte-
trafluoroethylene caps. Total Al and Si concentrations
in batch experiments were 995-1310 and 365-700
mg L7, respectively. Adsorption was quantified as
a function of initial concentration (0-7.5 mmol L™
for oxalic and salicylic acid, and 0-1.2 mmol L™
for octanoic acid given its lower aqueous solubility).
Stock solutions were prepared from oxalic acid di-
hydrate (25 mmol L™!, AppliChem GmbH), sodium
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salicylate (25 mmol L', Merck KGaA, Darmstadt,
Germany), and octanoic acid (3.5 mmol L', Arcos
Organics, Geel, Belgium). Stock solutions of octanoic
acid were neutralized by dropwise addition of diluted
NaOH (Chemsolute) to increase its solubility (Bell,
1973). The mass of SROAS, background electrolyte,
and initial concentration of adsorptives were adjusted
by mixing aliquots of stock solutions and SROAS
suspensions previously adjusted to pH 5 or 6.5 with
diluted HCI and NaOH (Chemsolute). Batches were
shaken horizontally at 125 rpm, and phase separa-
tion was subsequently achieved by vacuum filtration
with 0.22-pm polyether sulfone membranes (Merck
Milipore, Burlington, Massachusetts, USA). The fil-
trates were analyzed for pH using a potentiometric
electrode (Mettler Toledo, Gieen, Germany), and the
concentrations of the remaining organic acids were
quantified as dissolved organic carbon by catalytic
high-temperature combustion using a DIMATOC
2100 (Dimatec, Essen, Germany). Filtrate Al and Si
concentrations were quantified by MP-AES to detect
possible SROAS dissolution.

Changes in pH during the first 30 min of contact
between SROAS and adsorptives (¢ = 1.2 mmol L™
each) were monitored at a resolution of 5 s in sepa-
rate experiments (Seven Excellence S475, Mettler
Toledo). Aliquots of stock solutions (NaCl, adsorp-
tive) were pipetted into glass beakers, and the pH
adjusted to 5 or 6.5. Detection of pH was initiated,
and the SRAOS suspension (pH adjusted to 5 or 6.5)
added after ~15 s under stirring to monitor rapid
changes occurring as soon as SROAS were exposed
to the adsorptives. The final volume was 20 mL. The
mineral-to-solution ratio and the background electro-
lyte concentration equaled that in batches shaken for
Sh.

Adsorbed organic species were analyzed using
air-dried filters from batches shaken for 5 h by dif-
fuse reflectance infrared Fourier-transform (DRIFT)
spectroscopy in the mid-infrared range again with the
accessory of a LUMOS infrared microscope. Pestled
samples (10 mg) were mixed with 150 mg of KBr.
Fifty background scans were recorded from pure
KBr, and 50 scans of each sample were accumulated.
Spectra were normalized to the absorption maximum
of Si—O-Al stretching vibrations (1020-970 cm b
Farmer et al., 1979). Difference spectra were calcu-
lated by subtracting spectra of pure SROAS (batch
experiments with no organic acid added) from those
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of the adsorption variants. Reference DRIFT spectra
of oxalic acid di-hydrate, sodium oxalate (Fluka Che-
mie AG, Buchs, Switzerland), salicylic acid (Appli-
Chem GmbH), and sodium salicylate were obtained
from mixtures of 3—10 mg of the compound with 100
mg of KBr.

Fast adsorption kinetics

Fast adsorption kinetics were investigated by monitor-
ing the decline of electrical conductivity in SROAS
suspensions immediately after addition of organic
acids. Experiments were performed with a stopped-
flow apparatus that allows for detection of conduc-
tivity changes <0.1% at a resolution of milliseconds
(Hi-Tech CSF-21, TkG Scientific United, Wiltshire,
United Kingdom). A dilute SROAS suspension and
a solution containing an organic acid were stored in
two parallel syringes and pressed simultaneously into
a mixing cell. The cell had a volume of 21 pL, and
mixing was complete after <30 ms. Electrical con-
ductivity was traced ten times for 30 s at five temper-
atures (5, 10, 15, 20, 25°C) in individual experiments
and averaged. Mineral suspensions had a mass con-
centration of 1 or 2 g L™! and organic-acid concentra-
tion was 1 mmol L™!, both were adjusted to pH 5. The
background electrolyte was not adjusted to a specific
concentration, but the electrical conductivity to the
same level for suspension and adsorptive solution by
dropwise addition of NaCl.

