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article tainer, the water would be pumped through a particle filter. Physicochemical param-

eters as well as sulfide were measured constantly over time before and after the filter.
It was found that the sulfide was fully removed from the water by both iron additives.
While the addition of FeCl; led first to the formation of black iron(ll) sulfide (FeS), which
subsequently oxidized in presence of oxygen to Fe(lll) hydroxide, no visible change of
the granulated iron hydroxide was observed. The reaction time was longer when using
the Fe(lll) hydroxide additive as compared to the FeCl; (completed in less than 20 min)
but could be enhanced by increasing the amount of added particles. In all experiments
the pH was constantly rising during the reaction from about 6.3 to 7.5, which was
explained by loss of protons due to purging out of the gaseous H,S. The redox value,
which was measured over time, remained rather constant after addition of granulated
iron hydroxide (about —350 mV), but strongly increased from —350 mV to —50 mV
after adding the FeCl; suggesting a strong electron-consuming reaction. This can be
explained by a two-step reaction: first, the Fe(lll) was reduced to Fe(ll) by oxidation of
either sulfide or thiosulfate to sulfate. Afterward, the Fe(ll) oxidized again by dissolved
oxygen forming orange Fe(lll) hydroxides. The application of the investigated method
during operation of geothermal wells could prevent H,S-induced corrosion and would
eliminate the toxic effects of this gas.

Keywords: Geothermal fluid, Hydrogen sulfide, Removal of H,S, Iron additive, Iron
sulfur redox system

Introduction

Hydrogen sulfide (H,S) containing geothermal fluids is known from all over the world.
High H,S brines are most frequently connected to volcanic activities as found in areas of
Iceland (Kristmannsdéttir 2005) or Indonesia (Nasution et al. 2000). And also carbonate
aquifers such as those of the South German Molasse Basin are known to have high H,S
(Mayrhofer et al. 2014). Solutions to remove this toxic and corrosive gas from geother-
mal fluids are highly needed for a sustainable operation of geothermal plants. Hydrogen
sulfide not only occurs typically together with other volcanic gases such as CO, (Hansell
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and Oppenheimer 2004) or together with natural methane as sour gas (CH,+ H,S),
but it can also be produced in soil and ground water by sulfate-reducing microorgan-
isms that decompose organic matter in the absence of oxygen (anaerobic digestion). In
general, H,S forms when elemental sulfur (S,) comes in contact with organic material,
especially at high temperatures (Berner 1985). Sulfur (S,) and sulfate (SO,*7)-reducing
bacteria derive energy from hydrogen or organic molecules by reducing sulfur or sul-
fate to hydrogen sulfide in the absence of oxygen (O,). At low oxygen conditions sul-
fate-reducing bacteria use the sulfate present in the water to oxidize the organic matter,
thereby producing hydrogen sulfide as waste. Thus, hydrogen sulfide occurs naturally in
all types of waters that are depleted in oxygen.

H,S only slightly dissolves in water at ambient conditions and only small proportions
dissociate (H,S + H,0 — HS™ +H™) forming a weak acid (pk,=6.9). According to recent
investigations by Raman spectroscopy, only HS™ (and no S*7) anions are present in
aqueous solutions (May et al. 2018). At pressures above 18 bar H,S remains dissolved in
water. The hydrogen sulfide can further react with aqueous metal ions to produce hardly
soluble, dark-colored metal sulfides such as ferrous sulfide (FeS, FeS,). Due to the affinity
of sulfide for iron, hydrogen sulfide is poisonous to the human body, because it binds to
iron in the mitochondrial cytochrome enzymes, thus preventing cellular respiration and
damaging especially the nervous system. While it is harmless at very low concentrations
(<5 ppm), when the human body is able of detoxification processes by oxidizing sulfide
to sulfate, already at 20 ppm damages of the cornea have been reported (Reiffenstein
et al. 1992). The lethal threshold is about 300 to 350 ppm, when the oxidative enzymes
become overwhelmed (Ramasamy et al. 2006). By the human nose, however, its strong
and unpleasant smell is already detectable in very small concentrations. Besides its toxic
effect, H,S can also be responsible for deterioration of materials causing severe corro-
sion damages (sulfide stress corrosion cracking) an effect that is also strongly enhanced
by microorganisms (biogenic corrosion; Jia et al. 2018).

Many processes have been designed to remove hydrogen sulfide from drinking water
such as chlorination (e.g., addition of hypochlorite that oxidizes the sulfide to solid S),
aeration (oxidation to sulfate at low concentrations), or nitrate addition (Baldacci et al.
2005). The effect of iron addition on sulfide removal was tested by Gultierrez et al. (2010)
and Firer et al. (2008) for application in wastewater treatment. However, for the removal
of H,S from geothermal water operators typically keep the pressures high to prevent
degassing. For application at low pressures additives could be an alternative option and
should be tested experimentally. The main problems when performing experiments at
geothermal-similar conditions are the increased temperature and pressure of these sys-
tems, which impede laboratory experiments especially when dealing with the toxic H,S
gas. This study offered the unique chance to test the suggested method of adding fer-
ric iron (Fe(III)) compounds in situ directly at a geothermal site into H,S bearing brine.
The underlying hypothesis of this process is that Fe(III) will be reduced to Fe(II) and the
sulfide precipitates as iron sulfide (FeS or FeS,) or oxidizes further to less-toxic sulfate
anions (8042_).

