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Hydration of olivine ((Mg,Fe)2SiOa4) potentially offers significant Hz supply. However, because of the low

Fe(Il) dissolution rate, Hz production rate is poorly limited. In the present study, to investigate the CO2 effect
on Hz generation and minerals evolution, CO2-rich (0.5 mol/L NaHCO3) reaction condition was created in the
ongoing olivine hydration experiment. Hz production was continuing with a slight increasing rate after CO2
addition. Results indicate CO2-rich hydrothermal reaction condition (300 °C, 10 MPa) promoted both olivine
and brucite (Mg,Fe(OH)2) dissolution, which led to additional Fe(l1) releasing, and consequent Hz generation.
CO:2 was simultaneous hydrogenated to formic acid (HCOOH) by generated Hz and carbonated to magnesite
(MgCO:s). 0.52 mol of CO2 was trapped in per kg of olivine in 72 h. This study suggests simultaneous multiple
energy productions and CO2 storage can be realized by olivine weathering process when using a CO2-rich

hydrothermal condition.

1 INTRODUCTION

In 2016, the atmospheric carbon dioxide (COy) is
403.3 ppm, having increased by 45% compared with
the pre-industrial level of 280 ppm and still increasing
at a rate of 2 ppm per year (NOAA, 2016). Among
which, up to 65% were attributed to fossil fuel
combustion (Kularatne et al., 2018). Control of global
warming and the exploration of CO-free energy
sources are the main challenges in the 21st century.
Hydrogen (Hy) is a clean CO-free energy carrier.
However, most current H, production processes (e.g.,
steam reforming of CH.) need high temperature,
which was supported by the combustion of fossil
fuels. Also, this process generates CO; as a reaction
product (Malvoisin et al., 2013).

In recent years, H, was discovered from a variety
of geologic fluids. It is commonly produced during
the hydration of rocks, owing to the oxidation of
reduced Fe present in the mineral (Kelley, 1996;
Lollar et al., 2008) at hydrothermal conditions.
Olivine ((Mg,Fe),SiO,) is the predominant mineral of
ultramafic rock, the hydration of olivine (also called
serpentinization) potentially offers significant H;
supply. However, the rate of H, generation from
olivine hydration is poorly limited. The low H;
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generation rate is partially attributed to the low
olivine dissolution rate, which can be enhanced by
varying reaction conditions, such as elevating
reaction temperature. Research reported the optimum
temperature H, production from olivine hydration
was 300-400 °C (Berndt et al., 1996; McCollom and
Seewald, 2001). On the other hand, dissolved Fe(ll)
prone to be incorporated into brucite (Mg,Fe(OH).),
the secondary mineral of olivine hydration. This
process decreases dissolved Fe(Il) in the fluid, thus
fewer Fe(ll) can be oxidized, which severely
suppresses H; yield (Klein et al., 2009).

The presence of bicarbonates (HCOs) can
promote olivine and brucite dissolution (Matter and
Kelemen, 2009; Gerdemann et al., 2007; Harrison et
al., 2013). High concentrations of HCOj3 in solution
plays as a buffer to maintain relatively weakly
alkaline pH, which has an enhancement in olivine
dissolution. (Harrison et al., 2013) proposed HCO3
can significantly promote brucite dissolution. Thus,
the COy-rich condition potentially enhances Fe(ll)
being dissolved, then H, production will be
accelerated.  Although researches  concerning
hydrocarbon generation based on serpentinization
process have used NaHCOj as the source of inorganic
carbon, the chemical reactions between HCO5™ and
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minerals was rarely considered, partially because of
the extremely low concentration of HCO3™ (Berndt et
al., 1996; McCollom and Seewald, 2001).

Olivine carbonation process also occurs with the
presence of CO,. The CO.-rich condition, typically
0.64 M NaHCOs, favors olivine carbonation at < 200
°C (Matter and Kelemen, 2009; Gerdemann et al.,
2007). However, previous studies mainly focus on
olivine serpentinization or carbonation separately,
because they occur at different temperature range.
Whether serpentinization and carbonation can
proceed simultaneously, and the effects of CO,-rich
fluid on serpentinization and H, production are less
clear.

