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Mechanisms of serpentine-ammonium sulfate
reactions: Towards higher efficiencies in flux
recovery and Mg extraction for CO2 mineral

seguestration.

E.l. Nduagu®*, J. Highfield®, J. Chen® and R. Zevenhoven?,

There is a growing research interest on CO2 mineral sequestration methods that follow an
intermediate Mg extraction step (from Mg-silicates, especially serpentinite rock) by fluxing with
ammonium sulfate (AS) or ammonium bisulfate (ABS). This study reports the use of
thermogravimetry (TG) combined with differential scanning calorimetry (DSC), mass
spectrometry (MS) and/or Fourier-transform infrared spectrometry (FTIR), to explore the
serpentinite/flux [(S)/AS and S/ABS] reaction chemistry in more detail and identify conditions
under which flux losses are restricted. TG-DSC-MS results show that AS decomposition
proceeds through a series of reactions leading to the formation of ammonium pyrosulfate
[(NH4)2S207, APS] via an ABS intermediate. That APS is the key intermediate is attested by the
fact that the analogous potassium salt is a well-known flux for metal oxides. As expected the
mechanisms for S/AS reaction are more complex than those of thermal decomposition of pure
AS or ABS compounds. Two likely possibilities were identified with S/AS thermolysis:
formation of APS or sulfamic acid (SA) precursors that extract Mg/Fe cations from serpentinite
above 400°C. A sulfur dioxide peak was detected on the ensemble spectra at 280°C. This
indicates a loss of ABS through sublimation rather than a complete degradation of AS or ABS
reagents. At a fast heating rate of 40 K/min, tests on S/AS resulted in a significantly lower weight
loss (AW) than at 10 K/min (46% vs. 54%), implying better retention of flux and higher
extraction efficiency. From TG-FTIR tests, the presence of humidity has a suppressive effect on
SA volatilization, stabilizing the hydrated intermediate APS and/or ABS. It also inhibits mineral
transformation to the less reactive forsterite (Mg2SiOa4). Extraction of magnesium is primarily
dependent on serpentine particle size, but it can be increased significantly in the presence of
humidity.

M@sSi205(0OH)4 (s) + 3(NH4)2S04 (s) =
3MgSOa4 (s) + 2SiO2 (s) + 5H20 (g) + 6NH3z(g) Q)

Extraction of magnesium (as Mg?* ions) from magnesium
silicate rocks during mineral carbonation (also known as CO:
mineral sequestration) is an important primary step prior to CO2
fixation as solid magnesium carbonate (MgCO3).2® More
recently, process routes that use ammonium sulfate (AS) or
ammonium bisulfate (ABS) salts as reagents for the extraction
step are gaining research attention.*® One of these routes
involves the reaction of Mg-silicates rocks and AS salt at 270 —
600°C to produce magnesium sulfate (MgS0a4),* 1° among other
products. In a downstream process this can be carbonated, for
example via Mg(OH): as intermediate.

The reaction of serpentine [MgsSi2Os(OH)4, also written as
3Mg0+2Si0222H20] contained in serpentinite rock (S) with AS
is represented as:

This journal is © The Royal Society of Chemistry 2013

The proposed general reaction scheme (1),* for Mg extraction
still needs verification. On the other hand, if we assume that
reaction (1) correctly summarizes the overall chemical change in
the S/AS reaction, the intermediate reactions and mechanisms
need to be clearly identified. It has been suggested that the
possible evolution of SO2/SOs gases arising from thermal
degradation of AS inhibits Mg extraction.* 7-1° The evolution of
S02/S0O3 gases signifies the inefficient use of AS reagent and
consequently leads to low reaction conversion. Detection of
S02/SO3 gases in the reactor (and the gases leaving it) could
indicate that the AS reagent has been completely decomposed
into ammonia (NHs), sulfur dioxide (SOz2), nitrogen (N2) and
water (H20).*' In addition, the presence of SO2/SOz in the
reaction gases dramatically changes the equilibrium
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compositions of the products leading to undesirable formation of
Mg2SiO4 and MgSiOz instead of MgSOa.# These imply that
further investigation of the overall reaction mechanism and the
possible decomposition route(s) from AS are essential if
extraction efficiency is to be raised.

Knowledge of the mechanism and products of AS decomposition
may provide a first indication of the chemistry occurring in the
S/AS mixture. Numerous papers have reported on the thermal
decomposition of AS.1215 However, the information is not
entirely consistent. Dixon? reported that the residues left after
heating AS to 400 °C were mainly ammonium pyrosulfate (APS)
(70-73%), with minor amounts of ammonium bisulfate (ABS)
(11-14%), sulfamic acid (SA) (~6%) and unreacted AS (10%).
In contrast, Erdey et al.'3 reported that AS decomposes to ABS
between 230 and 350°C (according to reaction (2)), and ABS is
then decomposed (350 — 450°C) into sulfuric acid and ammonia
gas (according to reaction (3)).

(NH4)2S04 (s) > NH4HSO4 (s) + NHs (g) 2
NH4HSO4 (s) = H2S04 (g) + NHz(g) ?3)
Similar to the findings by Dixon %2, Halstead ! found that at
400°C the thermal decomposition of AS salt leads to APS as the
major intermediate product, which is further decomposed to
gases (reactions (4)-(5)).

2(NH4)2S04(s) = (NH4)2S207 (s) +

2NHs (g) + H20 (g) 4
3(NH4)25207 (s) > 2NHs(g) + 6SO2 (g) +
2N2 (g) + 9H20 () (5)

The chemical process routes proposed by Kiyoura and Urano 5
are more complex, with the first thermal dissociation step
producing ABS at 100 - 170°C (according to reaction (2)). They
showed that only a partial deammoniation of the AS salt took
place above 170°C, resulting in the formation of tri-ammonium
hydrogen sulfate.

