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Abiotic reduction of Mg(II)-Al(III)/Fe(III)-SO4/CO3 hydrotalcites (HTLCs) was investigated under three 
anoxic abiotic reaction conditions: (1) a target pH of 8 and 10 mM Fe(II)(aq), (2) a target pH of 8 and 0.5 
mM Fe(II)(aq), and (3) a target pH of 10 and 0.5 mM Fe(II)(aq). Under both Fe(II)(aq) concentrations and at 
the targeted pH of 8, the greatest Fe(II)(aq) uptake, Mg(II)(aq) release, and least deviation in pH was 10 

observed for Fe-based HTLCs (Mg(II)-Fe(III)-SO4/CO3) irrespective of the interlayer ion (SO4 or CO3). 
In contrast, the Al-based HTLCs showed the greatest pH drift from the target pH of 8; this phenomenon 
was attributed to remaining total Fe(II+III) in solution. At the target pH of 10 and 0.5 mM Fe(II)(aq), the 
pH of the Al-based HTLCs was greater than the Fe-based HTLCs despite 99% of the Fe(II) being 
removed from solution in both cases. The greatest Mg(II)(aq) release was again observed for the Fe-based 15 

HTLCs. Unique to these reaction conditions was the readsorption of the released Mg(II)(aq) by the Mg-Fe-
CO3 HTLC. The major reaction phases produced from the adsorption of Fe(II)(aq) onto Mg(II)-
Al(III)/Fe(III)-SO4/CO3 HTLCs were green rust (GR) and magnetite (MG). Two types of phase 
transformation mechanisms are suggested to occur during the adsorption of Fe(II)(aq) onto Mg(II)-
Al(III)/Fe(III)-SO4/CO3 HTLCs, both dependent upon the metal ion (Al vs. Fe) and independent of the 20 

interlayer ions (SO4 or CO3). For Fe-based HTLCs (Mg-Fe-SO4/CO3), surface adsorption of Fe(II)(aq) and 
surface precipitation allows electron transfer (between Fe(II)↔Fe(III)) and subsequent atom exchange to 
occur at the surface as well as within the bulk HTLC structure. For the Al-based HTLCs (Mg-Al-
SO4/CO3), this surface adsorption of Fe(II)(aq) and surface precipitation still occur but electron transfer is 
limited to the precipitated surface phase due to the redox inactivity of the Al(III) groups in the HTLC 25 

structure.
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1. Introduction 

Hydrotalcites (HTLCs) are made up of hydroxycarbonates of 
Mg(II) and Al(III) with the common formulae 
Mg6Al2(OH)16CO3·4H2O. This family of compounds can be 5 

described by the general formula [M(II)1-xM(III)(OH)2] (A
n-)x/n · 

mH2O, where M(II) and M(III) are di- or tri-valent metals, An- is 
an interlayer anion, and x is the M(III)/M(III)+M(II) ratio. For 
example, pyroaurite is a variety of HTLC where Fe(III) occurs in 
the HTLC structure instead of Al(III). Many other cation-anion 10 

sequences (e.g., Mg(II) ↔ Co(II), Ni(II), Zn(II), Fe(II), Cu(II), 
Mn(II), Al(III) ↔ Fe(III), Cr(III) and CO3(-II) ↔ SO4(-II), NO3(-
I) ↔ Cl(-I)) can exist in synthetic or natural systems.

1-11 Since 
their discovery in 1842, HTLCs have attracted much attention in 
many multidisciplinary research fields (such as catalysis

1,4,7,12-
15 

15
, surface science

1,9-10
, organic-bio and inorganic 

synthesis
1,8,10-12

, electrochemistry
10

, mineralogy
1,5,6,11

, soil 
science

1,2,6
, and environmental engineering/science

1,3,7,9,16-25
) 

and been translated into industrial applications (chemical 
manufacturing, concrete production, pharmaceuticals and 20 

Uranium mining companies) because of their: (i) adsorption 
capacity; (ii) the cation-exchange ability of the brucite layer; (iii) 
the anion-exchange ability of the interlayer space; (iv) the tunable 
basicity of the surface, and (v) the control on toxic aqueous 
metals (e.g., As, Ni, Se) and radio-nucleotides in natural and 25 

anthropogenic (e.g., mine tailings) environments.  
 To date, the dominant research focus has been on improving 
understanding of the formation mechanism of HTLCs with mixed 
M(II)-M(III)-An- ion solutions in compositional varieties (e.g., 
Ni(II)-Fe(III), Mg(II)-Fe(III), Zn(II)-Al(III), SO4(-II)-CO3(-II), 30 

CO3(-II)-Cl(-I))
5, 8, 26, 27

and/or HTLC formation from simple 
Al(III)/Fe(III) oxides/hydroxides (e.g., AlOH3, FeOH3, AlOOH, 
FeOOH).