This study was designed to investigate the
changes in H; generation, fluid chemistry and
secondary minerals generations after CO,-rich fluid
addition. The role of CO; on olivine serpentinization
and carbonation were revealed, as well as the
reactions for dissolved carbon: hydrogenated or
mineralized. Gas, fluid and mineral samples were
withdrawn during the reaction to reveal the
mineralogical changes over time.

2 MATERIALS AND METHODS

2.1 Materials

Purchased olivine grains were chosen for
experimental investigation, which was collected from
Damaping (China). Then olivine was ball-milled
(Pulverisette 6, Fritsch) to diameter <45 um. The
composition of the olivine was measured using
Electron probe micro-analyzer (EPMA) and was
defined as MgigFeo2SiO4. The effect of CO, on
olivine weathering was investigated using NaHCOs
(Kanto Chemical, Japan).

2.2 Experimental Setup and Analytical
Methods

Experiments were performed in a closed-batch
reactor made of Hastelloy-C with an internal volume
of 170 mL (Figure 1). In each experiment, 100 mL
slurry prepared with 5+0.01 g of olivine powders and
Milli-Q water was poured into the reactor. Then the
reactor was closed and purged with N2 gas for 10
minutes to remove dissolved O, in the solution and
the upper headspace. Then air outlet was closed and
N2 gas continues to be injected to reach a certain
pressure. The reactor was well sealed to increase the
temperature to 300 °C, with the final pressure reached
10 MPa. After 72 h reaction, the reactor was opened
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and NaHCO; was added to create CO,-rich (0.5
mol/L NaHCOs) reaction condition. Then the reactor
was sealed and the original reaction conditions (300
°C and 10 MPa) were reset. Gas, liquid and solid
samples were withdrawn along the reaction via
sampling tubes. Solid samples withdrawn at the
reaction time of 72 and 144 h were named as O72 and
072-C72, respectively. After 144 h, experiments
were stopped by reducing the temperature of the
reactor using recirculated cooling water. The mineral
powder was filtered and dried at 50 °C for 24 h in an
oven before further analysis.
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Figure 1: Schematic diagram of the experimental set-up.

Liquid samples were analyzed using ion
chromatography (IC; 761 Compact IC, Metrohm,
Switzerland) coupled with a Metrosep Organic Acids
column (Metrohm, Switzerland), and Inductively
Coupled Plasma equipped with an Atomic Emission
Spectrometry (ICP-AES). Gas species were analyzed
using gas chromatography (GC; GC-3200, GL
Science, Japan) equipped with a thermal conductivity
detector (TCD). Mineral compositions and crystalline
structures of the minerals were measured using XRD
(Multiflex, Rigaku, Japan) with Cu Ko radiation (A=
1.54 A) operated at 40 kV and 20 mA, and with a 20
step size of 0.02° from 10° to 45°. The surface
morphologies of the minerals were observed using
scanning electron microscopy (SEM; SU-8000,
Hitachi, Japan). Thermogravimetric analyses (TGA)
of the solid samples were performed using a thermos-
dilatometer (Thermo plus EVO TG 8120, Rigaku,
Japan). The temperature was increased from room
temperature to 1000 °C at a rate of 10 °C per minutes.
The H,O contents of brucite and serpentine
(MgsSi20s(OH)4), CO, contents of magnesite
(MgCOQs) could be determined separately from the
weight loss observed in different temperature ranges.
Then the mass losses due to different minerals could
be identified, and the final mineral composition was
estimated.
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3 RESULTS AND DISCUSSION

3.1 Energy Production

During the reaction, gas and liquid samples were
withdrawn at the reaction time of 3, 24, 72, 75, 96,
120 and 144 h. Gaseous H; and liquid HCOOH were
experimental detected as the main products in the
present study. Products yields were measured three
times, and the average ones are summarized in Figure
2. CH, was also detected after 72 h reaction. However,
the concentration was too low (several umol) to be
quantified with sufficient accuracy.
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Figure 2: H2 and HCOOH productions as function of time.

