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Osszefoglalds

Kdlifoldpdt — hidrogén kolcsonhatds a felszin alatti hidrogéntdrolds 0sszefiiggésében

A geoldgiai rezervodrok, beleértve a homokkétesteket, meghatdrozé szerepet kaphatnak a felszin alatti hidrogéntaro-
lasban. Ennek megvaldsitdsdhoz sziikség van a kézet pérusterében a hidrogéninjektalds hatasara végbemend kémiai
reakcidk megismerésére is. A foldpatok gyakori kézetalkotdk, €s a pH véltozasara konnyen mallanak. Tanulmanyunkban
aztatdsos kisérletekkel és geokémiai modellezéssel vizsgaltuk a nagy nyomdsu hidrogén K-foldpdtra gyakorolt geoké-
miai hatdsat felszin alatti tarol6 koriilmények kozott (100 bar, 105 °C). Az dztatasos kisérletekben az oldatot mintazva ko-
vettiik a kélifoldpat oldédésat. A kisérleti adatok alapjdn a kalifoldpéat — viz — hidrogén rendszerben kismértéki eltérést
tapasztaltunk a referenciakisérlethez képest, amelyekben inert nitrogént haszndltunk. A hidrogén hatdsara kezdetben in-
tenzivebb K- és Na-olddédast tapasztaltunk, mig az Al és Si atlagosan kevesebb a referenciakisérletekhez képest. A kine-
tikus PHREEQC-modellek a kélifldpat hasonl mértékii oldédasat mutatjak mindkét rendszerben. Osszességében el-
mondhatd, hogy a kélifoldpat nem kiilondsebben reaktiv hidrogén jelenlétében. Mindazondltal a rezervodr koriilménye-
ken végzett kisérletek és a végbemend reakciok modellezése egyértelmii elSrelépés a valtozatos dsvanyokbdl 4ll6 iiledé-
kes rezervodr kézetek hidrogéntdrolasi képességének megismerésében.

Targyszavak: kdlifoldpadt, felszin alatti hidrogéntdrolds, geokémiai modellezés, dztatdsos kisérlet

Abstract

Geologic reservoirs, including sandstones, can serve as sites for underground hydrogen storage (UHS). However, for
a successful commercial application, a more detailed knowledge of the rock—pore-water—hydrogen gas (H,) systems is
necessary. In this combined experimental-modeling study, the geochemical impact of H, on K-feldspar was investigated.
Static batch reactor experiments were conducted under pressure and temperature conditions of potential UHS to track the
effect of H, on K-feldspar. The experimental data show a negligible reactivity of K-feldspar. The kinetic PHREEQC
model predicts the dissolution of K-feldspar to a similar extent as suggested by the experimental observations. Findings
of this study show that the K-feldspar—H, interaction is marginal. The results mark clear progress in understanding the
chemical changes in polymineralic reservoir rock matrix during hydrogen injection processes.

Keywords: K-feldspar, underground hydrogen storage, geochemical modeling, batch experiment

Introduction velopment of geothermal energy systems, CO, capture and

storage (CCS), enhanced oil recovery (EOR) techniques

There is growing interest within the energy industry in
utilizing subsurface porous media stemming from various
factors, including the need for efficient storage of energy
resources (e.g., natural gas, compressed air, and hydrogen).
Additionally, advancements in technology, such as the de-

have further fueled interest in understanding and utilizing
subsurface porous media for various energy-related purpos-
es. Hydrogen storage as well as CCS and nuclear waste dis-
posal are imminent technologies that are still facing the
challenge of unpredicted rock-water-gas interactions in
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porous media. Geologic storage of resources, including H,
can be successful only if the geochemical and microbial
interactions between injected gas, host-rock and formation
brines are adequately understood (YEKTA et al. 2018,
HEINEMANN et al. 2021, AL-YASERI et al. 2023). In geologic
formations, the feldspar group minerals have drawn the at-
tention of applied geochemical studies as feldspars are
common minerals that are found both in porous sandstone
formations and clay caprocks (YUAN et al. 2019, ZIVAR et
al. 2021).