The approach yields information on reactions far
from equilibrium, i.e. on forward reactions; backward
reactions can be ignored (Sparks et al., 1996). Based
on batch-adsorption experiments, reactant concentra-
tions were adjusted to establish an excess of organic
acid relative to surface sites to guarantee pseudo-first
order conditions. Then, adsorption kinetics can be
described by exponential functions to obtain rate con-
stants of adsorption processes (Rennert et al., 2005;
Sparks et al., 1996). Analysis of conductivity data
indicated two relaxation effects with different rate
constants (Supplementary Material, Fig. S1). Thus,
the time(#)-dependent conductivity decay was fitted to
a bi-exponential function:

AK(1) = AK, exp (k1) + AKyexp (—kyt) +b (1)

where AK(?) represents the cumulative time-depend-
ent decay of conductivity, AK; and AK, the relative
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contributions of the two processes, k; and k, the
respective rate constants, and b the equilibrium con-
ductivity of the system at a given temperature.

Evaluation of data obtained at different tempera-
tures (5-25°C) yielded rate constants as a function
of temperature. According to the Arrhenius equation,
the temperature (7) dependency of rate constants is
given by:

EA
k=A exp <_ﬁ> (2)

with the activation energy (E,), the gas constant (R),
and a pre-exponential factor (A). In logarithmic form
(In(k)), k is a linear function of 1/T with the slope
—E,/R. The activation energies of the two processes
were calculated from a linear fit of measured In(k;).
Data analysis was performed using OriginPro 2020
(OriginLab, Northampton, Massachusetts, USA).

Results
Characterization of adsorbents

X-ray diffractograms of SROAS showed very broad
reflections indicative of a poorly ordered structure
and confirmed that no crystalline Al hydroxides had
formed (Fig. S2). Stretching Si—-O-Al vibrations
caused a band centered at 1015 cm™, typical of Si-
rich SROAS (Fig. S3a; Farmer et al., 1979). The band
shifted to a lower wavenumber in Al-rich SROAS
(970 cm™', Fig. S3b), as observed previously for natu-
ral proto-imogolites (Gustafsson et al., 1999; Parfitt
et al., 1980). The presence of Si in imogolite-like con-
figuration was confirmed by an absorption band close
to 345 cm™ (Fig. S4; Farmer et al., 1979). Infrared
spectra of adsorbents were similar to those of SROAS
previously characterized by 2’Al nuclear magnetic
resonance (NMR) spectroscopy (Fig. S3; Lenhardt
et al., 2021). High intensity of AI-OH bending vibra-
tions close to 590 cm™ evinced mainly octahedral
coordination of Al in Al-rich SROAS. This band was
less pronounced in spectra of Si-rich SROAS, and a
shoulder related to OH bending centered at 690 cm™!
appeared, indicating tetrahedral Al and ill-defined Si
species (Farmer et al., 1979; Lenhardt et al., 2021).
Zeta potentials confirmed differences in surface
charge as expected from structural characterization.
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Irrespective of pH and NaCl concentration, the zeta
potential of Al-rich SROAS exceeded that of Si-rich
SROAS, indicating a more positive charge (Fig. S5).
It decreased from 52.4 to 43.7 mV with increasing pH
from 5 to 6.5 for Al-rich SROAS and more strongly
for Si-rich SROAS, as it fell from 35.5 to —8.2 mV.
Consistent with the greater Si content, this result con-
firmed the contribution of permanent negative charge
by tetrahedral Al in Si-rich SROAS (Su et al., 1992).