2(NH2)2S04(s) €2 (NH4)3sH(SO4)2 (s) + NHz(g)  (6)
This implies that any residual AS salt reacts with the newly
formed bisulfate above 170°C. Contrary to the mechanism
posited by Erdey et al.,** thermogravimetric (TG) analysis
combined with Fourier Infrared analysis (FTIR) was used by
Highfield et al. 7 to show that ABS decomposes up to 350 °C
with no NHs evolution but only water vapour. The weigth loss
AW) of ~16% was consistent with the dehydration reaction
(reaction (7)):

NH4HSO4(s) <> NH2SOsH (s) + H20 (g) @)

This is in agreement with the conclusion of Kiyoura and Urano
15 who found that the presence of water vapour inhibits
dehydration. By x-ray diffraction (XRD) analysis they also
showed that heating a mixture of ABS and sulfamic acid (SA)
produces APS according to:

NH4HSO4(s) + NH2SOsH (s) €2 (NH4)25207 (s) (8)
Regarding the S/AS extraction mechanism, Highfield et al 7 used
XRD and inductively coupled plasma atomic emission
spectroscopy (ICP-AES) analysis to show that epsomite
(MgSO04+7H20) is the final product obtained via the intermediacy
of a range of Tutton salts, NH4/Mg double sulfates. The authors
identified flux loss mechanisms and found these to be substantial
at 400 °C and above.

2 | RSC Advances, 2014, 00,..

In order to gain more insight into the reaction conditions that
restrict AS losses, we used the TG analysis coupled with
differential scanning calorimetric and mass spectrometric
analytical technique (TG-DSC-MS) to study the Mg extraction
reaction as well as pure flux thermolysis. Different heating rates
and gas environments were used to asses any influence of these
parameters on the mineral/flux mixture, in terms of variation in
the (AW) profiles, balance of evolved gases, etc., with
implications for the Mg extraction mechanism. TG was used to
study the effect of humidity on the volatilization (sublimation
and/or degradation) of sulfamic acid, clearly one key
intermediate in AS decomposition.” 12 14 15 Corresponding
effects of humidity on the extraction efficiency and the influence
of mineral particle size were also examined by TG-FTIR.

2 Experimental

The S/AS reaction chemistry was studied using a Netzsch STA
449F1 Jupiter thermogravimeter (TG)/differential scanning
calorimeter (DSC) coupled to a QMS 403C Aéolos mass
spectrometer (MS). TG analysis of individual samples of AS
(reagent grade, >99%) and ammonium bisulfate (ABS) (reagent
grade, >98%) salts, and those of Finnish serpentinite (particle
size, 75 — 125 um) mixed with AS or ABS was performed under
air or helium to explore the effect of gaseous atmosphere. The
amounts of materials used and the reaction conditions are
presented in Table 1.

As a control, MgO (calcined Dead Sea Periclase Mg(OH)2, 75 —
125 pm, purity 97.2%) was reacted with AS under similar
conditions. Since Mg is present in serpentinite rock as silicate of
MgO, the control test was used to identify the sensitivity of the
results to other compounds, for example, Fe- and Ca-based
oxides in Finnish serpentinite rock. The Finnish serpentinite rock
used in the TG-MS study is a sample of the overburden from the
nickel mine at Hitura and contains ~83 wt.% Mg3Si2Os(OH)4 and
14 wt.% iron oxides (FeO/Fe20s/FesO4) while other trace
contaminants (CaSiOs, MnO, etc.) constitute 3 wt.%.* 7 An Al
crucible (without a lid) was used as sample container for the TG
tests. These were performed after achieving a uniform starting
condition at 40°C through isothermal heating for 1 h followed by
a dynamic heating step. Some samples were heated to 550°C at
a 10 K/min heating rate while others were heated from 40 K/min
to 540°C and then kept at the same temperature for 20 min.
Tests on sulfamic acid volatilization and extractions under
humidity were done in an alumina crucible suspended in a
Setaram Setsys S12 TG coupled to a Varian Excalibur 3000
FTIR as previously described 7, but with additional coupling to a
Setaram Wetsys humidifier. The humidities explored here (3.6,
7.2, 10.6, and 14 vol% H20) were obtained by operating at 20,
40, 60, and 80% RH at 65 °C, respectively. The mineral (a
lizardite/antigorite mixture according to XRD) was from a
similar batch of Finnish serpentinite as for the TG-MS
experiments but slightly purer in composition. XRF analysis of
the mineral gave 38.1% MgO, 37.3% SiOz2, 7.5% Fe203, and 4%
of other impurities (oxides of Al, Ca, Cr, Ni), corresponding to

This journal is © The Royal Society of Chemistry 2014
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Table 1. Tabulated conditions and results from selected TG-DSC-MS tests

Tests Reagent Mass Gas environment %-wt loss DSC peaks  Gases released
(mg) and heating rate (at T°C) (at T °C) (at T °C)

1 AS ~25 Air 19 (400) 340 NHs,H20 (~230)
40 K/min 99.2 (500) 500 NH3s,H20,S02 (~280-290, ~410 )
(40-550°C)

2 ABS ~25 Air 11.9 (400) 160 NHs (~247).
40 K/min 99.3(505) 500 NHs, H20, SO2 (~280-290, ~450)
(40-550°C) NHs,H20 (~375)

3 S+AS ~12+18 Air 15 (340) 310 NHs,H20, NO (~312)
10 K/min 43.4 (422) 410 NHs,H20, SO2 (~400)
(40-550°C) 53.5(480) 460 NHs,H20,NO, SOz (~452-460)

4 S+AS ~12+18 Air 135(370) NR® NO, H20,NH4 (~354-361)
40 K/min 35.7 (458) NR? SO (~438)
(40-550°C) 47.8 (540) NR® NO,SO:2 (492-502)

5 S+AS ~12+18 He 14.2 (312) 320 NH3,H20 (~300)
10 K/min 441 (395) 407 NH3s,H20,S02 (350-400, 435-470)
(40-550°C) 53.3(450) 455

6 S+ABS ~12+15 He 10.6 (313) 140 NHs,H20 (98, 163, 400)
10 K/min 27.7(390) 360 NHs,H20,S02 (430-460)
(40-550°C) 40.9 (470) 442

7 MgO+AS  ~2.8+9.2 He 15.7 (320) 295 NHs,H20 (300)

10 K/min 44.1(390) 380
(40-550°C) 509 (437) 430

NHs,H20,S02 (430-460)

2NR — not recorded

a serpentine (phase) purity of 86%. To examine the effect of
particle size on reactivity, the mineral chunks were crushed,
milled, and sieved into a range of size cuts: <56, 56-125, 125-
250, and 250-400 um. Extractions were performed on 300 +
10 mg mixtures of mineral/ammonium sulphate in a fixed
weight ratio (S/AS = 0.70) as determined by the stoichiometry
of reaction (1). Recovered products were analyzed by XRD
in a Bruker D8 powder diffractometer with Cu Ko source (A
=1.5418 A) over the range 26 = 5-80 ° at a step size of .008°.
Elemental nitrogen (N) analysis was done in a Thermo
Scientific Flash

2000 CHNS-O elemental analyzer. ICP-OES analyses (Mg,
S, Fe) were done on a Varian Vista-MPX inductively coupled
plasma optical emission spectrometer against suitably
calibrated standards (5-20 ppm) on aqueous extracts from 100
mg samples diluted to 500 ml.