Feldspars are substantial constituents of the Earth’s
crust (CHARDON et al. 2006) and are widely distributed on
other planetary bodies of the inner Solar System (BEHRENS
2021). Their high abundance on the Earth is due to their
wide range of stability and various ways of their formation
(e.g., magmatic, volcanic, hydrothermal) (CHARDON et al.
2006). Chemical weathering of feldspars influences the
groundwater flow and chemistry as their dissolution and
precipitation can affect the porosity and permeability of
aquifers (WELCH & ULLMAN 1996). Surface reactions of
feldspars are of particular importance in soil development
(L1u et al. 2017, MANNING et al. 2017) and can have effects
on global climate change by buffering atmospheric CO,
(BERNER 1995). They also have economic importance
since feldspar is used in the construction industry (glass
and ceramic products, cements) for its alumina and alkali
content (FUERTES et al. 2022).

The feldspar group of silicate minerals is characterized
by three-dimensional framework structure, which is able to
accommodate K, Na, Ca in AlO, and SiO, tetrahedral net-
work (RIBBE 1994). Feldspars not only rank as the most
abundant minerals in the Earth’s crust, but also exhibit a
wide range of structural variations, which can be observed
in rocks with diverse cooling histories (BENISEK et al. 2004).
The major elements in feldspars can be expressed as mineral
series with three endmembers — KAISi,O, (K-feldspar) —
NaAlSi, 0, (albite) — CaAl,Si,O4 (anorthite). Solid solutions
between K and Na endmembers exist, similarly between Na
and Ca, however it is very limited between K and Ca (PuTNIS
1992, FUERTES et al. 2022).

In this paper, we investigate feldspar alteration in the
context of subsurface hydrogen storage using the knowl-
edge of previously collected extensive feldspar-related geo-
chemical studies and applying the approach used for an
earlier investigation of calcite reactivity under geologic
storage conditions (GELENCSER et al. 2023). The study of
rock-forming mineral reactivity in the context of hydrogen
storage is a constantly evolving field of applied geochem-
istry. Experiments are necessary to reproduce mineral-H,
interactions in aqueous media, although they carry the dis-
advantage of representing limited time and space. Geo-
chemical models are widely used in geochemistry to simu-
late chemical reactions that occur in natural reservoirs, such
as gas storage in geological formations. The simultaneous
application of experimental and modeling work is one of the
most efficient ways to predict the possible effects of min-
eral-H, interactions under reservoir conditions.

Materials and methods

Starting material

A homogenous feldspar, provided by the Eotvos Mu-
seum of Natural History, Eotvos Lorand University (ID:
BE40767) was used as the substrate of the experimental
study. The purity of the feldspar sample was verified by
optical and scanning electron microscopy (lack of perthite,
rarity of fluid and solid inclusions) and X-ray powder diffrac-
tion. The chemical composition was determined by chemi-
cal analysis. For the experiments, the feldspar was crushed
and powdered, and grains were selected with a particle size
between 100 and 200 um by the use of wet sieving. The pow-
der with corresponding grain size was cleaned ultrasonical-
ly in distilled water, then it was dried and handpicked to
remove any impurities before the experiments.

Thin sections of the sieved feldspar grains were prepared
for physical (optical) and chemical analyses. They were also
coated with carbon for scanning electron microscopic inves-
tigation. A feldspar sample was also prepared for X-ray pow-
der diffraction analysis.

The liquid samples of experiments were filtered through
a 0.2 um syringe filter and were mixed with ca. 5 mL of
1 wt.% HNO, solution. The sealed samples were stored in
scintillation vials until subsequent analysis.

Optical microscopy was applied on the prepared thin
sections to observe differences between treated and un-
treated K-feldspar grains. For this purpose, stereo (Nikon®
SMZ 800) and polarized microscopes (Nikon® Eclipse
E600POL) were used in the Lithosphere Fluid Research Lab
(LRG), E6tvos Lorand University (ELTE), Budapest.

X-ray powder diffraction (XRPD) measurements were
performed on a powdered sample at the Department of
Mineralogy (Eotvos University), using a Siemens D5000
diffractometer, for structural determination of the mineral.
The instrument was operated with the following conditions:
45 kV, 35 mA, Cu Ka-radiation, graphite monochromator,
0.05° 2 step size, 2 sec detection time.

To obtain the major elemental composition of the K-
feldspar, a Hitachi TM4000Plus scanning electron micro-
scope equipped with Oxford AZtec One 30mm? SDD ener-
gy dispersive spectrometer (SEM-EDX) was used at the
Center for Research and Industrial Relations, ELTE, Buda-
pest. The accelerating voltage was set at 15 kV and the beam
current was 200 pA.