28, 29
 To the best of our knowledge, the phase 

transformation and abiotic anoxic reductive dissolution of HTLC 
phases under the influence of environmentally important metal 35 

ion species (e.g., Fe(II)(aq)) under anoxic geochemical conditions 
is not known. This is in contrast to the well-studied multi-element 
(e.g., As) control phases, including ferrihydrite (FH) and other 
Fe-oxy/hydroxides (e.g., lepidocrocite, LP; magnetite, MG; 
goethite, GT; hematite-HT) or Al-oxy/hydroxides (e.g., gibbsite, 40 

GB; alumina, AL).
30-36

 Recently, extended X-ray absorption fine 
structure (EXAFS) was used to show that Fe(II)-Al(III) layered 
double hydroxides can be formed at near neutral pH from Al2O3, 
clay (mica-montmorillonite), and amorphous silicate but not 
HTLC substrates.

37,38
 Thus, the objectives of this study were to 45 

investigate Fe(II)(aq) sorption onto the surface of Mg(II)-
Al(III)/Fe(III)-SO4/CO3 HTLCs in alkaline abiotic anoxic 
environments and characterize any Fe(II)-Mg(II)-Al(III)/Fe(III)-
SO4/CO3 phases that form. An additional objective was to 
investigate how the metal composition of the HTLC phase (Al ↔ 50 

Fe) and interlayer (SO4 ↔ CO3) ions affect the type of Fe(II)-

Mg(II)-Al(III)/Fe(III)-SO4/CO3 phases formed via different types 
of formation mechanisms. 

2. Experimental 

2.1 Synthesis of Mg(II)-Al(III)/Fe(III)-SO4/CO3 Hydrotalcites  55 

Samples of Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs were 
prepared at room temperature (21 °C) using the co-precipitation 
method.

9 In the case of the MgAlCO3 HTLC, for example, this 
involved adding a solution (via a peristaltic pump, rate 1000 
mL/h) containing MgCl2·6H2O and AlCl3 (in molar proportions 60 

to yield an M(II)/M(III) molar ratio of 2) to a solution containing 
3.5 M NaOH and 0.95 M NaCO3 and mixing. The final pH of 
these solutions from which the solids precipitated was 13.4. In the 
case of MgFeCO3, MgAlSO4, and MgFeSO4 HTLCs, chemical 
grade reagents were used following the same procedure as 65 

described above. 
 The wet solids produced by precipitation were washed in 
deionized water (pH 5.5) five times to remove Cl- impurities, then 
air dried for 24 h at ambient temperature. These solids were then 
characterized using inductively coupled plasma mass 70 

spectrometry (ICP-MS), X-ray diffraction (XRD), and micro-
Raman spectroscopy to confirm the Mg(II)-Al(III)/Fe(III)-
SO4/CO3 HTLC phases (Fig. S1a; Table S0). Dried samples from 
this batch were transferred to a glove box (UNIlab station from 
MBraun, Germany; 100% N2) for abiotic reduction tests 75 

(discussed below). For comparative purposes, GR, LP, GT, FH, 
MG, GB, boehmite (Bo: AlOOH), Mg(II)-Al(III)-Fe(III) 
containing-SO4-CO3 HTLCs (see Fig. S1b), and amorphous 
AlOH3 were also synthesized using published methods

30, 36, 39-

41
. Reagent grade MgO, MgOH2 (brucite), MgAl2O4, and 80 

Al2(SO4)3 from Sigma-Aldrich were also used as reference 
materials.  
 

2.2 Abiotic batch reactions  

Abiotic anoxic Fe(II) redox reactions of Mg(II)-Al(III)/Fe(III)-85 

SO4/CO3 HTLCs were conducted in duplicate and in some cases 
triplicate (for phase confirmation) using Fe(II)SO4·7H2O (Fisher 
Scientific) as the Fe(II)(aq) catalyst. Fe(II)(aq) concentrations of 0.5 
and 10 mM were chosen for further study (discussed below). The 
Fe(II)(aq) stock solution was made by dissolving the 90 

Fe(II)SO4·7H2O salt in deoxygenated deionized water (pH ~6) to 
yield a 10 mM stock solution. Prior to using this stock solution to 
make the 0.5 mM solution, it was inspected after sitting overnight 
(12 h) to confirm the absence of any yellow colour (indicative of 
Fe(II) oxidation).