3 Results and discussion

3.1 MS background and evolved gas peak assignment

With increase in temperature and time, changes in the gaseous
composition sampled by the MS were recorded. Positive
deviations for masses (m/z) of analyte gases evolved from the
mineral/flux mixture were observed. Simultaneously,

This journal is © The Royal Society of Chemistry 2013

negative deviations of certain “background” signals were also
observed in the air flow, suggesting these are temporarily
displaced by the analyte gases and confirming representative
sampling. As shown in Fig. 1a, ion current curves for the
principal air constituents were suppressed at m/z = 32, 29, 20,
16 and 14. The ion current curves for m/z 32 and 16 can be
attributed to the molecular ion peak of dioxygen (O2*) and the
fragment from its dissociation ionization (O™), respectively.
While coincidences at m/z 32 could result from SO2%* ions,
which can be ruled out as unlikely contaminants. The same
goes for the doubly-ionized sulfur fragment (S2*) at m/z 16,
e.g., from SOz2. The peak at m/z 20 is probably due to doubly-
ionized argon (Ar?*), the only inert gas present in air in any
significant amount. The ion current curves with m/z 29 and 14
represent an m+1 peak for N2 (or N*N* nitrogen isotope
peak) and the N* fragment ion, respectively. Turning to
evolved gases from an S/AS mixture as representative, new
masses were detected at m/z 17, 18, 30, 48 and 64, as shown
in Fig. 1b. Ammonium ions vaporise as ammonia (NH3 which
fragments under electron impact ionization to produce three
major ions at m/z 15 (NH*), 16 (NH2*) and 17 (NHs")). These
signals from the ensemble mass spectrum cannot be used
directly as they all suffer from significant interferences from

RSC Advances, 2013, 00, 1-.. | 3
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Fig. 1. a. Background MS curves. B. Evolved gas MS curves. C. TG profile. The MS and TG profiles were obtained by heating a mixture of
12 mg Finnish serpentinite and 18 mg ammonium sulfate in air from 40°C to 540°C at 40 K/min heating rate and then kept isothermally for

20 min.

other species, most notably those of 15N*, O*, 02?* and OH*
ions.® However, the signals at m/z 16 and 17 can be used to
determine the ammonium levels provided that the intensity
contributions from the interfering species are estimated
correctly. Thus, to a good approximation mass ion currents at
m/z 17, 18, 30, 64 and 48 were taken as representing NHs,
H20, NO, SO: (and its fragment ion SO*), respectively.

In some of the TG-MS charts in this study, the ion current curves
for m/z 14, 29 and 32 are not shown when they follow similar
patterns as that of m/z 16.

3.2 Thermal decomposition of AS and ABS

An understanding of the thermal decomposition of AS could
provide some insights into the Mg extraction mechanism.
Figure 2 shows the TG-MS charts from the thermal treatment
of individual quantities of AS and ABS salts heated up in air
to 540°C at a heating rate of 40 K/min and then kept
isothermal for 20 min. Following the findings by Dixon 2 and
Halstead !4, we hypothesize that the decomposition of AS

4 | RSC Advances, 2014, 00,..

produces APS at 400°C, but via the intermediacy of ABS
product. This is based on the premise that the products of
ABS degradation should be similar to the products of AS
degradation above 250°C. Run under identical treatment
conditions (40 K/min ramp in air), the MS spectra in Fig. 2
show that indeed the same gaseous species are released,
namely, water vapor, ammonia and small amounts of SO2 gas.
The first peaks of water and ammonia appear together below
250°C but only from AS, whereas similar peaks are seen from
both AS and ABS just below 300°C, suggesting they are
derived from a common intermediate. The appearance of MS
peaks at m/z 48 and 64, which can be associated with SO*
(from SO2) and SO2* respectively, are surprising since
breakdown of the flux at such a low temperature has not been
reported previously. We contend that the SO*/SO2* species
detected are not thermal degradation products, but derive
instead from vaporized ABS that has fragmented in the MS
analyzer due to electron bombardment. When enlarged, the
MS spectra show very weak peaks after 400°C for the gases

This journal is © The Royal Society of Chemistry 2014
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Fig. 2. a. TG-MS curves for ABS. b. TG-MS curves for AS. Reagents was heated up in air from 40°C to 540°C at 40 K/min dynamic

heating rate and then kept isothermally for 20 min.

— NH3, H20 and SO2. At 500°C the residues of the salt are
completely decomposed.
The two major stages of gas evolution seen in MS from AS
and the single stage from ABS are verified by DSC. The first
major MS peaks of AS decomposition, namely, ammonia gas
(m/z 17) and water vapor (m/z 18) at 230°C, can be associated
with the formation of ABS. However, at this temperature no
significant AW was observed, suggesting the true onset of AS
decomposition occurs later and was complete by ~400°C.
Similar to previous findings by Dixon 2 and Halstead 4,
results from TG analysis show that the general mechanism of
AS decomposition at 400°C can be represented as:
2(NH4)2S04 (s) = (NH4)2S207 (s) + 2NHs (g) + H20 (9g)

(AW =-19.7%) (9)
2(NHa4)2S04 (s) €= 2NH4HSO4 (s) + 2NH3 ()

(AW =-12.9%) (10)
2NH4HSO4 (s) € (NH4)2S207 (s) + H20 (g)

(AW =-6.8%) (11)
The TG data from the decomposition of ABS and AS (Fig. 2)
gave the AW at 400°C as ~12% and 19%, respectively. These
values are quite close (with an error of <1%-points) to the
stoichiometric AW from reactions (10) and (9), respectively.
A 7%-points difference in the AW from the decomposition of
ABS and AS corresponds (with an error of 0.2%-points) to
the theoretical AW difference between the two. This is

This journal is © The Royal Society of Chemistry 2013

associated with evolution of 1 mole of water from two moles
ABS (11).