Experimental procedure

Two types of experiments were conducted:

Type-1: The K-feldspar—H,O-H, batch experiments were
performed in 160 mL Hastelloy Steel High-pressure Parr®
reactors. The experimental procedure followed the descrip-
tion of GELENCSER et al. (2023) as 2 g cleaned mineral, and
70 mL of distilled water were placed into the reactor fol-
lowed by its pressurization up to 80 bar for both H, and N,
containing experiments. The reaction mixture was then
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Figure 1. The flowchart of the investigation of K-feldspar—H, interaction in this study

1. abra. A Kfoldpdt—H, kolesonhatas vizsgdlatdnak elvi dbrdja

heated up to 105 °C and the total system pressure was set to
100 bar. Stirring was continuous with an RPM of 345 min™!
during the experiments. At certain reaction times (3, 24,
78 hours), ca. 2 mL of liquid samples were taken via a dip
tube for off-line analysis to detect the changes of K*, Na*,
Si**, AI**ion concentrations in the solutions.

Type-2: The same amount of mineral and water was
mixed in the reactor vessel for 10 minutes under ambient
temperature and pressure conditions to study the fast kinetic
processes of mineral dissolution. Since the mixture of Type-
1 (mineral and distilled water) spends ca. 10 minutes under
room temperature and pressure before pressurization and
heating to the reservoir parameters, this experiment was
carried out to track the effect of immersion similarly to STIL-
LINGS et al. (1995). The initial pH and chemical composition
of the solution was measured. Thus, the same amount of
mineral and water as the Type-1 setup were mixed in the
open reactor for 10 minutes. Then the solution was mea-
sured and sampled for pH and chemical analysis, respective-
ly. The concentrations obtained from this pre-pressurization
experiment served as input data of the geochemical models
described below.

For chemical composition analysis of the solution sam-
ples, a HORIBA Jobin Yvon® ULTIMA 2C inductively
coupled plasma - optical emission spectrometer (ICP-OES)
was used at the Supervisory Authority for Regulatory Af-
fairs. The measured concentration values are given as mg/L.
The relative error (10%, 20% and 50%) of the concentra-
tions is dependent on the concentration range, with higher
errors at concentrations closer to the detection limit.

Geochemical modeling

Modeling concept

Geochemical modeling was carried out using the
PHREEQC ver. 3 geochemical software (PARKHURST &
APPELO 2013) designed for simulating geochemical reac-

tions in aqueous media. The software integrates thermody-
namic equilibrium and kinetic reactions for gas-water-rock
interactions. Kinetic dissolution and precipitation equations
of mineral phases have been defined similarly to earlier
works of the authors (SzaBO et al. 2016, 2018). This model-
ing methodology is primarily based on a USGS report of
PALANDRI & KHARAKA (2014).

The thermodynamic data file phreegc.dat was used for
the gas-water-mineral reactions at subsurface reservoir tem-
perature and pressure. With input solution composition us-
ing the chemical results of the pre-pressurization experi-
ment, kinetic models were run to follow the K-feldspar dis-
solution in water at 105 °C and 100 bar H, similar to ex-
perimental conditions (Figure I). The time steps were set for
every eight hours from zero to 72 hours in accordance with
the sampling times of the experiments.

Model input data

The initial solution compositions and pH used in the
models of this study were obtained from the Type-2 experi-
ments. The mixture of K-feldspar and distilled water under
room temperature and pressure conditions was sampled for
analysis by ICP-OES in order to determine the initial ion
concentrations in distilled water before the heating and pres-
surization experiments. The input solution concentrations
of the model are summarized in Table 1.

Three minerals were defined in the models. The K-
feldspar used as experimental substrate was defined as a
mixture of sanidine (KAISi,Oy) and albite (NaAlSi,O;) in a
ratio of 87:13, following the results of SEM-EDX measure-
ment. Furthermore, gibbsite (Al(OH),) was selected as sec-
ondary mineral phase, which may precipitate during the ex-
periments (Table II). Specific surface area values of the min-
erals were manually adjusted based on the data of GAo et al.
(2017) and NEBELUNG & BRENDLER (2010) for the feldspar,
and BENEZETH et al. (2008) for gibbsite.
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Table I. Initial temperature, pH and solution
composition of the kinetic models that were
obtained from pre-pressurization experiments