Adsorption of organic acids

Release of Al and Si from SROAS during batch-
adsorption experiments was negligible (Fig. S6). Alu-
minum-rich and Si-rich SROAS differed strongly in
their affinity for oxalic and salicylic acid at both ini-
tial pH. However, the adsorbed amounts of both acids
were similar for a given SROAS (Fig. 1). Dissolved
organic acids were mostly in anionic form in the stud-
ied pH range, oxalic acid largely as oxalate (pK,; =
1.25, pK,, = 3.81 at 25°C), and the carboxyl group
of salicylic acid was dissociated (pK, (COOH) =
2.98 at 20°C). At initial pH 5, maximal adsorption of
oxalic and salicylic acid on Al-rich SROAS reached
0.83-0.84 mmol g! and decreased to 0.51-0.63
mmol g! at initial pH 6.5. Maximal adsorption
of both acids on Si-rich SROAS was reduced by
80-90%, relative to Al-rich SROAS. At initial pH 5,
maximal adsorption of oxalic and salicylic acid on Si-
rich SROAS was 0.09-0.17 mmol g™ and decreased

- 1 Oxalic acid
o 097 - A DH
S 0.8 A pH5

i A 0o pH®6.5
£ 071 A . m pH65
= 0.6+
3 051 ., . Silicylia ascid
S 1 p
Bo3{ " O pHB.5
8
5 0.2 u ApH 6.5
7] 04 "% A N %ta
T 0.1 a &

O a A

< o.of& s} = _ 0 ‘ ‘

0 2 4 6

Final concentration (mmol L)

Fig. 1 Adsorption of oxalic acid and salicylic acid on short-
range ordered aluminosilicates with molar Al:Si ratios of 1.4
(open symbols) and 3.7 (full symbols) at two initial pH values
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Table 1 Maximum adsorption (S) of organic acids on two 04144
short-range ordered aluminosilicates normalized by Al con- o A
tent (S given in mmol g~! AI™!) as a function of initial pH, and o 0.12 4 A
molar adsorbate-to-Al ratios (Ratio). No octanoic acid was 1
- € 0.10 A &
adsorbed at initial pH 6.5
€ | o
Adsorbent 1.4 3.7 § 0.08 - A
(molar Al:Si ratio) £ 1
oo c 0.06 A A
initial pH 5 6.5 5 6.5 o ]
2 0.04 1
Adsorbate 5 ] A ™
Oxalic acid N 084 045 317 195 & 0.02+ A ALSI1.4
< ] A A ASI37
(CH0,) Ratio 0.023 0.012 0.086 0.053 0.00 -
Salicylic acid S 047 032 32 2.38 0.0 0.2 0.4 0.6 0.81 1.
(C;HgO5) Ratio  0.013 0.009 0.087 0.064 Final concentration (mmol L™')
Octanoic acid N 0.52 - 0.47 -
(CgH,40,) Ratio 0.014 - 0013 - Fig. 2 Adsorption of octanoic acid on two short-range ordered

marginally to 0.06-0.09 mmol g~! at initial pH 6.5.
Because Al surface sites presumably control interac-
tions with carboxylic acids (Parfitt et al., 1977), the
amounts adsorbed were normalized to the adsorbents’
Al contents (Table 1). The maximal amounts ranged
from 1.95 to 3.17 mmol g AI"' for Al-rich SROAS
and were 74-87% less for Si-rich SROAS (Table 1).
Considering the marginal increase in adsorption on
Si-rich SROAS at final concentrations >1.5 mmol
L~! (Fig. 1), measured maximal adsorption probably
corresponded to the adsorption capacity of Si-rich
SROAS.

The adsorption of oxalic and salicylic acid on
SROAS raised the pH as a function of adsorb-
ate quantity after 5 h (Fig. S7), indicating ligand
exchange. According to time-dependent pH measure-
ments, oxalic- and salicylic-acid adsorption equili-
brated rapidly, as OH™ release occurred mostly within
the first minute (Figs 3; S8). The increase in pH was
greater for oxalic acid (0.8-1.9 units) evidencing
more ligand exchange than for salicylic acid (0.3-0.9
units), as maximal adsorption of both oxalic and sali-
cylic acid on a given SROAS was similar.

Adsorption of octanoic acid increased linearly
with concentration at initial pH 5 for both Al- and Si-
rich SROAS (Fig. 2). No adsorption was detected at
initial pH 6.5. Octanoic acid has a greater pK, (4.89
at 25°C) than oxalic and salicylic acid, indicating a
greater proportion in undissociated form. Aluminum-
rich and Si-rich SROAS differed only slightly in
their affinity for octanoic acid. Maximal octanoic-
acid adsorption was 0.12 mmol g™! for Al-rich, and
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aluminosilicates at initial pH 5

0.1 mmol g! for Si-rich SROAS. Normalized to Al
content, this also corresponded to similar amounts
adsorbed (0.47-0.53 mmol g™' AI''; Table 1). Due
to solubility constraints, octanoic acid concentra-
tions were probably not sufficient to reach adsorption
capacity. No distinct OH™ release by octanoic-acid
adsorption was observed within 30 min (Fig. 3).