Based on the assumption that the products of decomposition
of ABS and AS are similar, we can conclude that the 19% AW
at ~400°C from AS decomposition (Fig. 2) is indicative of
reaction (9), which can be broken down into a series of
reactions (10) and (11) leading to the formation of APS via
an ABS intermediate.

3.3 S/AS reaction

The MS response during heating of the S/AS extraction
mixture at 40K/min is shown versus time in Fig. 1b, along
with the maximum evolution temperatures of the major peaks
(marked on each plot). Between 250 and 360°C, NHz and H20
were released. In addition to these gases, which were common
products from AS and ABS, a mass ion peak for m/z 30 was
also detected, indicative of NO evolution, but occurring in
two stages. The first peak at 350°C was followed by a slightly
stronger peak at 492°C. Previous studies of a similar mixture
by TG-FTIR reported that N2O was evolved at 350°C (as a
single transitory pulse) and attributed to decomposition of
SA." In either case, NOx products derive from oxidation of
NHxspecies and it is unlikely that these can later be recovered
as NHa4* salts. A similar two-stage evolution was also seen for
SOz but somewhat later at 438 and 502°C. In summary, three
distinct temperature regions for peak evolution were
identified at 345 - 400°C, 440°C and 480 - 520°C.

RSC Advances, 2013, 00, 1-.. | 5
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Fig. 3. S/AS reaction in air flow with 10 K/min dynamic heating from 40°C to 550°C. a) TG-MS profiles. b) Magnified MS profiles.

At a lower heating rate of 10 K/min the MS profile from the
S/AS reaction is slightly different. For example, the mass ion
curve for m/z 30, which had two distinct peaks at 40 K/min
(Fig. 1b), now has one minor and one major peak (Fig. 3b).
The ion current curve for m/z 17 was not reproduced (for
clarity’s sake) because it followed exactly the same pattern as
the ion current curve for m/z 18. The mass ion curves for
peaks m/z 17, 18, 48 and 64 (NHs, H20 and SO2) were similar
at both heating rates but the evolution maxima were shifted
roughly by 35-50°C to lower temperature at 10 K/min. Such
dynamic (inertial) effects are to be expected, becoming more
pronounced at high heating rates.

The TG analyses tell a different story. Tests at both heating
rates showed three distinct AW regions. However, 5.7 %-
points more weight was lost in the test performed at 10 K/min;
the total AW then being 53.5% (vs. 47.8%). Since these
values far exceed the theoretical one (28.5% - see reaction
(1)), the implication is that the high heating rate results in
proportionately lower flux salt loss.This could happen if the
time available for sublimation of the flux, occurring at a
significant rate below the reaction temperature (with the
mineral), was thereby minimized. The identified temperature
regions for the TG test at 40 K/min were < 380°C, 380 - 445°C
and 445 - 540°C while the associated AW were 13.5%, 22.2%
and 12.1%, respectively. The corresponding data obtained at
10 K/min were < 340°C, 340 - 420°C, and 420 - 540°C, with
associated AW of 15.0%, 28.4% and 10.1%, respectively.
Consistent with the aformentioned view, the largest
discrepancy in AW (6.2%) occurred during the main stage (T
> 340°C) leading to onset of reaction at 400°C.

For the purpose of determining probable reaction
mechanisms, the TG results at the lower heating rate (10
K/min) were considered in more detail. It was concluded in
Section 3.2 that AS decomposes to APS through an ABS
intermediate at about 400°C. It is of interest to know if the

6 | RSC Advances, 2014, 00,..

same reaction mechanism still applies when AS reacts with
serpentine-containing rock. The production of APS from AS
decomposition results in a total theoretical AW of 19.7%.
With the addition of 12 mg Finnish serpentinite to 18 mg AS,
its decomposition corresponds to a AW of 13. 7%. The
follow-on extraction reaction for APS can be written as:
MgsSi20s(OH)s + 1.5(NH4)2S207 >

3MgSO04 + 2SiO2 + 3NH3 + 3.5H20 (AW =-19.2%) (12)

If Mg extraction from serpentine follows reactions (9) and
(12), at ~400°C the resulting AW with respect to the
combined weight of AS and serpentine should be 28.5%.
Operating at 10K/min, we obtained a AW of ~34% at 400°C,
as shown in Fig. 3a. This value is by far larger than the
theoretical AW, indicating substantial loss of flux. The
extraction process was also evidently incomplete at 400°C, as
suggested by the discontinuity at 420°C. As already
mentioned, there may be some benefit obtainable from
applying a high heating ramp, like 40 K/min, a rate that is
actually typical in the benchtop reactor for processing larger
amounts of materials for the scale-up work. % 17

The Finnish serpentinite rock used in this test also contains
other reactive components (FeO, Fe203, FesO4, Ca0, etc.) not
accounted for in reactions (9)-(12). The degree to which their
presence modifies the TG analysis will depend on their levels
and extractability. The major impurities are Fe-oxides,
constituting 14 wt.% of the rock. The balance consists of CaO
(0.5 wt.%) and other impurities the effect of which can be
discounted to a first approximation. A recent study 18
determined the Fe?* vs. Fe® content in Finnish and
Lithuanian serpentinite rocks using a wet chemical method.
The study showed that Fe?* constitutes 78-79% and 97% of
the Fe in the Finnish and Lithuanian serpentinite rocks,
respectively. If we assume that Fe is present as wistite (FeO),
the theoretical AW should be 13.3% according to reaction
(13).