1. tablazat. A modellekben definidlt oldat bemend

Table II. Equilibrium constants, specific surface area (m?/g) of minerals, and relevant chemical reactions used
in the geochemical models of this study

I1. tablazat. A modellezésben haszndlt dsvanyok listdja, azok fajlagos feliilete (m’/g) és egyensiilyi dllandoik

parameéterei (homérséklet, pH és a kémiai dsszeté-

tel), amelyek a rovid, nyomds ald helyezés elotti ki- '\P/lri]r;ifl Reaction SSA Log K
sérlet oldatosszetétele alapjdn lettek meghatdrozva K-feldspar KAIS1:05 + 8 Ho0 = K + AI(OH)" + 3 HeSi0s 0.09 2057
Temperature (°C) 105 Albite NaAlSizOg + 8 H20 = Na* + AI(OH)* + 3 H4SiO4 0.15 -18.00
oH 66 Gibbsite AI(OH)s + 3 H* = AI*® + 3 H20 1 5.80
K (mg/L) 1.13 after 3 h show variations in K concentration from 0.6 to 6.9
Na (mg/L) 0.06 mg/L and from 0.7 to 1.4 mg/L in H,- and N,-treated runs,
Al (mg/l) 003 respectively. The K* content of solutions after 76 hours of H,
exposure varies from 1.77 to 10.68 mg/L with an average of
Results 6.2 mg/L while it ranges between 1.77 and 8.12 mg/L with

Chemical and structural observations on K-
feldspar used in experiments

The powdered K-feldspar grains (100-200 m in size)
show uniform extinction and birefringence under optical
microscope. Similar homogeneity was observed in SEM
backscattered images. The mineral composition, obtained
by EDX measurements, revealed 87% K-feldspar and 13%
albite average composition (Figure 2). Since no sign of
perthite was observed, and no albite was identified by
XRPD, the K-feldspar is interpreted to have formed at ele-
vated temperatures, and at relatively rapid cooling rates.
According to the best fit to the XRPD pattern and the
chemical data, the K-feldspar is a C2/m high temperature
disordered sanidine.

Experimental results

The changes in solution composition during the experi-
ments dominantly indicate continuous dissolution of the K-
feldspar grains (Figure 3). The solution aliquots collected

an average of 4.8 mg/L in the N, experiments. The concen-
tration changes show a slight but consistent increase in the
measured ions throughout most of the experiments. The
average concentration of K* and Na* is higher in the H,-
treated samples while the average Si** and AI** are higher in
N, treated sample solutions (Table III). Some precipitates
were observed by optical microscopy on the surface of the
K-feldspar grains in both the H, and N, experiments. These
precipitates can be characterized as rectangular translucent
grains ranging from 1 to 5 m in size.

Geochemical modeling results

The model predicts very similar K-feldspar dissolution
paths under both H, and N, pressure. After 72 h, the mod-
eled K* concentration in solution reaches 3.2 mg/L with a
steep slope (Figure 3, Table 1V). The concentration of Si
rises the steepest among the tested ions. Overall the N,-run
resulted in increased concentrations of all investigated ele-
ments (K, Na, Si, Al) compared to the H,-run. The maxi-
mum difference (2.3 mg/L) appears at the end of the runs

HITACHI TM4000 15kV 10.5mm x150 BSE H

backscattered electron image

Or

Ab An

Figure 2. Backscattered electron image and chemical composition of K-feldspar used in experiments. The result of EDS measurements gives a range between

Ab, -Ab , content with an average of Ab,,

2. dbra. A kisérletben hasznalt kalifoldpat kémiai dsszetétele energiadiszperziv spektrometriai elemzések alapjan. A kalifoldpdt albitkomponense Ab ,-Ab  kizott valtozik,

dtlagosan Ab ;
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Ion concentrations in the solution
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Figure 3. Changes in various ion concentrations (K', Na’, Si** AI*") in experiments and in kinetic models
3. dbra. A kiilonbozo ionok koncentrdcidjanak (K, Na', Si* AI*) vdltozdsa a kisérletekben és a modellekben

and in the Si concentration (7able IV). The model estimates
0.01 wt.% gibbsite precipitation after 72 hours.