Fast adsorption kinetics

Changes in electrical conductivity within 30 s were
used to retrace adsorption reactions. Absolute
changes in conductivity (AK) were poorly reproduc-
ible and <1 pS without addition of organic acids.
Adsorption of octanoic and salicylic acid did not
lead to greater AK values (<0.6 and <1.1 pS, respec-
tively). Although adsorption was most pronounced
for oxalic acid on Al-rich SROAS at initial pH 5,
AK at ¢(SROAS) = 0.5 g L™! was 0.5-1.4 puS and
did not increase with SROAS concentration (1 g L™;
AK = 0.6-1.3 pS), indicating that conductivity was
poorly related to decreasing oxalic-acid concentra-
tion. Adsorption of oxalic acid on Si-rich SROAS
decreased conductivity by 1-1.7 pS at 0.5 g L™! and
1.5-24pSat1gL™.

Altogether, AK cohered with pH changes in time-
dependent analyses (Fig. 3). The release of OH™ con-
sumes H;O" ions, which have a distinctly larger molar
conductivity than the anions of the organic acids
under study (Table S1). At low concentrations, the
molar conductivity of ions is approximately equal to
limiting molar conductivities, i.e. 404 S cm? mol™!
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Fig. 3 Time-dependent pH change during adsorption of organic acids (1.2 mmol L) on short-range ordered aluminosilicates with

molar Al:Si ratios of a 1.4 and b 3.7 at initial pH 5

for H3O+ and 74.9 S cm? mol™! for oxalate (Kinart,
2021). This implies that conductivity is particularly
sensitive to ligand exchange. The effect of oxalic-
acid adsorption on Al-rich SROAS on conductiv-
ity was small due to neutralization of OH™ in direct
vicinity of the mineral surface, as supported by zeta
potentials and time-dependent pH data. An increase
in pH decreased the zeta potential only slightly, and
the increase in pH was small relative to oxalic-acid
adsorption (Fig. 3). Both indicate greater buffering
by Al-rich SROAS. This is probably related to the
greater affinity of aluminol groups for protons com-
pared to silanol groups. Oxygen in aluminol groups is
more polarized than oxygen in silanol groups, as the
electronegativity differs between Al and Si (Essing-
ton, 2004).

Given the pronounced buffering of Al-rich
SROAS, evaluation of the time-dependent decay in
conductivity was limited to oxalic-acid adsorption
on Si-rich SROAS. Two exponential terms were
necessary to reconstruct conductivity decay (Figs 4,
S1), indicating at least two processes. The pre-expo-
nential factors AK; and AK, (Table 2) were similar,
suggesting equal contributions of both processes to
cumulative conductivity decay. The rate constants
of the two processes (k;, k,) differed (Table 2).
Rate constants of the fast process (k;) increased
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with temperature from 1.4 to 3.5 s™!, while those of
the slow process (k,) increased from 0.11 to 0.13
s™hat c(SROAS) =05 g L. Neither rate constant
responded to an increase in SROAS concentration,
which confirms that pseudo-first order conditions
were established (Sparks et al., 1996). Activa-
tion energies according to the Arrhenius equation
(Eq. 2; inset in Fig. 4) were 5.5 and 9.5 kJ mol™
for the slow process at SROAS concentrations of

11 @ L] s 05g [

955 . s o In(k,)
& "o 04 o In(k,)
=2 i S TgL”
2950 = ® In(ky)
% % 210 o o 8 o In(k,)
3 34 35 36
S 945 10° T (K1)
(@]