The following reactions are assumed to take place in H,S-containing systems: In Fe(III)
solutions, the sulfide can act as electron acceptor and reduce the Fe(III) to Fe(II), while
being oxidized to sulfate (SO%; Eq. 1a, 1b, 1c):
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Fe*t + e” — Fe?* (LogK = 13.02), (1a)

HS™ + 4H,0 — SO;~ +8e + 9H™* (LogK = —33.69). (1b)

Log K given in brackets are from the databases included in the HYDRA/MEDUSA
software (Puigdomenech 2004).
The two half reactions 1a and 1b together result in

8 Fe’* + HS™ 4+ 4H,0 — 8 Fe>* 4+ SO?™ + 9H™. (1c)

At reducing conditions, the formed Fe(II) can subsequently precipitate with sulfide to
solid iron sulfide such as FeS (pyrotite; Eq. 2) or FeS, (pyrite, marcasite; Eq. 3):

HS™ + Fe*™ — FeS + H'(LogK = 4.68), (2)

2HS™ + Fe*™ — FeS, + 2H' + 2e — (LogK = 18.479). (3)

In the presence of oxygen, both sulfide and Fe(II) can be oxidized to sulfate and Fe(III),
respectively (Eq. 4 and 5).

HyS + 20, — SO2~ + 2H* (4)

2Fe’" + 1, 0y + 5HyO — 2Fe(OH); + 4H" (5)

With Fe(OH), representing simplified all kinds of iron(III) hydroxides such as goethite
(FeOOH) or ferrihydrite (Fe,O5*0.5H,0), the ferric iron hydroxides can be reduced at
acidic conditions to ferrous (Fe(II); Eq. 6).

Fe(OH); + 3HT + e~ — Fe’' + 3H,0 (log K = —17.911) (6)

Based on Egs. 1la—6, it was hypothesized that when Fe(III) is added to the thermal
waters either as solid iron hydroxide or as a solution of FeCls, it can be reduced by the
sulfide while simultaneously acid will be consumed. The formed sulfate (Eq. 4) could be
bound directly to the solid iron(III) hydroxide by specific adsorption, which is especially
efficient in acid environment and releases surface hydroxide groups (Cornell and Schw-
ertmann 2003; Eq. 7):

SO;” + = Fe(OH);, —= Fe — SO4 + 20H™ (7)

with “=” representing the iron oxide surface group.

Based on these assumptions, the removal of sulfide by Fe(III) addition seems likely. It
should be noted, however, that by air oxygen only small amounts (<2 mg/L) of H,S can
be oxidized to sulfate and the kinetics of H,S oxidation are relatively slow (Kovalenko
et al. 2001). Moreover, the reactions (Eq. 1a—7) can be affected by other ions in solution
especially oxygen, carbonate, the pH, temperature, and the presence of microorganisms.

The present study investigates the removal of H,S from the geothermal brine by
Fe(III)-based additives. In detail, it was aimed (i) to test the above-described method
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with two different Fe(III) species directly at a geothermal site, and (ii) to determine the
kinetics of these reactions.

Materials and methods

Site description

The thermal bath Oberlaa is located in a Southern suburb of the city of Vienna. Its
thermal water is used for heating the recreation area, which hosts up to two thousand
people per day. Vienna is geologically situated in the Vienna Basin, a large sedimentary
basin structure in central Europe stretching in SW-NE direction between the Alps, the
Carpathians and the Pannonian Plain. Sedimentary layers of Miocene age that reach a
maximum thickness of 5500 m are deposited in the basin (Goldbrunner 2010). In the
area of the Vienna basin several geothermal sites have been developed, most of them
serving as spas but at the site Bad Blumau additionally electricity, CO,, and heat are
produced (Legman 2003). At Oberlaa, two geothermal wells (TH1 and TH2) have been
drilled into a fault system down to 364 m producing water of 53 °C at a production rate
of about 10 m3/h (each well; Z6tl 1997). The water is of moderate salinity (3—4 g/L) and
dominated by Mg, Ca, SO,, and Cl ions. Variable sulfide concentrations between 13 and
46 mg/L have been observed (unpublished reports). Currently, the operators add sulfu-
ric acid and sodium hydroxide to the thermal water to clean it from H,S and use it for
bathing. For this procedure, the thermal water is first degassed by air stripping and addi-
tion of sulfuric acid, which removes the H,S together with CO, gas from the water. The
H,S enriched air flows over an absorber containing sodium hydroxide thus binding the
gaseous H,S to the aqueous phase again. The fluid mixture is then disposed to the sew-
age water and the desulfurized water is filtered over a gravel filter to remove precipitated
gypsum and to eventually use the conditioned thermal water for bathing. The gravel fil-
ter has to be flushed back regularly and the backwash is collected as sewage water in a
retention pool. The backwash and water from the conditioning steps lead to large-scale
gypsum and carbonate precipitations. Since the use of chemicals such as sulfuric acid
and sodium hydroxide is expensive and hazardous, it is of interest of operators to inves-
tigate alternative methods to reduce the hydrogen sulfide content of the thermal water.