42
 A final confirmation that Fe(II)(aq) was active 95 

in solution was done using Fe+2 Quant Test Strips (Sigma-
Aldrich). The presence of red and the degree of color saturation 
in the strip is indicative of the Fe+2-cyano complex that forms and 
the approximate concentration range, respectively; red colour was 
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confirmed for both the 0.5 and 10 mM solutions and the degree of 
saturation was greater in the latter case. Fe(II)(aq) concentrations 
were inferred from measurements of the total Fe in solution via 
ICP-MS. In our initial reaction solutions, we assumed the amount 
of Fe(II)(aq) and the measured total Fe were the same; the 5 

solutions were prepared in the glove box where no Fe(III) was 
present and pure ferrous sulfate hydrated salt was used as the 
Fe(II)(aq) source. In the final solutions from the reactions, both 
Fe(III)(aq) and Fe(II)(aq) could exist due to the dissolution of the 
Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs and/or lack of total 10 

Fe(II)(aq) adsorption; thus, Fe(II)(aq) content could not be assumed 
from the total Fe content. Preliminary tests conducted using only 
the aqueous Fe(II) solutions (no Mg(II)-Al(III)/Fe(III)-SO4/CO3 
HTLC solids) demonstrated the formation of undesirable 
precipitates (likely Fe(OH)2(s)) at concentrations >10 mM 15 

Fe(II)(aq) at pH 8 and >0.5 mM Fe(II)(aq) at pH 10 (Fig. S2). As 
such, subsequent experiments were only conducted at Fe(II)(aq) 

concentrations of 0.5 and 10 mM at pH 8 and 0.5 mM at pH 10. 
These pH values can be typical of natural and anthropogenic 
(e.g., mine tailings) environments but do not include the lower 20 

and neutral pH ranges.  
 The Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs, Fe(II)SO4·7H2O, 
and Ca(OH)2 (Sigma-Aldrich) as well as deoxygenated-deionized 
water (produced by bubbling with N2(g) for 2 h) were placed in 
the glove box for 3 d to scrub adsorbed or dissolved oxygen from 25 

solids or solutions prior to use. After this 3 d period, saturated 
lime water (our base) was created in the glove box by dissolving 
10 g of solid reagent grade Ca(OH)2 (Sigma-Aldrich) in 1000 mL 
of the deoxygenated deionized water. To create the test solutions, 
40 mL of the Fe(II)(aq) solution were transferred into 150 mL 30 

glass beakers, the pH adjusted with the lime water to the target 
pH (8 or 10 ± 0.1), and 400 mg of the desired Mg(II)-
Al(III)/Fe(III)-SO4/CO3 HTLC solid then added. The pH was 
again measured and adjusted each day (if necessary) of the 7 d 
reaction period to maintain the target pH of 8 or 10. The reactions 35 

were allowed to proceed for 7 d to ensure completion of the 
reduction reactions and to emulate a Toxicity Characteristic 
Leaching Procedure (TCLP)-like leachability test on Fe, Al, and 
Mg.

43
 Similar reactions for Fe(III)/Al(III)-oxide/hydroxides 

occur in hours
30, 42

 and, as such, a 7-d period was considered 40 

sufficient for our purposes. Reported pH ranges are the mean of 
duplicate tests.  
 One mL of aqueous sample was collected from each reaction 
vessel using a 10-cm3 syringe with a 0.02 µm filter (Whatman 
Inc.) on day 1, 2, 4, and 7 of the experiment and analyzed for 45 

total Fe, Mg, and Al via ICP-MS. All solution data reported here 
represent the total element concentration and are not partitioned 
into the possible redox states that may occur in solution (e.g., 
Fe(II) and Fe(III)). Concentrations or percentages reported for 
elements of interest in solution represent the mean of duplicate 50 

tests. After aqueous sample collection on day 7, the remaining 
solution was separated from the solid via decantation and the 
solid left inside the glove box to dry. Solids samples were then 
powdered using a mortar and pestle in the glove box and 
subsamples collected and stored for analysis using the elemental, 55 

molecular, and structural techniques described below. All 
experiments were conducted at ambient temperature. 
 Separate reactions at a target pH of 8 and 10 mM Fe(II)(aq) were 

conducted on the Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs and 
stopped after day 1 of the reaction period to characterize the 60 

solids in detail and the mechanism of formation of the reacted 
phases observed after day 7. 