94.0

T T T T T
0 5 10 15 20 25 30
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Fig. 4 Time-dependent conductivity decay due to adsorption
of oxalic acid (0.5 mmol L) on short-range ordered alumi-
nosilicates (SROAS, Al:Si=14;1 g L’l) at 25°C. The inset
shows the Arrhenius plots for k; and k, at SROAS concentra-
tions of 0.5 and 1 g L™}
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Table 2 Parameters obtained from fitting a bi-exponential function (Eq. 1) to conductivity decay observed in stopped-flow experi-
ments. AK; and AK, represent relative changes in conductivity, k; and k, = rate constants, b = equilibrium conductivity, and R
is the coefficient of determination. Activation energies (E,) were calculated from a linear fit of In(k) using the Arrhenius equation

(Eq. 2). R? and level of significance are given in parentheses

T (°C) AK, (1S) ky (57 AK; (1S) ky (s7) b (uS) R?
AlL:Si 1.4 (0.5 g L™, oxalic acid (0.5 mmol L"; initial pH 5)
5 0.76 1.4 0.76 0.11 35.5 0.998
10 0.69 1.6 0.64 0.11 38.8 0.997
15 0.57 22 0.40 0.11 42.6 0.996
20 0.56 2.8 0.37 0.11 46.3 0.996
25 0.41 35 0.57 0.13 50.0 0.996
E, (k] mol™) 334+22 55+22

(R? = 0.98; p<0.05) (R? = 0.58; p<0.1)
AlL:Si 1.4 (1 g L), oxalic acid (0.5 mmol L™; initial pH 5)
5 0.89 1.2 13 0.1 65.5 0.998
10 0.71 1.9 0.82 0.09 72.5 0.996
15 0.68 2.6 0.62 0.11 79.3 0.995
20 0.71 32 0.55 0.11 86.6 0.995
25 0.78 32 0.64 0.12 94.1 0.995
E, (k] mol™) 341+59 9.5+2.1

(R? = 0.89; p<0.05)

(R? = 0.83; p<0.05)

0.5 and 1 g L7}, respectively (Table 2). Both the rate
constants and the magnitude of activation energies
are similar to a relaxation effect detected for fast
adsorption of ferrocyanide on birnessite (Rennert
et al., 2005). The slow process is presumably diffu-
sion-controlled because of the low activation energy
(Sparks, 1985). The activation energies of the fast
process were greater and ranged from 33.4 to 34.1
kJ mol™! (Table 2). Activation energies of partial
inner-sphere complexation of small aromatic acids
on aluminum (hydr)oxides were 31.3-47.9 kJ mol™!
(Das et al., 2004; Guan et al., 2006). Furthermore,
the rate constant of the fast process was similar to
rate constants (25°C) of ligand exchange between
monomeric Al and chloroacetate (1.1 s7'), fluo-
ride (4 s7'), and formate (10 s™'; Pohlmeier et al.,
1993). The fast process is, therefore, attributed to
ligand exchange by oxalate with surface aluminol
groups. Rates of proton dissociation or association
are too fast to be detected in the applied approach
(Pohlmeier & Knoche, 1996). Hence, the slow
relaxation effect may be related to diffusive trans-
port of oxalate at the surface (‘film diffusion’) or
into SROAS particles (‘intraparticle diffusion’).

https://doi.org/10.1007/s42860-023-00248-2 Published online by Cambridge University Press

FTIR analyses of adsorbed organic acids

Adsorbed organic acids were analyzed by FTIR
spectroscopy to verify adsorption modes. Generally,
the intensity of vibrations from organic functional
groups was proportional to the amount of organic
acid adsorbed (Fig. 5). Absorption of functional
groups of octanoic acid adsorbed on SROAS was too
low for interpretation. Band positions and the relative
intensities of oxalic and salicylic acid did not vary
between Al- and Si-rich SROAS, pH, or organic-acid
concentrations.

The high molecular symmetry of aqueous oxalate
results in two defined absorption bands in infrared
spectra caused by asymmetric and symmetric C-O
stretching vibrations (1570 and 1280 cm™; Axe &
Persson, 2001). Interactions with mineral surfaces
modify the electronic structure of carboxylate groups,
and cause band shifts and additional peaks. Marked
absorption at 1720, 1700, 1430, and 1300 cm™! in
difference spectra of adsorbed oxalic acid (Fig. 5a)
indicate the formation of bidentate inner-sphere
complexes, as asymmetric stretching vibrations were
shifted to higher wavenumbers (1720, 1700 cm™),

@ Springer


https://doi.org/10.1007/s42860-023-00248-2

424

Clays Clay Miner.