Experimental set-up

Experiments were performed between the 18th and 20th of June 2019. Always a water
volume ratio of 1:1 was produced from both wells (TH1 and TH2) and would flow from
the wellheads into a 1-m? plastic container (IBC), where the additives were injected. Two
different Fe(III) components were tested:

+ Granular ferric hydroxide (GFH): This fine-grained, dark brown, weakly crystal-
line and porous iron hydroxide is a synthetically produced mixture of akaganeite
(B-FeOOH; 50-70%), ferrihydrite, and other iron oxides with 43—48% of water that
is commercially available (produced by US Filter, USA; Badruzzamann et al. 2004).
GFH is often used as a selective adsorbent for the removal of toxic metals in drink-
ing- and wastewater treatment. Typically, GFH with a grain size of 0.2—2 mm is used
for filter systems. In this study, however, the fraction<0.2 mm was used to achieve
a better suspension and improved mixing of the particles in the reaction container.
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One ml GFH corresponds to a dry mass of 0.51 g. According to the product data
sheet, the surface area of GFH as determined by the BET method is 300 m*/g.

+ FeCl; stock solution (40%): The dark red, highly acidic solution of p.a. grade was
directly added to the reaction container.

The reaction container is equipped with a stirrer to enable quick and homogenous
mixing (Fig. 1). In addition, an air compressor was connected to allow a strong mixing of
the water with air oxygen. A flow-through cell containing a set of electrodes (pH, redox,
electric conductivity, and dissolved oxygen) was connected at the outlet of the reaction
container. The additives were injected into the reaction container through an open hatch
in the container lid (Fig. 1). From the container, the brine would pass first through a
self-cleaning filter (“HydroGeoFilt”). This filter was recently designed and developed for
use at geothermal sites (patent is to come) and is adapted to high temperature and pres-
sure applications (e.g., thermal water). Five filter candles with different mesh sizes (here,
5, 10, 25, 50 and 100 pum) can be inserted (Fig. 1c). During backwashing an ultrasonic
device installed in a stainless-steel case removes the filter cake from the filter candles.
After the filter, the fluid flows through a monitoring device (“FluMo”) that measures and
records every minute pH, redox (Eh), electric conductivity, density, and temperature
(Fig. 1d; Milsch et al. 2013; Feldbusch et al. 2013). From the FluMo outflow (e), the water
was either discarded into the sewage system or connected to the IBC container to ensure
circulation of the fluid. Sample collection was possible at location d or directly from the
IBC container (Fig. 1).

Before the actual experiment started, three quick pre-tests were conducted at the site
to better define the system:

compressor

Fe(lll). mﬂm[lmm electrodes
1

additive

outflow, can
be connected
tob

© —6—

wells

reaction filter: FluMo: fluid
TH1 container HydroGeofFilt monitoring
with stirrer

TH2

Fig. 1 Experimental set-up: The fluid flows from the two wells (TH 1 and 2; a) first into the reaction container
(b), where the Fe(lll) additive can be injected and an air compressor is connected to. At the reaction
container, also a flow-through cell with electrodes to measure pH, redox, dissolved oxygen (DO) and electric
conductivity is installed. After passing through the filter (c), the same physicochemical parameters were
measured in a monitoring device (FluMo; d). Sampling was possible at (s)
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Pre-experiment |

To test the variability and ranges of chemo-physical parameters of the geothermal brine
over time each 2 L water was collected directly from the wells (location a; Fig. 1) and
the chemo-physical parameters were immediately measured by the same probes as those
used in the IBC reaction container. This was repeated five times over 20 min and mean
values and standard deviation were determined to obtain a baseline of the thermal water
for pH, redox, electric conductivity, and DO.

Pre-experiment Il

Addition of GFH to the thermal water to estimate the speed of the reaction: 0.5 mL
GFH was added to 400 mL fresh thermal water taken directly from the well at location a
(corresponds to 0.64 g dry mass GFH/L water). Seven sub-samples were collected over
30 min and sulfide was measured photometrically therein (see Sect. “Large-scale flow-
through experiments”).

Pre-experiment Il

Experiment to determine the minimum amount of FeCl; to be added to the thermal
water to bind all sulfide: Since the FeCl, stock solution (40% or 4 M) reacts highly acidic
(pH <0), a strong dilution with thermal water was needed to guarantee, on the one hand,
a neutral pH value but to obtain, on the other hand, a sufficient amount of Fe for remov-
ing all solution sulfide. Various ratios of FeCl, solution and thermal water were prepared
(1:100, 1:1000, 1:10,000) and pH value and sulfide were measured immediately after mix-
ing the two together.

Large-scale flow-through experiments
The following experimental settings based on the experimental set-up shown in Fig. 1
are summarized in chronological order in Table 1. In all experiments, pH, redox (Eh),
dissolved oxygen (DO), electric conductivity (EC), and temperature were measured
directly in the reaction container outflow. Filtering and subsequent fluid monitoring
were only done in experiments B, C, D, and E. Sample collection occurred either in the
container or after the fluid monitoring device. During experiment A, the thermal water
just circulated in the reaction container and GFH was added in access. In experiment B,
additionally the filter and the fluid monitoring device (FluMo) behind were connected.
In experiment C, again it was not only measured in the reaction container but this time
also the effect of the compressor bubbling air into the reaction container was tested and
the amount of GFH was reduced and added in two steps (each 0.1125 g/L).

Solely in experiment E the FeCl, solution was added to the container (instead of GFH).