Discussion

Discussion of experimental and modeling results

A wealth of data gained from experimental, theoretical,
and case studies about the mechanisms of feldspar dissolution
(e.g., WOLLAST & CHOU 1992, STILLINGS & BRANTLEY 1995),
processes and kinetics (WOLLAST 1967), organic and inorganic
reaction paths (CAROTHERS & KHARAKA 1978), have provided
a solid base for understanding rock-water interactions (YUAN
et al. 2019). However, there is a lack of experimental study
about K-feldspar dissolution that are relevant for the pressure
and temperature conditions of subsurface hydrogen storage.
HEINRICH et al. (1978) carried out mineral-H, reactions with

silicates, including feldspars, which resulted in the removal of
contaminating Fe from the crystal structure. However, since
they did not use water in their experiments, their findings are
less applicable to underground hydrogen storage studies.

Our results show higher concentrations of K and Na in
the fluid samples of the H,-treated experiments in compari-
son with the N,-bearing reference experiments where Si and
Al have more elevated concentrations. Kinetic studies have
demonstrated that the rate of dissolution of feldspars is pro-
moted by hydrogen ions, and the rate of the dissolution in-
creases as the hydrogen ion concentration increases (e.g.,
WOLLAST 1967, SHOTYK & NESBITT 1992).

The ICP-OES results indicate a subtle increase in K and
Na dissolution induced by H,, compared to the outcomes of
N, experiments (Figure 3). Since some precipitates were
detected on the samples, a recrystallization process is ex-
pected, producing an Al-bearing phase. These results are
consistent with those of solution analysis (Figure 3) and in-
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Table III. ICP-OES results on solution compositions of experiments with H, and N,. The results are grouped by
elements and concentrations with error (+/-) given in mg/L. The sampling times are given in hours measured from the
beginning of the experiments

II1. tiblazat. A kisérletek sordn vett oldatmintdk kémiai osszetétele az ICP-OES-mérések alapjan. Az elemek
koncentrdcidja és a mérési relativ hiba mg/L-ben, mig a kisérlet inditdsdtol szamitott mintdzdsi idd ordaban van megadva

VON ENGELHARDT (1938) and
described later by several stud-
ies (WoLLAST 1967, CHOU &
WOLLAST 1984, LASAGA 1984).

The so-called “preferential
Element | Time | H2_1 "('f,—; H2_2 "('fl—)z H_3 "('fl—f N2_1 Tf,—; N2_2 r:+zl_)2 N2_3 '(‘f,—f leaching-diffusion controlled
3 | 057 028 690 069 375 038 097 049 137 069 070 035 mechanism”is characterized by
K 27 | 128 064 779 078 585 059 251 050 242 048 1.18 059 a parabolic curved concentra-
75 | 1.77 088 10.68 110 6.30 0.63 453 045 303 030 177 088 tion pattern of Al and Si versus
time (Figure 4). However, ZHU
3 /069 034 166 033 110 022 063 031 078 039 040 020 (2005)proposed that the crystal-
Na 271094 047 184 018 139 028 115 023 435 043 042 021 jjtes in the K-feldspar powder
75 |093 047 251 025 100 020 141 028 088 018 102 051 |40 have defects produced by
grinding, which may result in

3 | 058 029 102 051 090 045 086 043 182 036 163 0.16 > . .
Si | 27 | 209 042 210 042 223 045 255 051 331 033 313 031 non-stoichiometric alterations.
75 | 255 051 320 064 318 032 472 047 380 038 464 04¢ urthermore, our conclusions
are limited by the fact that the
3 1005 002 024 012 035 017 008 004 046 023 035 017 Cclement concentrations, espe-
Al 27 1025 0412 006 003 047 024 063 032 038 019 031 016 cially that of Na and Al, are
75 | 021 011 045 007 072 036 143 029 039 020 010 005 close to the detection limit of

the used analytical technique.

dicate that H, has limited effect on K-feldspar dissolution
compared to the reference (N,) experiments at the tested
pressures and temperatures.