2.3 Analytical Methods 

Ambient X-ray diffraction and inert atmosphere (N2(g)) micro-
Raman spectroscopic analyses were conducted on the initial and 65 

final (day 7) reacted solids (Mg(II)-Al(III)/Fe(III)-SO4/CO3 
HTLCs). For XRD measurements, methanol (600 µL) was added 
to the ground dried powder subsamples to create a thin paste. 
This paste was then dropped onto a flat glass sample holder, 
evenly distributed, and allowed to dry. Measurements were 70 

conducted using a PANalytical Empyrean instrument with a 
rotating anode (2.7 kW) and a Co target (λ Co Kα = 1.7902 Å) 
using a graphite monochromator, operating at 40 kV and 45 mA. 
Scanning took place between 10 and 80 deg 2θ with a 0.01 deg 
step and scan step time of 85 s. All XRD measurements were 75 

collected under ambient conditions as no inert environment cell 
was available. Phase detection limits for lab-based XRD 
generally range from 1-5 wt.%. 

44
       

 Phase identification was conducted using the Phase-ID function 
in X’pert HighScore Plus software and the corresponding Joint 80 

Committee on Power Diffraction Standards (JCPDS) database 
reference data for FH (PDF 98-007-6750 and 98-011-1017), LP 
(PDF 98-001-2041), GT (PDF 98-003-4786), MG (98-011-7729), 
fougerite/GR(CO3) (PDF 98-011-2393), and HT (PDF 98-011-
9589). In addition, XRD analyses were conducted on commercial 85 

reagent grade GT (CAS No. 1310-14-1), LP (CAS No. 12022-37-
6), and MG (CAS No. 1309-38-2).  
 Inert atmosphere micro-Raman spectroscopic analysis was 
conducted using a Renishaw InVia Raman microscope equipped 
with a polarized argon laser operating at 785 nm. The laser 90 

delivered 25 mW at the laser exit and 8 mW at the sample using 
the 20x long distance objective (pot size of ~1 µm). Reacted 
samples as well as air-sensitive reference samples remained under 
inert anoxic conditions by placing them inside the Renishaw 
THMS 600 hot-cold cell with N2(g) sparged continuously during 95 

data collection at 25 °C (Fig. S3a). The high quality of the inert 
atmosphere Raman data was confirmed by the quality of data for 
our synthetic GR in comparison to literature Raman data.

45, 46
 

Five scans were collected from 150 to 1400 cm-1 and the average 
taken to improve the resolution and the statistics of the collected 100 

data; some data remained noisy irrespective of how many scans 
were taken or the duration of time over which they were acquired. 
The energy resolution was 4 cm-1 at the full width half maximum 
of the internal Si reference peak. The scans were collected at 10% 
of the laser output at the microscope exit to minimize radiation 105 

damage or local induced heat transformation of FH to HT or MG. 
47

 The system was calibrated to the 520 cm-1 Si peak (for position 
and intensity) before data collection. Phase detection limits for 
micro-Raman are typically on the order of 1 wt.%.

48
 Data 

collection and spectral treatment were performed with WiRE 2.0 110 

software from Renishaw. For all samples, three to five random 
areas were probed to ensure that the phase(s) were consistent 
throughout the sample. The Raman data presented represent two 
spectra from the various spots probed in the final reacted 7 d 
samples that reflect the mixture of phases found throughout the 115 

reacted sample. Additional inert Raman data were collected on 
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the reacted Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs at a target pH 
of 8, Fe(II)(aq) concentration of 10 mM, and after 1 day of reaction 
time. 
 Fe L-edge, Mg K-edge, and Al K-edge inert atmosphere X-ray 
absorption near edge structure (XANES) spectra were collected at 5 

the Canadian Light Source (CLS) on the spherical grating 
monochromator (SGM)

49
 11ID-1 beamline (∆E/E: ~10-4). To 

ensure our samples remained under anoxic conditions during 
testing, all powders (reacted and reference samples) were pressed 
onto carbon tape inside an anaerobic (N2(g)) glove box attached 10 

to the SGM X-ray absorption end station (Fig. S3b). XANES 
spectra were recorded using the medium and high energy gratings 
along with the surface sensitive total electron yield (TEY) and 
bulk sensitive fluorescence yield (PFY) detectors under high 
vacuum (5 × e-8 Torr). The entrance and exit slits were set at 50 × 15 