This journal is © The Royal Society of Chemistry 2014
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FeO + (NH4)2S207 > FeSO4

+2NH3 + H20  (AW=-13.3%)
With respect to the combined masses of Finnish serpentinite
and AS reagent, reaction (13) corresponds to a 2.4% AW.
Note that the AS reagent was supplied at an amount sufficient
for 60% extraction of Fe (reaction (13)) in addition to full
extraction of the Mg component (reaction (12)). Thus, for
complete conversion of Mg to MgSO4 and a 60% conversion
of Fe to FeSOa, the theoretical AW is ~30%. This value is still
12%-points higher than what is obtained from the TG analysis
at 400°C (Fig.1c) and ~4%-points lower than that obtained
from Fig. 3a. On the other hand, with a conversion of 60% for
Mg (to MgS0Qa) and for Fe (to FeSOa) as typically obtained 4,
a theoretical AW of 17.7% is predicted. This value is very
close to the 18% AW obtained from the TGA profile in Fig.
1c. There is, however, a possibility of another reaction taking
place. We can assume that sulfamic acid (SA) could be
formed from AS decomposition 7 15 according to reaction
(14):
(NH4)2SO4>NH3S03 + H20 + NHz (AW =-26.5%) (14)
(NH2)2SO4 [>NHsHSO4+NHs (9)] =

NH3SOs3 (s) +NHz (g) + H20 (g) (15)
Two major ways of producing SA from AS decomposition
are through ABS or APS intermediates. Through ABS, the
gaseous product compositions and theoretical AW remain
unchanged. In this case, the formation of SA during the
extraction reaction has a 15.9% AW with respect to the
combined weight of serpentinite and AS. The SA thus
produced could react with serpentine according to reaction
(16):
3NH3SOs3 + M(@3Si20Os(OH)4 >3MgS0a + 2SiO2

+3NH3z+ 2H0 (AW =-15.3%) (16)
FeO + NH3SO3 > FeSOs4+ NHz (AW =-10.0%) (17)
With respect to the serpentinite rock and AS reactant, the
combined AW from reactions (15) and (16) is 26.4%. If we
postulate that the reaction of FeO with SA is accompanied by
a de-ammonization reaction according to reaction (17), then
the resulting AW is 0.8%, which is of only minor significance.
This brings the cumulative AW for the reaction of SA (formed
via the ABS precursor) and serpentinite to 27.2%. When we
account for inefficient (60%) Mg and Fe extraction reactions,
the predicted AW should be between 16.6% and 21.9%. The
result obtained in Fig.1c also fits quite well into an AS>SA
intermediate route. However, the fit to the AS—>APS
intermediate route is better.
On the other hand, SA can be produced from an APS
precursor according to:
(NH4)2S207 > 2NH3S03 (s) + H20 (g) (AW = -8.5%) (18)
The theoretical AW with respect to the initial reactants
(serpentinite/AS), is 25.5%. The reaction of Fe with AS
reagent is accompanied by the de-ammonization reaction (17)

This journal is © The Royal Society of Chemistry 2014
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with a AW of 0.8%, resulting in a total AW of 26.3%. When
we account for inefficient Mg and Fe extraction, the predicted
AW should range from 15.9% to 21.2%.The effect of helium
gas on the S/AS reaction was also examined. There was a
significant change in the TG-MS results when the reaction
was performed in an inert gas flow environment, as seen by
comparing MS traces in Fig. 4 (He) vs. Fig. 3 (air).
Analytically, the use of He carrier gives rise to a substantial
improvement in data quality. Background (interference)
peaks (not shown) are minimized, leading to more distinctive
analyte peaks at m/z 16, 17, and 18. For example, in the
absence of Oz, the m/z 16 peak now reflects the level of NH2*,
evolving at the same temperature as m/z 17 (NHs") as
expected. Furthermore, the NO (m/z 30) peak is absent in He,
proving that it originates from a reaction of NHx species with
molecular O2. Curiously, all spectral peaks were found at
systematically lower temperatures in He as compared to air
flow, the first peak occurring at 300°C (vs. 312°C in air). At
the same heating rates (10 K per min), very similar total AW
(52-53%) were measured, but reactions in He were complete
by 455°C (vs. 480°C in air). This shift to lower temperature
was evident also in the individual AW stages. In Fig. 4, these
were < 313°C (AW = —12.2%), 313-395°C (AW = —30.0%)
and 396-455°C (AW = —9.25%).

DSC peaks at 280°C, 360°C, and 425°C were consistent with
the respective maxima in the derivative AW. The
corresponding values in air were < 340°C (AW = —15.0%),
340-420°C (AW = —28.4%), and 420-540°C (AW = —10.1%).
It remains unclear if the apparent inhibitory effect of air is of
chemical or physical origin, but the latter is most probable. It
is known that the thermal diffusivity of air is much lower than
that of He, thereby adding more thermal inertia (delay in
thermal equilibration at the sample) during a ramp. The
production of SO: is considered to mark the onset of
decomposition of AS, which reduces the efficiency of the
extraction reactions. Almost regardless of gas atmosphere,
this occurs just below 400°C, consistent with the value of
~390°C identified in our previous study.’

3.4 SIABS reaction

The DSC curve for S/ABS reaction in He flow (Fig. 5)
appears to be “missing” the first peak at 280°C as seen in the
S/AS reaction. However, other low temperature features are
evident, namely, minor endothermic peaks at 90 and 145°C,
accompanied by small MS peaks for H20 (m/z 18, 17). The
first is removal of adventitious absorbed water (ABS is
hygroscopic), whereas the 145°C endotherm is probably due
to sudden residual water release triggered by ABS melting.
However, a weak “background” signal of water continued up
to 300°C, at which point a quasi-continuous AW up to ~10%
had been measured.

J. Name., 2014, 00, 1-13 | 7
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Fig. 4. S/AS reaction in He flow with 10 K/min heating ramp: 40°C to 540°C. Left: TG-MS profiles. Right: TG-DSC profiles.