Moreover, in our experiments non-stochiometric dissolu-
tion of the K-feldspar was observed. The dissolution rate is
most likely controlled by the development and evolution of a
leached layer, built at the surface of the K-feldspar. Reactants
and dissolution products can diffuse through this layer, but as
the leached layer grows, the diffusion of the leachable
species becomes slower, thus, the dissolution rate is slowing
down. This phenomenon was first introduced by CORRENS &

Table IV. Variation in ion concentrations (K', Na', Si** AI"") in mg/L of the
solutions of the geochemical models with time (h). Results are shown for both
hydrogen and nitrogen modeling
1V, tablizat. Elemdsszetételek (mg/L) idobeliviltozdsai a geokémiai modellekben
- mind hidrogénnel és nitrogénnel

time pH K Na Si Al
8 7.35 1.21 0.44 0.55 0.05
16 7.47 1.51 0.55 1.33 0.23
S| 24 7.51 1.73 0.63 2.18 0.38
| 32 7.55 1.90 0.70 3.08 0.47
-i 40 7.61 2.07 0.76 4.03 0.52
T | 48 7.68 2.29 0.84 5.06 0.54
56 7.76 2.57 0.94 6.19 0.58
64 7.83 2.91 1.06 7.43 0.62
72 7.89 3.28 1.20 8.78 0.68
8 7.35 1.31 0.48 0.77 0.10
16 7.47 1.64 0.60 1.76 0.32
24 7.51 1.87 0.69 2.81 0.48
§’ 32 7.55 2.08 0.76 3.92 0.57
o | 40 7.61 2.33 0.85 5.12 0.63
= | 48 7.68 2.64 0.97 6.42 0.68
56 7.76 3.03 1.1 7.85 0.75
64 7.83 3.46 1.27 9.40 0.83
72 7.89 3.94 1.44 11.08 0.91

Based on the experiments the following steps are ex-
pected to take place according to OELKERS et al. (2008) and
OELKERS & SCHOTT (1995):

1) Relatively rapid exchange of hydrogen and alkali ions
near the mineral surface causing elevated K and Na concen-
trations in H,-treated experiments compared to the reference
material.

2) Exchange reaction between three hydrogen atoms from
the solution with one aluminum atom of the mineral struc-
ture, resulting in the breaking of Al-O bonds, coupled with
the formation of a rate-controlling Si-rich precursor complex.

3) Hydrolysis of Si-O bonds. The removal of Si still re-
quires the breaking of Si-O bond and thus the overall alkali
feldspar dissolution rate is controlled by the decomposition
of a silica-rich surface precursor in geochemical systems at
far from equilibrium conditions.

Comparison of modeling and
laboratory observations

The geochemical modeling shows less pronounced
variation in ion concentrations (K, Na, Al, Si) between the
H, and reference runs (7able 1V). The modeling predictions
for solution concentration curves are close to experimental
averages, except in the case of dissolved Si (Figure 3). The
models do not consider any retention on the surface of the
minerals. Although gibbsite was allowed to precipitate as
secondary mineral phase, the layered nature of dissolution
mechanism was not considered in the modeling. Therefore,
the Si concentration does not reach a plateau, like in the ex-
periments, rather it tends to increase linearly. These dis-
crepancies could originate from the thermodynamic data-
base used in this modeling study. It is known that thermo-
dynamic properties of minerals derived from calorimetric
and phase equilibrium experiments rarely predict experi-
mental solubility results accurately (SVERJENSKY et al.
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1991). ZHU & LU (2009) concluded that deriving proper rate
laws from experiments is still difficult for feldspar-water
systems especially to describe the precipitation rates of
secondary phases. However, our results seem to be appli-
cable for further more intricate hydrogen storage simula-
tions where bulk rock composition and formation water are
considered.

Relevance of results in underground
hydrogen storage and the way forward to
more complex systems

Feldspar alteration can result in various diagenetic miner-
al assemblages under different physicochemical conditions
(YUAN et al. 2019). If a new reactive gas phase (H,, CO,) in-
trudes into the pore space it can cause further feldspar-related
chemical reactions (HENKEL et al. 2014, TutoLO et al. 2015).

The low-temperature dissolution of natural K-feldspars
in aqueous media is extremely slow (LASAGA 1984, Liu &
ZHA12021). However, the chemical reaction time is sharply
shortened (to a few hours or tens of hours) for K-feldspar
under extreme hydrothermal conditions (LU et al. 2015).
The effect of H, on reservoir rocks containing K-feldspar
has already been studied experimentally and these authors
concluded that no or abiotic interactions take place with H,

(YEKTA et al. 2018, HASSANPOURYOUZBAND et al. 2022,
FLEscH et al. 2018). However, these experimental studies are
based on whole rock samples with complex mineralogical
compositions, hence it is difficult to directly apply their con-
clusions.