50 µm. Note that the raw un-calibrated energy XANES data are 
presented in the text for relative energy comparison purposes 
whereas the energy calibrated data are presented in the 
supplementary information. The energy calibration was 
accounted for in our work to ensure that any shifts in the energy 20 

of the XANES data being interpreted were real and not due to 
beamline energy differences of samples analyzed on different 
dates (which at SGM-CLS can be up to ~ 1 eV). Fe L-edge 
spectra were normalized using a single normalization method and 
the energy scale of our compounds calibrated to the main L3 peak 25 

of ferrihydrite occurring at 710.5 eV.
50

 Fe L-edge spectra were 
obtained from 696 to 740 eV using a coarse step size of 0.5 eV 
before the first edge and a smaller step of 0.1 eV at the main 
absorption edge(s). The same procedure and step size were 
followed for the Mg and Al K-edges but using energy ranges of 30 

1290 to 1355 eV and 1555 to 1610 eV, respectively. Because the 
standards and reacted samples were run on different dates, the Al 
K-edge of AlSO4, AlOOH, AlOH3(GB), and AlOOH (Bo) were 
calibrated to the first intense peak of boehmite (AlOOH) at 
1567.8 eV.

51 Al K-edges of the reacted samples and Mg(II)-35 

Al(III)-Fe(III) containing-SO4-CO3 HTLC standard were 
calibrated to the first intense peak of Mg-Al-CO3 HTLC at 
1567.7 eV.

51
 Similarly, the Mg K-edges of the MgOH2, MgO, 

and MgAl2O4 standards were calibrated to the first intense peak 
of MgO at 1296.9

52, and the reacted samples and the Mg(II)-40 

Al(III)-Fe(III) containing-SO4-CO3 HTLC standard were 
calibrated to the first peak of Mg-Al-CO3 HTLC at 1310.0 eV

53. 
To determine if the oxidation/redox and coordination states at the 
local Fe, Mg, and Al molecular environments of the reacted 
Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs changed

52-64
, the 45 

Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLC reacted at the target pH of 
8, for 7 d, and using 10 mM Fe(II)(aq) were analyzed using 
XANES surface (total electron yield, TEY) and bulk 
(fluorescence yield, FY; as partial fluorescence yield, PFY) 
sensitive analysis at the Fe L-edge, Mg K-edge, and Al K-edge. 50 

TEY is more surface sensitive than FY (even as PFY) because the 
sampling depth of TEY is ~5-10 nm from the surface whereas 
that of FY is deep inside the bulk (≥ 50 nm) of the solids.

65, 66
 

This local sub-micron detection of elements of interest (e.g., Fe, 
Al, Mg) cannot be achieved by bulk micro techniques such as 55 

micro-Raman and XRD due to their inherently longer range wave 
probes and micro-scale penetration depths. 
 Bulk elemental analysis of all aqueous and solid samples was 

conducted using a Perkin-Elmer NexION 300D ICP-MS 
instrument with a relative standard deviation (RSD) of ±10%. 60 

Solid samples were digested in an acidic media (HF-HNO3), left 
overnight (12 h) to dissolve, and diluted accordingly for analysis 
of total Fe, Al, and Mg.

67, 68 
All concentrations or percentages 

reported represent the mean of duplicate tests. For all tests, the Al 
leachability throughout the 7 d reaction period was always ≤ 0.3 65 

mg/L (i.e., < 0.002% of Al dissolved). As a result, Al leachability 
was deemed unimportant and is not discussed further. The 
percentage of Mg(II)(aq) released into solution from the solid and 
the remaining amount in the solid (100% ‒ Mg(II)(aq) released) 
were calculated from the average greatest concentration of 70 

Mg(II)(aq) released in the solution for the 7-d period and the initial 
amount of Mg(II) in the solid (Tables S0-S3). A similar 
computation was performed for the percent Fe(II)(aq) remaining in 
solution after the 7-d reaction period (Tables S1-S3). Individual 
leachability data for all reaction conditions investigated are 75 

available in the supplementary information (Tables S4-S6). 