Analytical methods

Field analysis

Sulfide was measured photometrically (Multilab P5) after acidifying the samples. Since
the sulfide species H,S, HS™, and S*~ practically all occur as aqueous hydrogen sulfide
(HS™) in the acidic range, they react with dimethyl-p-phenylenediamine and Fe(III) ions
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Table 1 Experimental setting and amount of used additives (GFH or 40% FeCl; solution)

Experimental setting

Type and amount of additive per volume

thermal water

Filtered
and monitored

A_0 (no compressor) 0 -
A_l 500 mL GFH in 300 L (0.85 g/L) no
B_0 (no compressor) 0 -
B_1 500 mL GFH in 300 L (0.85 g/L) yes
C_0_1 (no compressor) 0 -
C_0_2 (compressor) 0 -
C_1_1 (compressor) 55 ml GFH in 300 L (0.094 g/L) yes
C_1_2 (compressor) 55ml GFH in 300 L (total 0.187 g/L) yes
D_0 (compressor) 0 yes
D1 50 mL GFH in 400 L (0.06 g/L) yes
E_0 (compressor) 0 yes
E_1 75 mL FeCl;in 400 L yes

to methylene blue (Cline, 1969). This colored complex was measured at a wavelength
of 665 nm. The maximum dilution of the thermal water was 1:20 and the measurement
accuracy is£+0.017 mg/1.

Fluid physical parameters (EC, pH, Eh, DO) were measured in a flow-through cell
directly at the outflow of the IBC container by WTW electrodes (DO amperometri-
cally, the pH by a glass- and Eh by an Ag/AgCl probe). Data (not temperature corrected)
were recorded every few minutes thus giving punctual information. The fluid monitor-
ing system FluMo, installed after the HydroGeoFilt, measures the same physicochemical
parameters also in flow-through cells but collects data every minute and stores them
automatically, thus giving a much higher accuracy. The used electrodes for pH and Eh
(Endress & Hauser) are temperature compensated.

To estimate the grain sizes of particles before and after the reaction of the additives
with the thermal brine, three filters were connected with a tube to each other in a row
(cascade filter, Fig. 2) and about 500 ml brine with either FeCl; or GFH additive was
injected with a syringe into the line. Visually it was estimated after which filtration step
the particles were removed. Altogether four of those tests were performed on site.

Laboratory analytics

Cation and anion concentrations were measured with a Thermo Sientific Dionex
ion chromatography system and evaluated by the Dionex Chromeleon 6.8 software.
The organic content was characterized in terms of organic acids in four samples
by ion chromatography and in terms of size distribution of the molecules by liquid

Injection
(syringe) 5
X X pm- 1.2 um
p»——o/  Glas fiber filt —
ES HBCERIEE membrane filter membrane filter

Fig. 2 Scheme of cascade filtration to estimate the grain size distribution of the solid phase in the system
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Table 2 Selected samples for solid phase analysis (XRD and SEM)

Nr Experiment description XRD SEM
1 Experiment D; filter backwash 5+ 10 um Y Y
8 Filter test 2 (FeCl5); 5-um filter Y Y
9 Experiment E; filter test 3; 5 um FeCls; 100 pL; 400 mL brine Y N
10 Filter test 4 (FeCl5); 1.2 um; taken from IBC N N
1 Filter test 4 (FeCls); 5-um filter; taken from IBC Y Y
2 Experiment E; filter backwash 10 um Y Y
3 Experiment E filter backwash 5 um Y Y
12 Pre-experiment FeCl;:TH 1:10,000 pH=6.9 Y N

Table 3 Background values of physicochemical parameters of the thermal water (mean
values and standard deviation of five samples collected over a period of 17 min)

pH EC (mS/cm) Eh (mV) DO (mg/L) T(°C)
Mean value thermal water 6.51 4.80 —372 0.17 49.80
Standard deviation 0.005 0.000 3.71 0.027 0.173

chromatography organic carbon detection (LC-OCD). Two of the selected samples
were collected in untreated water directly from the well, one was collected after
treatment with GFH (experiment C) and one after treatment with FeCl, (experiment
D).

Precipitates as sampled from the filters were analyzed for their mineral composi-
tion by X-ray diffraction (XRD; with a Cu Kal radiation source and primary mon-
ochromator; Table 2). Diffractograms were semi-quantitatively evaluated by the
software EVA. Scanning electron microscopy (SEM) with a beam current accelera-
tion of 20 kV, and a maximum aperture of 120 pm was applied on four of the filter
residue samples. On selected image spots, the material composition was semi-quan-
titatively characterized by energy dispersive X-ray (EDX), using the same accelerat-
ing voltage.

Results

Pre-experiments

Pre-experiment |

The thermal water without addition of any additives has a temperature of about 50 °C
and is of neutral pH value (6.5). The EC is relatively low (4.8 mS/cm) but above fresh-
water and redox conditions are strongly reducing (— 372 mV; Table 2). Altogether,
these values were relatively stable over time (17 min) as confirmed by their low stand-
ard deviations obtained from five measurements (Table 3).