K-feldspar promoted illitization in interbedded mud-
stones by supplying K* is also observed in diagenetic envi-
ronments (YUAN et al. 2019). Considering increased K* and
Na* dissolution compared to N,-bearing experiments, it can
be assumed that H, addition into the solution will decrease
the pH and therefore the dissolution of feldspar will be more
intense. Accordingly, in the abundance of H* ions, the min-
eral surface reactions can be enhanced. In a polymineralic
rock under diagenetic conditions, the K* released from
feldspar can enter the illite structure thus causing pore clog-
ging. Moreover, the experiments demonstrated that the Al
released from the K-feldspar immediately forms a solid
phase and does not prefer the solution indicating that Al,
dissolved from K-feldspar, is a source of aluminosilicate
secondary phases, which can cause further pore clogging.
Consequently, the newly forming aluminosilicates can re-
duce the porosity and permeability of the reservoir. The pos-
sible decline of these latter two parameters may adversely
affect both the void space and the injectivity of the sub-
surface storage unit.
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Figure 4. Change in element concentrations (in mol/kg) during experiments. The filled symbols denote Al concentrations, while open symbols show Si/3

concentrations of experiments with H, (red) and N, (green)

4. dbra. Oldatmintdink aluminium- és szilicium/3-tartalmanak (mol/kg) valtozdsa a kisérletekben. Teli szimbolumok jelolik az Al-koncentrdciot, mig az iiresek a Si/3-

koncentrdciot az egyes kisérletekben
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Conclusion

This combined experimental-modeling study focused
on the geochemical impact of hydrogen on K-feldspar under
subsurface hydrogen storage conditions (105 °C and 100
bar). Our experimental data show a limited effect of hydro-
gen on K-feldspar compared to reference experiments with
nitrogen. The kinetic PHREEQC model predicts the disso-
lution of K-feldspar to a similar extent as suggested by the
experimental observations. Findings of this study show that
the K-feldspar-hydrogen interaction results in an increased
release of K and Na and the formation of an Al-bearing
mineral phase. In the context of a complex subsurface reser-
voir environment, the results may suggest that hydrogen
injection can slightly increase K-feldspar dissolution, hence
supplying ions for secondary mineral precipitation.

Itis worth noting that our experiments are oversimplified,
while the bulk rock experiments are too short-lived to yield
far-reaching conclusions, given the intricate nature of the
system. As a next step, the experiments should be made more
complex via introducing a new mineral phase or using solu-
tion compositions that are more similar to reservoir fluids.
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Appendix
Appendix S1. Detailed description of the mineral amount conversion from mol/kgW (PHREEQC model output) to wt.%.
The calculation derived from SzABO et al. (2018) as follows:

mol
Cmineral [kg_W * Mmineral [%] * VOl%water

Cminerat[Wt. %] = g
10 * Prock [cm—3] * 170l%rock

where ¢, ;... is the concentration of the mineral, M, ; ..., is the molar mass of the mineral in g/mol, the density (p) of the rock is in g/cm?®,
the rock-water ratio is in vol%.

1200

Lin (Counts)
)
S
A T T Y A

600
500
400
300
200
100

I |
[

0 |\|]r\\r|l|||\|\1

12 20

2-Theta - Scale
WU 10965_mineral used in this study

W\ 01-087-0684 Sanidine_low

Figure S1. Diffractogram (black) of the mineral used in this study collected by X-ray powder diffraction (XRPD) method and the
standard sanidine peak positions (blue) is also shown for comparison

S1. abra. Diffraktogram (fekete) a kisérletben hasznalt dsvanyrol rontgen pordiffrakcios (XRPD) technikdval, tovabbd szanidin standard
csticespozicioi (kek) vannak feltiintetve dsszehasonlitdsképpen

Figure S2. Photomicrographs of K-feldspar grain surfaces. a. K-feldspar grain surface before the experiment. b. K-feldspar grain surface
after N2 experiment. Rectangular translucent precipitates showed up on the K-feldspar surface with a size between 1 and 5 um

82. dbra. Optikai mikroszkdpos felvétel foldpatszemesékril. a) foldpdtszemese felszine kisérlet elott. b) foldpdtszemese felszine kisérlet
utdn. A foldpat felszinén dttetszo szogletes kristdlyok ldthatok, amelyek meérete [ és 5 um kozott valtozik