If reaction (11) is followed, APS is the product with a
predicted AW (with respect to the combined masses of
serpentine and ABS) of 4.3%. However, the actual AW was
closer to that for ABS dehydration to SA, with a theoretical
AW of 8.7%. If this is the case, extraction by SA can be
written as:
3NH3SOs3 + M@3Si20s5(OH)4 - 3MgSO4 + 2SiO2

+3NHs + 2H20 (AW =15.3%.) (19)
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Fig. 5. S/ABS reaction in He flow and 10 K/min heating ramp: 40 to 550°C. Left: TG- MS profiles.
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500

with a theoretical AW of 15.3%. This is similar to the actual
2" stage AW (310-400°C) of 17.1%. New peaks of NH3 and
H20 just below 400°C, corresponding with the DSC peak at
~360°C, all appear to support assignment of the 2" stage to
extraction chemistry. The third stage beyond 400°C (DSC
peak at 440°C) had associated NHs/H20 peaks, but also
showed the familiar MS responses at m/z 48 and 64 (SO:2
evolution), confirming flux decomposition.
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Fig. 6. MgO/AS reaction in He gas flow and 10 K/min dynamic heating from 40 to 550°C. Left: TG- MS profiles. Right: TG-DSC profiles.

Once again, the overall AW (> 40%) exceeded significantly
the expected value of 22.7%, for the S/ABS reaction, showing
that flux losses are relatively similar in both AS and ABS.

3.5 MgO/AS reaction
TG-DSC-MS analysis on the MgO/AS reaction was
performed as a control test. Results should highlight the more
intractable mineral environment in the S/AS reaction,
including the effect of impurities. The TG-MS and TG-DSC
profiles for MgO/AS (Fig. 6) and S/AS reactions (Fig. 4) were
very similar. The first sign of SOz evolution occurs below
400°C while the final degradation stage of AS peaks at 430°C
with the evolution of H20, NH3, SOz, and NO. The theoretical
AW for the MgO/AS reaction is 30.2% as below:
3MgO + 3(NH4)2S0Os > 3MgSOs + 6NHs + 3H20

(AW =-30.2%) (20)
which is very similar to that of the S/AS reaction (28.5%).
The formation of ABS at 250-330°C corresponds to AW =
9.9% with respect to the MgO/AS mixture, whereas the TG
data gives AW = 15.7%. The “extra” loss (5.8%) appears to
correlate with H20 evolution, suggesting dehydration to APS
(5.2%) and/or SA (10.4%), although ABS sublimation may
contribute to the total (see Fig. 5). Curiously, Fig. 6 shows the
presence of a weak NO peak (m/z 30) at 300°C. This may
result from preferential oxidation of any sublimate due to its
highly dispersed form, but its absence in the S/AS reaction
via the same mechanism cannot be explained. TG results
show a second stage AW of 28.5% at 325-390°C (Fig. 6),
bringing the cumulative AW to 44.2%. At this point, it is
expected that the formation of APS (or SA) from AS and its
reaction with MgO:
2MgO + (NH4)2S207 > 2MgS0Os + H20 + 2NHa.

(AW =-17.7%) (21)

This journal is © The Royal Society of Chemistry 2013

is complete, but this sums to reaction (20), or a loss of 30.2%.
Thus, even before the 3" stage (AW ~7%) representing final
gasification at 440°C, a significant flux loss has already
occurred. The potential importance of SA and its inter-
relationship with ABS and APS by humidification are
considered in Section 3.6.

36 TG and TG-FTIR studies of
volatilization and effect of humidity
From a preliminary test on sulfamic acid (SA) by TG-FTIR
in a dry N2 flow up to 500°C, 3 stages of volatilization were
identified as seen in Fig. 7a. Below 300°C it merely sublimed,
losing up to 20 wt% but with no detectable other evolved gas.
From 300-400°C, NHs and H20 were evolved with a stage
AW of ~25%, suggesting decomposition to pyrosulfurous
acid:
4NH3S03 2> 2H2S:0s5 + 2NHs3

+ 2H20 + N2 (AW=-25.3%) (21)
Any N2 produced would be undetectable by IR spectroscopy.
Above 400°C, SOz and H20 were released together according
to:
H2S205 > 2S02 + H20 (22)
In earlier work 1° Halstead proposed a very complex
degradation mechanism in which SOs is initially a minor
component but this was not substantiated by FTIR as no S=O
band was seen at 1400 cm1,2°
In separate TG experiments, a ramp and hold at a typical
extraction temperature of 400°C resulted in volatilization of
the entirety of the SA sample within 30 minutes, implying
severe competition between extraction and flux loss. In
contrast, with 3.6 vol% H20 present at a lower temperature
(200°C), a weight gain plateau of 17.0% was reached in one

sulfamic acid

RSC Advances, 2013, 00, 1-.. | 9
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hour, suggesting that ABS is formed, presumably being the
more stable intermediate under these conditions:

NH3SO3 (s) + H20 (g) €<~

NH4HSO4 (s) (AW=+17.5%) (23)
At 300 °C and the same humidity level, a weight gain was
still observed during the ramp stage but it passed through a
maximum, dropping slowly to ~9% within 2 hours. This
suggests that SA now transforms to APS according to:
2NH3SO0s (s) + H20 (g) <>

(NH4)2S207 (AW = + 8.8%) (24)
for which the theoretical weight gain is 8.8%. However, by
350 °C, there was a continuous AW at a fixed rate of ~17%
per hour. The effect of varying the humidity (vs dry N2

a
1
500 sublimation I sublimation 0
& decomposition
-20
400
¢ s
& 300 >
160
2 |II %
200 | 1%
NH, \
/\ 400
100 : . T
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control) at 400°C is shown in Fig. 7b. During the ramp stage,
weight gains of up of 10-12% were initially seen at all
humidities. However, during the final hold steady AW levels
were established whose slopes were dependent on the
humidity level. It can be concluded that material losses occur
primarily via a physical mechanism, namely, sublimation,
because in all cases fixed rates were maintained down to an
abrupt discontinuity at 100% loss (not shown). Unlike
previous TG-FTIR studies 7 that confirmed sublimation (and
re-solidification downstream) as the cause of blocked tubing,
the same instrumental problem was avoided here by

prior disconnection of the transfer line to the FTIR. The
differing slopes may reflect the susceptibility to sublimation

b
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Fig.7. (a) TG-FTIR of sulfamic acid up to 500 °C in dry N2 (b) Effect of humidity on TG curves up to 400 °C
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of stabilized (more hydrated) intermediates ABS and APS,
and/or equilibrium mixtures with SA.