- AlSi=37 a)
1720| [1700 | — Ajgi=14
1430

1300‘

M

T T T T T T T T T T T
1800 1700 1600 1500 1400 1300 1200
Wavenumber (cm™)

Relative absorbance (a.u.)

b)

1465
1475‘

1580

Relative absorbance (a.u.)

T T T T T T
1800 1600 1400 1200
Wavenumber (cm™")

Fig. 5 Difference spectra of adsorption complexes formed by
interaction of a oxalic and b salicylic acid with short-range
ordered aluminosilicates at initial pH 5 obtained by diffuse
reflectance infrared Fourier-transform spectroscopy. Absorb-
ance is given in arbitrary units (a.u.) relative to absorption
bands of Si—O-Al stretching vibrations (1020-970 cm™) in
SROAS

and symmetric stretching of C—O bonds appeared at
1430 cm™ (Axe & Persson, 2001). This is confirmed
by reference spectra of oxalic acid di-hydrate and
Na oxalate with marked absorption by asymmetric
C-O0 stretching at smaller wavenumbers (1570-1680
cm™!, Fig. §9). Oxalic acid weakly bound to SROAS
surfaces would also cause absorption close to 1570
cm! (Axe & Persson, 2001; Rosengvist et al., 2003;
Yoon et al., 2004), which was lacking in the spectra
obtained in the current study. A distinct split of asym-
metric C-O stretching (>60 cml; Axe & Persson,
2001) would indicate monodentate binding of oxalic
acid, which, however, was not the case. Intensity
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distribution is very similar to spectra of dissolved
oxalate-Al complexes (Fujita et al., 1962), which sup-
ports the formation of mononuclear chelates.

Interactions of salicylate with Al hydroxides, mon-
omeric Al and Fe caused absorption close to 1530
cm™!, resulting from a shift in asymmetric stretching
of carboxylate C—O due to complexation (Biber &
Stumm, 1994; Guan et al., 2007; Yost et al., 1990).
Hence, the band centered at 1545 cm™" in difference
spectra of adsorbed salicylic acid (Fig. 5b) indicated
partial inner-sphere complexation of carboxyl groups.
This was confirmed by its absence from reference
spectra of Na salicylate (Fig. S10). The band at 1580
cm™! (Fig. 5b) was attributed to both aromatic C-C
and asymmetric C-O carboxylate stretching (Yost
et al., 1990). This band disappeared following salicy-
late adsorption on illite (Kubicki et al., 1997). Hence,
two bands related to asymmetric C-O stretching, and
broad symmetric C-O stretching vibrations at 1385
cm! (Yost et al., 1990), indicated several interaction
modes between salicylic acid and SROAS. Stretching
vibrations of phenolic C-OH were centered at 1265
cm™! with a shoulder close to 1245 cm™ (Fig. 5b).
Their positions depended on dissociation and sur-
face interactions (Biber & Stumm, 1994; Yost et al.,
1990). Phenolic C-OH stretching shifted downward
to 1241 cm™' and upward to 1266-1259 cm™' upon
adsorption on goethite and aluminum oxides, respec-
tively (Biber & Stumm, 1994; Das et al., 2004; Yost
et al., 1990). Biber and Stumm (1994) explained
these shifts with hydrogen bonds on aluminum oxide,
but inner-sphere complexation on goethite, as pro-
tonation of phenolic groups also caused blue shifts.
Accordingly, the intensity pattern in difference spec-
tra of adsorbed salicylic acid (Fig. 5b) indicated inter-
actions of phenolic groups with SROAS surfaces by
electrostatic forces.