In the first 72 h, the slurry was CO.-free. H; yield
increased to 47.8 mmol/kg of olivine with olivine
hydration proceeding, suggesting that Fe(ll)
dissolved from olivine was oxidized to Fe(lll).
HCOOH was not detected in this stage, indicating
dissolved carbon was almost removed out from
solution via N bubbling process. After 72 h reaction,
NaHCO; was added into the reactor to create a
concentration of 0.5 mol/L. The accumulated H, yield
increased to 106.0 mmol/kg of olivine after reaction
for another 72 h. The continuous generation of H; in
the CO,-rich condition indicates that Fe(ll) oxidation
was not retarded. The average H; production rate was
increased from 0.61 mmol/kg-h before NaHCOs;
addition to 1.03 mmol/kg-h after NaHCO; addition.
(Klein and McCollom, 2013) reported the CO:
addition would severely retarded H, production from
olivine because of dissolved Fe(ll) was easier to be
incorporated into magnesite rather than be oxidized.
Compares it with the present study, the reaction
temperature may play an important role on judging
the CO; effect on H, production. Their reaction
temperature is 230 °C while that of the present study
is 300 °C. HCOOH was generated in the first 3h after
NaHCO; addition and reached stable at 28.4 mmol/kg

of olivine after 24 h. CH; concentration did not
increase even at the CO_rich condition with higher
HCOOH and H; concentrations.

3.2 Fluid Chemistry

Fluid compositions of the samples withdrawn during
the reaction are summarized in Figure 3. During the
first 72 h reaction in carbon-free condition, pH of the
slurry decreased from initial 10.62 to 9.84. Dissolved
SiOzq) concentration increased from initial 0.34 to
0.40 mol/L in the first 24 h, then followed by a slight
decrease to 0.23 mmol/L. Mg?" concentration
increased from initial value 0.08 to a plateau of 0.73
mmol/L, whereas Ca?" concentration increased
slightly from initial value 0.04 to 0.06 mmol/L. The
much smaller increase in Ca?* concentration is
attributed to the low Ca composition in initial olivine
particles. As the reaction progress, which was
attributed to olivine dissolution.
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Figure 3: Fluid composition as a function of time.

The addition of NaHCO3 caused rapid changes in
the fluid chemistry. Solution pH decreased from 9.84
to 8.02 immediately because of the buffering of
NaHCOs. In the subsequent reaction, the pH
increased to 9.49 gradually with the reaction time
reaching 144 h. The increase of pH was partially
attributed to the dissolution of olivine particles. With
the addition of NaHCOs, SiOag concentration
increased significantly from 0.23 to 0.82 mmol/L in 3
h, which indicates the enhancement on olivine
dissolution (Klein and McCollom, 2013; Gadikota et
al., 2014). As the reaction process, SiOxag)
concentration eventually decreased again to 0.27
mmol/L. Mg? concentration decreased immediately
from 073 to 0.22 mmol/L, whereas Ca*
concentration decreased from 0.06 to 0.03 in 3 h after
the addition of NaHCO:s. It indicates the carbonation
process conducted quickly after CO, was added. At
the last 24 h of the reaction, the Mg?* concentration
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increased sharply to 1.45 mmol/L, infers the retarded
carbonation process.