Typically, the presence of water vapour restricted the
volatilization rate to just 60% per hour, suggesting a far
longer contact time between flux and mineral may be
achieved, with benefits for extraction efficiency. The effect
of the same levels of humidity on extraction up to 450°C, as
indicated by the TG curves for fine particle size Finnish
serpentinite (< 56 um) in admixture with a stoichiometric
amount of ammonium sulfate (S/AS = 0.70), are shown in
Fig. 8a. A baseline AW of 33% was recorded in dry N2 but
increasing levels of humidity caused a progressive increase in
the final weight of the residue, suggestive of restricted loss of
flux and, potentially, improved extraction of Mg. At 14 vol%
H20, the AW approached 30%, i.e., very close to the
theoretical value for 100% extraction from pure serpentine
(reaction (1), AW = —28.5%), as marked by the dashed line.
The effects of humidity on the FTIR response for NH3z and
SOz evolution during the same experiments are shown in Fig.
8b. Ammonia was released first, peaking at roughly 390°C,
whereas SOz was evolved in two stages at 450°C in dry Nz,
suggesting a complex decomposition mechanism. While NH3
evolution was unaffected by the presence of humidity, the
loss of SOz was progressively limited although it never
reached zero even at the highest humidity level explored. The
loss mechanism for sulfamic acid, the inevitable product in
dry carrier gas, is evidently a combination of sublimation and
degradation to gaseous products. The simplest interpretation
is that humidity promotes formation of (NH4)2S207, probably
the most thermally stable and least volatile flux component.
This view is supported by the fact that the related potassium
salt, a common flux used in mineral dissolution (XRF
analysis), does not start to evaporate significantly until above
500°C.%

RSC Advances

TG curves for coarser particle cuts (56-125 um and 250-400
pm) showed clear evidence for progressively higher losses,
the weight changes in dry N2 under similar conditions being
—41 and —55%, respectively. On the simple assumption that
the flux can either extract Mg (as MgSQOa) or volatilize away
uselessly, a hypothetical AW can be a calculated for any
degree of extraction on the basis of material balance. The
foregoing (measured) AW values correspond to 86, 58, and
14% Mg, respectively. As shown in Table 2, the addition of
humidity restricted the AW substantially, resulting in a
hypothetical doubling of extraction for the large (250-400
pm) particle fraction. Best estimates of extraction levels of
Mg and recovery level of S from wet chemical analysis (ICP)
are also listed. Further information given in Table 2 includes
product (phase) composition by XRD and elemental N
analysis (as a measure of residual NH4* ion).

The first encouraging result in the finest (< 56 um) mineral
extractions was the recovery of the flux, as estimated from the
S level determined by ICP. This ranged from 82% (dry N2)
up to 91% (14 vol% H20), and substantially higher than
reported previously.” These values of S recovery were quite
consistent with the Mg extraction values predicted by
gravimetry. However, the actual (soluble Mg) levels by ICP
were found to be consistently lower than the S recoveries,
suggesting the formation of Mg products containing “excess”
sulfate (vide infra). The fact that a high (S)ulfate recovery was
obtained even from extraction under dry N2 shows that
mineral particle size is a very important determinant of flux
recycling efficiency. A growing discrepancy was seen
between hypothetical extraction of Mg (as indicated by TG)
and S recovery (by ICP) with increasing particle size. The
predictive power of the measured weight loss then became
quite poor, presumably due to increasing deviation from the
simplistic assumptions

Table 2 - Results of extractions on Finnish serpentinite (1/3 mol/mol mix with ammonium sulfate)

grain extraction | gas flow product phase(s) wtloss | %N | Mg | %9Mg | %S
size temp/time | humidity (%) extr.* extr. extr.
(pm) [°C/min] | (% H20) XRD TG (EA) | [TG] ICP ICP
(NH1)2Mg2(SO4)3 [MgSO4+7H20]"
> SiO2 (?) > MgS04+6H20
0(N 33 2.26 86 54 82
(N2) ~ (NH4)2Mg(SO4)2¢6H20
> [Mg(Fe)]2SiO4 ( | = 3300)
<56 450/30 7.2 31 — 92 55 85
as dry N2 but less Forsterite
106 [Mg(Fe)12SiOa (I = 2900) 81 B 92 %6 88
14.0 30 245 95 58 91
as fine grain (< 56 um) but
0 (N2) Forsterite now strongest pattern 41 1.83 58 21 27
56-125 430/45 [Mg(Fe)]2SiO4 (1 = 4600)
7.2 37 — 75 23 31
10.6 36 — 77 24 32

This journal is © The Royal Society of Chemistry 2014
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as dry N2 but less Forsterite
14.0 [Mg(Fe)]sSiOx (I = 2000) 32 2.27 85 26 36
0 (N2) 55 0.97 14 7 10
250-400 450/30
10.6 51 2.00 27 13 22

tEstimated from wt loss data " after exposure to air: (NH4)2Mg2(SO4)3 + 13H20 - MgSOs+7H20 + (NH4)2Mg(SO4)226H20

made as regards material balance. The effect of heat treatment
regime on reaction progress was examined briefly in dry N2
for the intermediate (56-125 pum) particle size but found to be
quite minor. The tabulated values of 21% Mg extraction and
27% S recovery for this slightly lower temperature/longer
time treatment were comparable to the values obtained after
heating to 450 °C for 30 minutes, namely, 22% and 29%,
respectively.
The more puzzling result in Table 2 is the extraction
efficiencies for Mg. These remained at quite modest levels (<
60%), similar to those reported in our earlier work # 7.9 10,
despite excellent stabilization of the flux in the fine particle
mineral size fraction. XRD analysis provides one possible
explanation insofar as the dominant extracted phase was
(NH4)2Mg2(SOa4)s, also known as synthetic efremovite. If this
is an essential intermediate in the mechanism (ultimately
yielding MgSOu or its hydrates), then the stoichiometry of
reaction 1 corresponds to a 50% deficit in the amount of flux
needed for full extraction:
2/3M@3Si205(0OH)4 + 3(NH4)2S04 > (NH4)2Mg2(SOa4)3 +