Discussion
Characterization of SROAS

Spectral features of synthesized SROAS sup-
ported their structural similarity to natural Al-rich
and Si-rich phases. The synthesized SROAS may
be perceived as polynuclear species that contain
Si in imogolite-like configuration locally, Al-rich
SROAS in particular; or have features of Si-rich
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phases, because the extension of ordered sheets was
very small (Lenhardt et al., 2021). The conditions
of synthesis (concentrations, ambient temperature)
hindered the assembly of proto-imogolite-like frag-
ments to tube- or sphere-shaped particles (Lenhardt
et al., 2021; Thill, 2016). Proto-imogolites with Al:Si
ratios >2 may form in soil with enhanced Al avail-
ability as shown for Podzols (Gustafsson et al., 1999;
Young et al., 1980). As evinced from the pattern of
O-H bending vibrations, Al was mainly in octahe-
dral coordination in Al-rich SROAS, while Si-rich
SROAS had ~30% of Al in tetrahedral coordination
(Lenhardt et al., 2021). Negative zeta potentials at
pH 6.5, which indicate a lower point of zero charge,
supported the presence of tetrahedral Al in Si-rich
SROAS (Su et al., 1992). Tetrahedral Al in SROAS
forms either by condensation of aluminate (Al(OH),")
with silicic acid at neutral to alkaline pH (Wada &
Wada, 1981), or during incorporation of Si into Al
olation complexes (Beardmore et al., 2016; Doucet
et al., 2001). Both pathways may apply, as precipita-
tion was rapid (Lenhardt et al., 2021). The chemical
environment of tetrahedral Al in Si-rich SROAS is
similar to tectosilicates (Ildefonse et al., 1994), i.e. Al
is connected to four Si tetrahedra by corner-sharing.

Mechanisms of organic-acid adsorption on SROAS

The three organic acids under study interacted with
SROAS surfaces by different mechanisms. Oxalic
acid formed inner-sphere complexes with both car-
boxyl groups involved, i.e. mononuclear chelates with
surface Al sites. There was no evidence of molecules
retained by electrostatic forces only, so that interac-
tions of oxalic acid with silanol groups were negli-
gible. Less OH™ per adsorbed organic molecule was
released by salicylic acid than by oxalic acid. Infra-
red spectra indicated that carboxyl groups of salicylic
acid participated only partially in ligand exchange,
and phenolic groups interacted through electrostatic
forces with SROAS surfaces, forming outer-sphere
complexes. As the amounts of oxalic and salicylic
acid adsorbed coincided for Al- and Si-rich SROAS at
both initial pH, salicylate adsorption is also related to
the abundance of aluminol groups, while weak inter-
actions with Si sites seem to be insignificant. Outer-
sphere complexation is probably caused by a lower
affinity of salicylate for ligand exchange than oxalate.
Consistently, adsorption enthalpies of dicarboxylic
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acids are more exothermic than those of salicylic acid
(Benoit et al., 1993).

Weaker interactions than ligand exchange con-
trolled adsorption of octanoic acid, as no OH™ was
released by adsorption. Octanoic-acid adsorption
was favored by a decrease in pH, indicating that dis-
sociated carboxyl groups interacted electrostatically
with positively charged surface sites. Concordantly,
retention of fatty acids by Al and Fe oxides involved
carboxyl groups while the hydrophobic end did not
interact with the surface (Chernyshova et al., 2011;
McBride, 1980).

Effect of SROAS structure on organic-acid
adsorption

Quantitative adsorption data indicated that the effect
of mineral structure on adsorption depended on the
adsorption mechanism. Maximum adsorption of all
organic acids on Si-rich SROAS was similar, while
adsorption of oxalic and salicylic acid on Al-rich
SROAS exceeded significantly that of octanoic acid.
Thus, electrostatic adsorption on positively charged
surface sites seems less affected by the composition
of SROAS than inner-sphere complexation. Adsorp-
tion of octanoic acid on SROAS was greater than on
Al oxide (0.06 mmol g’l; Benoit et al., 1993), indicat-
ing more surface sites per mass for both poorly crys-
talline SROAS.