Pre-experiment Il
After adding some GFH to the thermal water in a beaker, the sulfide content decreased
from 30 to almost 0 mg/L in less than 20 min (Fig. 3). Assuming a first-order reaction
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Fig. 3 Sulfide concentration measured over time after GFH was added into a glass beaker filled with fresh
thermal water (0.64 g/L)

Table 4 Pre-experiment Ill: mixing a 40% FeCl; solution with thermal water in different
ratios

Mixing ratio FeCl; added (mg/L) pH Suspension color Hydrogen
sulfide
(mg/L)

1:100 2000 13 Red nm

1: 1000 200 28 nm

1:10,000 20 (0.4 mM) 6.9 Black nm

1:4000 50 6.1 22

1:8000 25 6.17 5

(Fe>* 4 S*~ < FeS), the rate constant, in a 0.78 g/L suspension as given from the

slope, is 1.7 mg sulfide consumption per minute (Fig. 3).

Pre-experiment Il

Dilutions of FeCl; solution (40%) with fresh thermal water and with aged thermal
water (sulfide already removed) were mixed in different ratios, and the pH and the
sulfide concentration (for pH > 6) were measured afterward (Table 4). In the mixtures
of 400- and 100-ml thermal water with 50 pL and 100 pL, respectively, FeCl,, the
solution turned immediately black,; (Table 4). The solutions became all clear again
after filtration (0.45 pm).

To oxidize a sulfide concentration of about 1 mM (32 mg/L), as measured in the
thermal water, either 1 or 0.5 mM Fe would be required (calculations according to
Egs. 2 and 3). Based on the dilution test and this calculation, it was decided to add for
the actual experiment 75 ml of the FeCl; solution into the IBC container with 400 L
thermal water to obtain a mixing ratio of 1:5333 corresponding to 37.5 mg Fe/L and a
pH of 6.1.

Page 9 of 22
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Fig. 4 Change of sulfide, DO (top), and redox and pH value (bottom) over time in dependence of the
experimental conditions (experiment C), measured in the outflow of the reaction container. GFH was added
twice as marked in the diagram

Main experiments
In situ measurements
Addition of GFH to thermal water When circulating fluid pumped from the well
through the IBC container (e.g., experiment C), the pH remained relatively stable (about
6.65) while redox and DO decreased slightly. After switching on the compressor, more air
oxygen entered the water and redox, pH, and oxygen increased (Fig. 4). Before addition of
GFH, the oxygen content in the water increased but the sulfide content remained stable
indicating that oxygen alone had little impact on the sulfide oxidation (Fig. 4). The addi-
tion of GFH (0.125 g/L Fe) resulted in a decrease of the redox, DO, and sulfide (from 21 to
14 mg/L), while the pH continued to increase (up to pH 7.6). When the sulfide concentra-
tion stabilized at around 14 mg/L, DO and redox slightly increased again. At this point,
the same amount of GFH was added again and the sulfide decreased further to 7.9 mg/L.
After another 40 min, a last sample was collected that showed a sulfide concentration
below the detection limit (Fig. 4).

Similarly, during experiment D, GFH was added to the IBC container. This time the
HydroGeoFilt and afterward the fluid monitoring system were connected to the fluid
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loop (Fig. 1). Again it was found that the pH value constantly increased as soon as the
air compressor was switched on (from 6.9 to 7.4), whereas the redox was relatively
constant between — 339 and — 344 mV. Once GFH was added to the system, sulfide
started decreasing, a process that took about 30 min until GFH was fully removed.

Before GFH addition, the fluid monitoring device started measuring the fluid prop-
erties of the thermal water. Complementarily to measurements in the container, the
pH increased (from 7.5 to 7.9) and the redox remained constant (—337 mV). When
GFH was added, the fluid monitoring with FluMo had to be stopped and was switched
on again after 14 min (Fig. 5). During this time, the pH and redox first increased
and decreased again until both values stabilized after around 40 min. This is about
the same time it took until all sulfide was removed from the system. The monitored
parameters (pH and Eh) proved to be very sensitive, as obvious by glitches in both
curves, when the filter candles were exchanged (Fig. 5).

Addition of FeCls solution The addition of concentrated FeCl; solution into the IBC
container (Experiment E; 0.7 mM) resulted in an immediate color change of the fluid
(from colorless to black) and the complete removal of sulfide after 17 min of reaction in
the IBC container (Fig. 6). Over the next 30 min, the color changed from a homogenous
black solution via grey to orange (Fig. 8) and the pH and Eh increased constantly (Fig. 7).
Similarly as compared to the experiments with GFH, the pH value further increased even
after all sulfide was consumed. The redox increased more strongly (up to —50 mV) both
in the IBC container (Fig. 6) and when measured after filtering with FluMo (Fig. 8).
When measuring downstream of the filter, the redox increased over time after addi-
tion of FeCl, solution to the thermal water (Fig. 8). After all sulfide was removed from
the solution, the redox dropped and only afterward it rose again (Fig. 8). The compar-
ison of the redox values between solutions with added GFH and FeCl; showed in both

restart
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8.5 58
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n o \ I
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7.75 L
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0.0, 027 035 055 Log 79 133
time (h)
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Fig.5 pH and Eh monitoring by the fluid monitoring device FluMo during experiment D after the filter
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container after adding GFH (B, C, D) and FeCl; (E: orange dots) to the thermal water

cases high variations during the actual redox reaction. Altogether, the conditions sta-
bilized faster when FeCl; was added (Fig. 8).
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Lab analysis: water composition