4138102 + 193 H20 + 4NH3 (25)
resulting in a theoretical maximum Mg extraction level of
67%. The actual process is not represented exactly by reaction
(25) because the associated AW (22.6%) was well exceeded
and the next most intense pattern in XRD was that of
hexahydrite (MgSO4+6H20). Equilibration of the samples in
ambient air over several days resulted in a significant weight
gain (> 50%) and dramatic changes in XRD, efemovite and
hexahydrite  being replaced mainly by epsomite
[MgSO4¢7H20] and with some growth in boussingaultite
[(NH4)2Mg(SO4)226H20], suggestive of a disproportionation
reaction:
(NH4)2Mg2(SO04)3 + 13H20 > MgSO4¢7H20

+ (NH4)2Mg(S04)226H20 (26)

The previous assignment of a peak at 20 ~ 10.8 ° to SiO2 7
may have been in error. Although this peak appeared
regularly in these experiments and silica is an expected
product, exposure to ambient air caused substantial
weakening of its intensity. Other frequent and significant
peaks difficult to assign were seen at 20 ~ 24.2 ° (d = 3.69 A),
30.6 ° (d=2.92 A), and a doublet around 62.5 ° (d = 1.48 A),
the last present only in the 250-400 um mineral cut. As they
were also more intense in these coarser particles, they
probably derive from a non-hydrated serpentinite structure
akin to olivine produced in-situ. No evidence was seen for
residual (mainly lizardite) mineral or unreacted AS, which
would have been indicated by their respective main peaks at
20 ~ 12.1° (d = 7.31 A) or 26.6° (d = 3.35 A), respectively.

12 | RSC Advances, 2014, 00,..

Also absent were the peaks of probable intermediates APS
(20 ~17.6°,d=5.02 A), ABS (26 ~ 18.7°,d =4.75 A), or SA
(20 ~ 22.1°, d = 4.01 A).

More information on the solid product composition was
gleaned from the N analysis, which at around 2.5 wt% N was
roughly half that expected (5.5 wt%) if all the flux was
assumed to have formed efremovite. Despite the evidence that
a significant fraction of Mg was not extracted due to flux
limitation, no starting mineral (antigorite) was seen in XRD.
Instead, the patterns of forsterite/fayalite [olivine -
{Mg(Fe)}:SiO4], accounted for residual Mg and Fe, the
principal contaminant. This is a surprising observation
because dehydroxylation of the heated serpentinite mineral
alone normally occurs well above 500 °C.2224 Furthermore, it
yields an amorphous dehydrated “meta-serpentinite” phase
that is more reactive with COg, forsterite only crystallizing
out at close to 800 °C. Thus, the presence of the flux not only
initiates Mg extraction but at the same time accelerates
reaction 27:

2MgsSi20s(OH)s > 3Mg2SiO4 + SiO2 + 4H20 (27)
a complex process involving phase segregation. Since
treatment in dry N2 resulted in higher forsterite levels (see
Table 2 - XRD intensity (I) values in parentheses), the
suppressing effect of water on this undesirable side reaction
was doubly important. The observed trend of increasing
forsterite product from the larger mineral particle size (lower
extraction) under otherwise identical conditions would also
be expected because of the limited-time (partial) access of the
flux to the mineral core.

Conclusions

This paper addresses the mechanisms of Mg extraction from
Finnish serpentinite rock using recoverable AS reagent for the
purpose of CO2 mineral sequestration. Having a closed loop
process necessitates that AS reagent losses are restricted
ideally to zero. Therefore, identifying the loss mechanisms
and establishing reaction conditions that minimize losses are
important. We believe that the power of the coupled thermal-
spectroscopic methods applied towards these objectives,
namely, thermogravimetry (TG)/ differential scanning
calorimetry (DSC) — mass spectrometry (MS) and TG-FTIR,
is self-evident.

Similar to previous literature, we conclude that AS reagent
first decomposes to ABS between 200°C and 250°C, releasing
ammonia (NHs) gas and water (H20) vapor. Sulfur dioxide
gas was detected at 250 - 320°C, marking a second
mechanism of AS loss. A similar occurrence was observed

This journal is © The Royal Society of Chemistry 2014
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with tests performed on the thermal decomposition of ABS.
Detection of an SOz peak in this temperature range indicates
a loss of ABS through sublimation rather than a complete
degradation of AS or ABS. It was concluded that AS
decomposition proceeds through a series of reactions that lead
to the formation of APS via an ABS precursor. Weight loss
calculations show that by 400°C APS is the predominant
product of AS and ABS decomposition, and thus, the most
likely reagent for Mg and Fe extraction from serpentinite in
the range 400 - 480°C.

On another hand, qualitative and quantitative interpretation of
thermolysis of the S/AS reaction is not as straightforward as
that of pure AS or ABS compounds. The likely possibilities
were identified with S/AS tests: formation of APS or sulfamic
acid (SA) precursors that extract Mg/Fe cations from
serpentinite above 400°C. However, the reaction of
serpentinite with the APS precursor was found to be the most
probable. At a heating rate of 10 K/min, tests performed with
S/AS show a first peak of SO2 at 400°C and a second peak at
435°C, while at a 40 K/min heating rate the first and second
peaks of SO: are distinct at 437 and 502°C respectively. In

List of Abbreviations

Abbrev. Meaning

RSC Advances

addition, applying the faster heating rate in the S/AS reaction
results in a significantly lower weight loss than at 10 K/min,
namely, 46% vs. 54%, respectively, implying better retention
of flux and higher extraction efficiency. Thus, heating rates >
40 K/min should be further explored as one means to
minimize AS reagent losses at identified optimal Mg
extraction temperatures of 440 - 480°C. Other process
variables that offer benefits in terms of flux recovery and Mg
extraction are milling to fine particle size and the use of
humid gas flow, which stabilizes less volatile flux
components and the more reactive serpentine (hydrated)
mineral form of magnesium silicate.
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ABS Ammonium bisulphate

APS Ammonium pyrosulphate

AS Ammonium sulphate
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ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry

MS Mass Spectrometry
S Serpentinite

SA Sulphamic acid

TG Thermogravimetry
XRD X-ray diffraction
XRF X-ray Fluorescence
AW Weight loss (%)
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