In contrast, the amounts of oxalic and salicylic acid
adsorbed on Si-rich SROAS resembled those detected
for crystalline Al (hydr)oxides (boehmite, 0.14 mmol
oxalate g‘l; Axe & Persson, 2001; gibbsite, 0.22
mmol salicylate g‘l; Molis et al., 2000; Al oxide, 0.11
mmol salicylate g‘l; Ainsworth et al., 1998). How-
ever, adsorption was significantly greater on Al-rich
SROAS, surpassing the amounts detected for natu-
ral SROAS with lower Al:Si ratios (1-1.5, 0.6-0.8
mmol oxalate g’l; initial pH 6; Hanudin et al., 2002).
Ligand exchange of oxalic and salicylic acid with alu-
minol sites confirms that octahedral Al surface sites
control SROAS reactivity toward carboxylic acids.
Outer-sphere complexation of oxalate with doubly
coordinated hydroxyl groups as found for crystalline
Al hydroxides (Axe & Persson, 2001) did not occur
because of the low crystallinity of Al-rich SROAS.
The lower reactivity of Si-rich SRAOS toward car-
boxylic acids is mainly caused by a larger abundance
of tetrahedral Al, as the difference between SROAS
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in maximal adsorption normalized to Al content was
large (74-87%). Incorporation of Si adds unreactive
functional groups coordinated to Si to the surface;
however, Al speciation controls the extent of inner-
sphere complexation with carboxyl groups.

Silicon-rich SROAS may form preferentially dur-
ing weathering of alkaline tephra, when silicic acid
and Al are highly available (Schaller et al., 2021).
Then, a significant amount of Al may precipitate in
tetrahedral coordination (Farmer et al., 1979) so that
fewer sites are available for ligand exchange with
DOM, and less SOM is protected against microbial
degradation by chemical bonds with mineral surfaces
(Mikutta et al., 2007).

Kinetics of organic-acid adsorption on SROAS

Adsorption of oxalic and salicylic acid on SROAS
equilibrated within seconds to minutes, as derived
from OH™ release and conductivity decay. Resolving
the adsorption kinetics for <1 min allowed for a dif-
ferentiation of rate-controlling processes of surface
interactions. In experiments with oxalic acid and Si-
rich SROAS, two relaxation effects with different rates
indicated diffusive transport of oxalic acid and ligand
exchange with surface Al sites. Pseudo-first order rate
constants of the ligand-exchange reaction were similar
to those of complexation of monomeric Al and organic
anions (salicylate, benzoate, formate, acetate) deter-
mined by stopped-flow conductivity measurements
at 25°C (0.17 to 30 s™': Pohlmeier et al., 1993; Secco
& Venturini, 1975). The rate constants decreased
with the ligand’s acidity, which may be related to a
greater affinity of organic anions for protons of coor-
dinated water with increasing dissociation constant
(Pohlmeier et al., 1993). Likewise, the chemical prop-
erties of organic acids may affect the rate of ligand
exchange with Al surface sites of SROAS. However,
rate constants of inner-sphere complexation by organic
acids on SROAS surfaces seem to be similar to rate
constants of solute Al complexation.

Outer-sphere complexation in solution is very
rapid, and exchange of water or OH™ from the inner
hydration shell of Al is the rate-limiting step (Eigen &
Wilkins, 1965; Pohlmeier & Knoche, 1996). Ligand
exchange of oxalic acid at SROAS surfaces was fol-
lowed by a slower, diffusion-controlled process,
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indicating that the rate of mass transfer through the
Stern layer or into the particles affect overall adsorp-
tion kinetics, as suggested for molybdate adsorption
on goethite (Lang et al., 2000). Similarly, phosphate
adsorption on natural SROAS proceeded by initially
rapid ligand exchange and slower subsequent phos-
phate uptake (Parfitt, 1989) that may relate to reac-
tions at imperfections or diffusion into pores (Strauss
et al., 1997). Diffusion of adsorptives into interstices
of crystallites, resulting in slow equilibration, is par-
ticularly applicable for poorly crystalline minerals.

Conclusion

Uptake of Si accompanied by formation of tetra-
hedral Al results in a decreased affinity of SROAS
for carboxylic acids because fewer aluminol sites
are available for ligand exchange. However, Si-rich
SROAS have a greater capacity for adsorption by
electrostatic interactions than crystalline Al hydrox-
ides. Partial inner-sphere complexation of salicylic
acid and oxalic acid on SROAS, as detected by FTIR
spectroscopy, was confirmed by the fast kinetics of
oxalic-acid adsorption on Si-rich SROAS. Slow diffu-
sive transport of oxalate along the SROAS surface or
into the particles may follow adsorption. The rate of
OH™ exchange at the SROAS surface resembles that
of Al complexation with organic ligands in solution.
The diminished formation of chemical bonds between
Si-rich SROAS and organic acids may affect SOM
accrual and stabilization during initial soil formation
in volcanic ejecta.
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