Results of the elemental composition of selected water samples are given in Table 5.
The main anions of the thermal water are chloride (830-880 mg/L) and sulfate (1600—
1200 mg/L), which both hardly changed in concentration in dependence of the type and
duration of the experiment. Since the sulfate concentration did not show any correlation
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Fig. 8 Change of Eh as measured by the fluid monitoring device FluMo after filtration of the thermal water in
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Table 5 Main cations and anion of selected water samples during experiments C, D and E

(mg/L)
Sample  Treatment Na* Kt  ca*t Mg+ HCOo,~  da- 50,2~ Fe
Water Filtered 520 23 430 130 172 860 1400 <0.02
Water Unfiltered 510 22 420 130 233 800 1300 <0.02
Exp. C Before addition 510 22 430 120 nm nm 1500 <0.02
After GFH_1 510 22 430 120 nm nm 1500 4.5
After GFH_2 510 21 420 120 nm nm 1500 10.5
After GFH_2 510 22 430 120 nm nm 1500 <0.02
Exp. D Before addition 480 21 400 120 nm nm 1500 <0.02
Before addition 480 20 400 110 nm nm 1400 <0.02
After GFH 480 20 400 110 nm nm 1400 <0.02
After GFH 450 18 350 100 nm nm 1200 <0.02
After GFH 460 19 370 110 nm nm 1300 <0.02
Before addition 510 22 430 120 nm nm 1500 <0.02
Exp. E After FeCly 530 21 420 120 nm nm 1400 6.7
After FeCly 510 22 420 120 nm nm 1500 <0.02
After FeCly 510 22 430 120 nm nm 1400 <0.02
After FeCly 510 21 420 120 nm nm 1400 2.186

nm not measured

with the amount and type of iron additive, any potentially by Fe(III) reduction formed
sulfate was still in the same order of magnitude as the natural sulfate variability of the
brine. Similarly, Mg, Ca, and K concentrations showed no treatment-dependent varia-
tion being in the range of 100-120 mg/L, 400-430 mg/L, and 20-22 mg/L, respectively
(Table 5). Manganese was below detection limit and the alkalinity ranged between 14.6
and 15.6 mM. Solely the iron concentration varied more strongly between below detec-
tion limit (<0.02 mg/L) as measured in most samples and a maximum of 10.5 mg/L
(Table 5).

The anion thiosulfate (S,0,%7) was measured in two samples of the untreated ther-
mal water (24—30 mg/L) and in two samples of GFH and FeCl; treated samples. A
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clear decrease of thiosulfate was measured after the addition of both additives. When
using GFH still 4.6 mg/L thiosulfate was remaining in the solution, whereas the
removal was almost complete after adding FeCl; (0.8 mg/L thiosulfate). Analysis of
the organic composition of the thermal water indicated that no measurable amounts
of organic acids were present in the samples. The organic carbon content ranged
between 0.2 and 0.4 mg/L in all samples. The addition of FeCl; or GFH showed no

evident effect on the organic carbon content.

Lab analysis: solid phase

Selected samples from either the backwash of the HydroGeoFilt or from the cascade
filter tests were analyzed by XRD and/or SEM (Table 2). The cascade filter test of sus-
pensions containing GFH indicated that particles were relatively large and all visible
particles were retained at a filter size of 1.2 pm. Indeed, those water samples were
also clear when filtered by the HydroGeoFilt using mesh size < 10 pm. However, when
applying the FeCl; method, formed particles were smaller than the smallest used fil-
ter size (HydroGeoFilt: <5 pm; cascade filter<1.2 um). By filtration with a 0.45-pm
syringe filter, also those water samples became clear.

XRD analysis of the filter residues obtained after the reaction of FeCl; with thermal
water revealed the presence of weakly crystalline substances as obvious from the high
background noise (Fig. 9). All measured samples showed a similar XRD pattern and
the identification of the few peaks indicated the presence of pyrrothite (Fig. 9). No
interpretation was possible for the other peaks.

Scanning electron micrographs of the formed particles collected from the filters
showed few samples that exhibited clear crystalline structures. By application of EDX
predominantly SO, Fe,O4, CaO, and SiO, were detected. The few crystalline particles
could be attributed to gypsum or anhydrite (consisting mainly CaO and SO,) indicat-
ing that by drying (water evaporation) CaSO, saturation was reached. Samples from

Reaction products of FeCl,
with thermal water

4000 Py

A0
it e

ekl

1000

20 30 40 50 60 70
2 Theta
Fig. 9 XRD pattern of iron precipitates collected from the filters. Marked peaks (py) indicate the presence of
pyrrothite
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Fig. 10 SEM pictures of three samples (Table 2) together with the main elemental composition as obtained
by EDX measurements

experiment D consisted to similar ratios out of the elements S and Fe. In experiment
E, however, the Fe fraction was much more variable and also higher (up to 80-90%
Fe,O,; Fig. 10).