3.3 Mineral Changes

Solid after reactions were analysed using XRD to
identify mineral compositions. The results are shown
in Figure 4. The main mineral products before carbon
injection are serpentine, brucite and magnetite
(FesO4). Evident serpentine peaks were observed at
12.2°,19.4° and 24.5° after 72 h reaction in CO,-free
condition. It infers serpentinization was the main
process for olivine weathering at this stage. Peaks at
18.8° and 38.1° are referred to brucite (Schaef et al.,
2011). Magnetite peak was found at 30.2°. No
magnesite peak was detected. After creating a CO,-
rich condition in the reactor and continuing the
reaction for another 72 h, stronger serpentine peaks
were observed from the solid sample. It indicates the
promoted serpentine generation. The peak occurred
around 32.8° belongs to magnesite (Rahmani et al.,
2016), which indicates the carbonation process. In
addition, brucite content was severely decreased with
much smaller brucite peaks be observed.

SEM imaging has revealed a clear evolution of
morphology of crystal face during olivine weathering
process. The dominant serpentine polymorph found is
chrysotile. Before the CO, addition, chrysotile fibers
have a diameter of 10-100 nm and are less than 1 um
in length (Figure 5(a)). Brucite and few magnetites
were generated with several um in size (Figure 5(b,
c)). After reacting in CO,-rich condition for another
72 h, serpentine fibrous became longer with more
than 2 um in length (Figure 5(d)). Brucite was hardly
observed. Brucite potentially incorporates Fe(ll). The
addition of NaHCO; in present study promoted
Fe(I)-bearing brucite dissolution, thus enhanced
Fe(ll) being released, which potentially accelerated
H, generation. More magnetite particles were
observed according to SEM imaging (Figure 5(e)).
However, the changes in mineral yield cannot be
determined, since the observed area using SEM
observations is very limited. Magnetite is the
secondary mineral contains Fe(lll), the formation of
magnetite infers the oxidation of Fe(ll). In addition,
magnetite is a well-studied catalyst for CO,
reduction, which particular catalyzes CH. generation.
However, in the present study, CH, yield was low, the
reason still needs to be explored. Magnesite, the main
products of CO, mineralization, was generated after
NaHCOs addition, as to be shown in Figure 5(f) with
rhomb shape.
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Figure 4: XRD patterns of olivine, olivine after 72 h
reaction in CO2-free condition (O72) and after an additional
72 h reaction in COz-rich condition (072-C72). O: olivine,
S: serpentine, B: brucite, M: magnesite, Mt: magnetite.

Table 1: TGA results of mineral compositions.

Sample Product amount (wt.%) from TGA
Serpentine | Magnesite | Brucite | Olivine
072 12.65 0.00 0.45 86.76
072-C72 31.05 4.07 0.00 | 64.33

Figure 5: SEM images of minerals after reacting for 72 h (a,
b, c)and 144 h (d, e, f). O: olivine, S: serpentine, B: brucite,
Mt: magnetite, M: magnesite.

To quantify the mineral compositions after
reactions, TGA was used. The calculated results are
shown in Table 1. The weight percent of serpentine
generated in the CO,-free condition in 72 h is 12.65
wt.%. After reacting in CO.-rich condition for
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another 72 h, serpentine composition increased by
18.40 wt.%. It indicates serpentinization process was
slightly promoted in the presence of CO,. Magnesite
was generated in the second stage of the experiment
with CO,. The yield was 4.07 wt.% of solid collected
after 72 h reaction, equivalent to trapping of 0.52 mol
of CO, per kg of olivine. Brucite was consumed after
CO; addition as no weight loss belongs to brucite was
detected in the O72-C72 solid sample.

4 CONCLUSIONS

The present study traced the changes in H, yield, fluid
chemistry and minerals after CO, addition as a
function of time. H, generation was continuing at the
CO,-free and CO,-rich condition. The production rate
was increased slightly after the addition of NaHCO:s.
Olivine and brucite dissolution were accelerated in
CO3-rich condition, which may be attributed to pH
decrease caused by NaHCOs; addition. The
dissolution of Fe(ll)-contained brucite contributed
Fe(ll) releasing, thus promoted H, production. Our
experiment results suggest simultaneous energy
production and CO, storage can be realized when
using COy-rich hydrothermal condition in olivine
weathering process.
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