Discussion

Processes in the reaction container

Sulfur speciation

Although the geochemical redox system seems relatively simple with just three ele-
ments being involved in the reactions (Fe, O, S), various species with several redox
states, especially those of sulfur, have to be considered to form, party as metastable
phases in the reaction container. To get an idea, which species are most likely to form,
equilibrium calculations were performed with the Hydra/Medusa code (Puigdome-
nech 2004), although this program does not consider metastable phases such as thio-
sulfate. In the pure sulfur water redox system (without iron), at given pH and redox
conditions, an oxidation of hydrogen sulfide to sulfate seems likely (Fig. 11), whereas
elemental sulfur most likely does not form. In the presence of Fe, with increasing
redox, the species FeS, FeS, and SO, are stable. A further increase of the redox to
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1.0

FeSOy+ ~
sOFe3(SO),(OM)4(H) ™ — 4

Fig. 11 Predominance diagrams as calculated by the code Hydra/Medusa code at room temperature
(Puigdomenech, 2004). Left for the sulfur redox system and right for the iron—sulfur redox system.
Concentrations of Fe and S are each 1T mM. Areas of relevance during the experiments are marked in yellow.
The redox Eh is given in V referred to the standard hydrogen probe at 25 °C

about 30 mV would have resulted eventually in the formation of a ferric iron oxyhy-
droxysulfate (Fig. 11).

The system becomes even more complicated since not only sulfate (SO,*”) and
hydrogen sulfide (HS™, H,S) occur, but also thiosulfate (S,0;°7; redox state of S: —2)
was measured, which was highest in the untreated thermal water samples evidenc-
ing its natural occurrence in the formation water. Thiosulfate decreased strongly after
the treatment with Fe(III) (down to 4.6 mg/L when adding GFH and down to 0.8 g/L
when adding FeCl,) it can be assumed that it reacted with Fe*>" to form the metastable
aqueous complex ferrous tetrathionate FeS,O, (Eq. 8; Druschel et al. 2003).

25,03 + 2Fe®™ — 2Fe’t + 5,03 (8)

This product readily decomposes, evolving sulfur dioxide and elemental sulfur (Eq. 9):
FeS406 — FeSO4 4+ SO3 + 2S. 9)

Although it was not possible within this study to verify all these poly-sulfur species in
the water and gas, their presence and interaction in the redox processes are very likely.

Consumption of protons and redox changes

In all experiments (both, with FeCl; and with GFH), the pH in the IBC container went up
over the entire period of the experiments starting with the moment, when the compres-
sor was switched on to pump air bubbles into the water (e.g., from 6.3 to 7.8, Fig. 4). This
increase can be explained by a shift in the equilibrium between gaseous and dissolved
H,S. The purging removed more H,S and therefore more protons from the water and
the pH slightly increased. This continued even after all hydrogen sulfide was removed.
In the GFH suspension the pH even increased further to nearly 9 and decreased after-
ward until stabilizing at a pH of 8.5. Based on these results, a pH stabilization indicates a
completion of the reaction although hydrogen sulfide was consumed already at an earlier
stage.
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The redox value did not change significantly when adding GFH to the thermal water,
but increased strongly after addition of FeCl, (Figs. 5, 7). Clearly, this strong increase of
the Eh value was not only due to dissolution of air oxygen into the thermal water but also
due to oxidation of both, sulfide and thiosulfate, by reduction of Fe(IlI) during the for-
mation of the black FeS species (Eq. 2). This immediate reaction strongly consumed elec-
trons. After the sulfide was removed from the system (experiment E), the Eh decreased
again but started to increase afterward. Simultaneously, the black FeS oxidized to form
an orange iron(III) hydroxide. The sulfide sulfur would also be oxidized but from the
present data it cannot be concluded to which redox state. Clearly, it was not thiosulfate
since this anion also “disappeared” during the reaction. An oxidation to sulfate might
be possible but the sulfate concentration was generally very high and slightly variable
in the system (between 1200 and 1500 mg/L; Table 5). Assuming about 1 mmol H,S in
the thermal water (32 mg/L) that could be oxidized, also 1 mmol sulfate (96 mg/L) could
have been formed at maximum by reaction with Fe(III), which is within the natural vari-
ability of sulfate. Occasionally, high Fe concentrations (0—10 mg/L) can be attributed to
redox reactions since they occurred only after addition of Fe (Table 5).

Formation of solid phases and surface reactions

The formed sulfate or other sulfur species could also be retained on solid phases either
by adsorption on the surface of the freshly formed iron(III) hydroxides or it could be
incorporated into iron sulfate compounds as well as into gypsum or anhydrite. Indeed,
SEM measurements indicated the formation of CaSO, crystals in filter residue sam-
ples from the HydroGeoFilt of experiment D and E (Fig. 10). However, the CaSO, pre-
cipitation was probably an effect of evaporation during drying because, as indicated by
calculations with PhreeqC (llnl database), gypsum saturation was not reached for the
experimental conditions of this study.

Characterization of the formed solid phases from the FeCl; solutions as indicated by
XRD indicated that pyrrothite (FeS) and another, unidentifiable species (unknown XRD
peaks) together with weakly crystalline/amorphous iron hydroxides had formed (Fig. 9).
Similar results were obtained by Firer et al. (2008), who determined both by equilibrium
modeling (MINEQL+) and experimentally that the precipitation product of ferrous salts
and hydrogen sulfide was FeS under all their experimental conditions tested. In the same
study, it was found that sulfate was always the reaction product when adding ferric iron.
Therefore, as a metastable phase, also the formation of the oxyhydroxyulphate mineral
schwertmannite seems possible, because it is known to precipitate rapidly upon oxida-
tion of Fe(Il) sulfate-containing solutions (Regenspurg et al. 2004). Schwertmannite typi-
cally forms at acidic (<pH 4.0) conditions, whereas the pH range of the solutions was
generally neutral. However, many solid, metastable and weakly crystalline phases that
might have formed in low concentrations are very difficult to detect by most mineralogi-
cal methods. For the quantification of those species different methods such as infrared
spectroscopy or sequential extraction should be carried out that are suitable for deter-
mining also solid iron sulfide phases such as pyrite (Miller et al. 2017).
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Kinetics of the reaction

As obvious from Fig. 4, sulfide did not decrease just by bubbling air into the container
(using the compressor) indicating that the oxidation of sulfide by air oxidation is too
slow (not measurable over the monitored period). The reaction started directly upon
Fe(IlI) addition. The speed of the reaction depended strongly on the type and amount
of iron added to the system. When using the iron hydroxide GFH at low concentration
(<2.4 mmol Fe or 0.2 g/L), the reaction was relatively slow (6 pmol sulfide/minute will
be removed) and stopped after about 0.3 mM (10 mg/L) sulfide was consumed (Fig. 12).
This can be explained with a limited number of Fe(III) surface sites being available for
reaction with the hydrogen sulfide. Once these available surface sites are consumed, the
reaction is terminated and the residual GFH will not be available for further reaction
with the sulfide. When offering a larger amount of iron hydroxide (>5 mM), the overall
surface area increases and the rate of sulfide decrease is rather quick (0.5-1 mmol/min)
and all sulfide was removed.

When using FeCl; solution as additive, the reaction was not limited by surface sites
but all iron was available for the reaction. Therefore, the reaction was much faster and
less Fe(III) material was needed as additive. By adding only a minimum amount of Fe
(0.7 mM), the rate of sulfide removal is at least 0.03 mmol/min (Fig. 12). Clearly, the
reaction is faster and more complete with this soluble additive. Moreover, a recycling
of the material can be considered since after iron sulfide formation, the material would
oxidize (in the presence of oxygen) again to an iron(III) hydroxide, which again can be
reused for oxidizing the hydrogen sulfide by being reduced. This latter step would be
similar to the reaction described for GFH—a surface controlled mechanism.

It can be assumed that microorganisms strongly affect the speed of sulfide oxidation
and iron reduction as described for many environments in numerous studies (e.g. Geel-
hoed et al. 2009; Coleman et al. 1993). However, microorganisms need also a carbon
source for their metabolic cycle. The measured content in organic carbon in the ther-
mal water was very low (0.2-0.4 mg/L) and thus the contribution of microorganisms to
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the reaction kinetics in this particular system is probably little and the system predomi-
nantly abiotic, which however is yet to be confirmed.

Conclusions

A new method of treatment for geothermal fluids to remove hydrogen sulfide from
the brine by adding Fe(IlI)-based additives was tested. Both types of Fe(III) addi-
tives (GFH particles and FeCl, solution) that were injected into the fresh geothermal
brine fully removed the hydrogen sulfide from the aqueous phase of a given volume.
The redox reactions underlying this process are rather manifold due to the different
species and redox states of the sulfur and iron phases. They can be summarized as
oxidation of sulfide and reduction of Fe(III) and subsequently a re-oxidation of the
iron by oxygen. The rates of sulfide consumption vary, depending on the type and
amount of added Fe(III). The FeCl; solution was proven to be much faster to oxidize
the hydrogen sulfur as compared to the solid GFH phase indicating that dissolved
iron is better available for the redox reaction. However, when using FeCl, it has to be
considered that moderate concentrations should be added, since otherwise the solu-
tion pH would be too low for the reduction of Fe(III), which remains in its redox state
at low pH value. Moreover, a high acidity would provoke unwanted reactions such as
corrosion. Therefore, it is recommended to remain with the reaction in the neutral
pH range and keep the FeCl; addition constantly low (<1 mM). In contrast, when
using GFH, the amount of additive is not limited. Since the reaction with ferric iron
hydroxide is altogether slower, higher amounts of this material are recommended to
add, because with increasing surface area of the iron particles the reaction speed also
increases. To summarize, the main factors that control the described processes as
well as the speed of the reactions are the amount and availability of Fe(IlI) as well as
the solution pH value.

The application of this method for long-term geothermal operation requires an
upscaling since the experiment was performed only with a limited volume of brine.
For this, the installation of an equalizing tank is recommended, where the iron could
be added into the thermal water before being further processed for bathing. Since
data of this study gave good results for an iron concentration of 0.7 mmol/L added to
the reaction container (corresponding to 38.5 g Fe per m® produced brine) altogether
770 g/h would be required at a production flow rate of 10 m?/h at the site. This cal-
culation does not consider the recycling of the material after oxidation of the Fe(II)
to Fe(Ill) hydroxide at aerobic conditions. This recycling allows to re-use the same
amount of iron consistently and would strongly save material costs. This would be
beneficial as compared to the previously applied method at the site. To test this recy-
cling capacity, an additional field experiment is recommended to be carried out.

Generally, for implementation of the method in geothermal systems, the addition of
iron into the brine should take place before fluid filtration and reinjection into the injec-
tion well. Another outcome of this study was that the tested HydroGeoFilt has been
proven to be applicable at given geothermal conditions. For using the GFH as additive,
the filter candles with 5 and 10 um have proven to be sufficient but for using the FeCl,
solution as additive, the formed suspensions yield smaller sized particles that were not
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all retained by the tested filter mesh sizes. It is recommended to first investigate smaller
mesh sizes for these filters (e.g., 1-2 um) before method application at a geothermal site.
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