3. Results and Discussion 

This section outlines the 7-d reaction behavior in terms of pH, 
total Fe adsorption, and Mg release as well as phase 
transformation characteristics of the Mg-Fe-CO3, Mg-Al-CO3, 80 

Mg-Fe-SO4, and Mg-Al-SO4 HTLCs under the three reaction 
conditions: a target pH of 8 and 10 mM Fe(II)(aq) [§3.1], a target 
pH of 8 and 0.5 mM Fe(II)(aq) [§3.2], and a target pH of 10 and 
0.5 mM Fe(II)(aq) [§3.3]. We further probe the HTLCs via inert 
XANES analysis under the most aggressive phase changing 85 

conditions: a target pH of 8, 10 mM Fe(II)(aq), and a 7-d reaction 
time [§3.4]. Finally, we discuss the phase transformation 
mechanisms that arise as a result of the Fe(II)(aq) uptake [§3.5]. 

3.1 Reactions at pH 8 using 10 mM Fe(II)(aq) 

In the reaction vessel containing only Mg-Fe-CO3 HTLC, the pH 90 

increased from the target of 8, resulting in an average pH range of 
8.0 to 8.9 throughout the experiment (Fig. 1a). The majority 
(98%) of the total Fe concentration in solution (as Fe(II)(aq)) was 
removed within the first day of the reaction period; by day 7, an 
average of 99% had been removed (Fig. 1b and Table S1). 95 

Mg(II)(aq) release (similar to the Fe(II)(aq) uptake) was almost 
complete after the first day of reaction, increasing slightly during 
day 2 before remaining constant to the end of the reaction period. 
A total of 1.42% of the Mg(II) present in the initial solids was 
released into solution by day 7 (Fig. 1c). Powder XRD data and 100 

phase analysis using X’pert Highscore of the reacted greenish 
Mg-Fe-CO3 HTLC solid phase at day 7 (Figs. 2 and S4) indicated 
a considerable mass of unreacted Mg-Fe-CO3 HTLC as well as 
the presence of MG, GR, GT, LP, and lesser amounts of FH 
(always ≤ 5% within the error of the search match). Inert 105 

atmosphere micro-Raman analysis (Figs. 2 and S5) confirmed the 
presence of GR, MG, and the remaining Mg-Fe-CO3 HTLC. The 
presence of a GR phase was supported by Raman spectra that 
showed typical Fe+2-O and Fe+3-O stretches at 400-500 cm-1; MG 
was evident by the presence of a band at 665 cm-1.

45, 46
 The pH 110 

range measured here for the formation of GR and MG (8.0-8.9) is 
consistent with literature values for Fe-oxy/hydroxides.

45, 46, 69, 

70 This observed pH range is important because it provides a pH 
formation range for Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLC 
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structures that have been unknown to date and demonstrates 
another family of structures from which GR and MG can 
precipitate. 
 For the Mg-Al-CO3 HTLC, the pH deviated from the target of 8 
(Fig. 1a and Table S1), but to a lesser extent than its Fe 5 

counterpart (Mg-Fe-CO3) discussed above. Although the final 
Fe(II)(aq) removal efficiency (at the end of the reaction period) 
was 99%, the amount of Fe(total) remaining in solution after the 
reaction period for Mg-Al-CO3 was greater than observed for 
Mg-Fe-CO3 (Fig. 1b). The relative amount of Mg(II)(aq) released 10 

was only 0.3% by day 7 (Fig. 1c) despite a significant amount of 
Fe(II)(aq) being removed from solution onto the Mg-Al-CO3 
HTLC. The reason for the high Fe(II)(aq) removal and low 
corresponding release of Mg(II)(aq) observed under this reacting 
condition for the Mg-Al-CO3 is not known. The Mg(II)(aq) release 15 

behavior for the Mg-Al-CO3 HTLC differed from the Fe-based 
HTLC counterpart, with substantially less (64 vs. 343 mg/L at 7 
days) Mg(II)(aq) released into solution (Fig. 1c and Table S1). 
Powder XRD of the final light green solids (Fig. S4) was 
dominated by the presence of the remaining Mg-Al-CO3 HTLC 20 

(Fig. 2). X’pert HighScore phase analysis showed the presence of 
MG, GR, GT, LP, and lesser amounts of FH. These phases were 
less obvious than in the Mg-Fe-CO3 HTLC counterpart. Micro-
Raman analysis of the reacted samples showed the remaining 
unreacted Mg-Al-CO3 HTLC but also the presence of GR (Figs. 2 25 

and S5). In this case, the GR phase was identified from an 
additional SO4 band in the reacted sample of the Mg-Al-CO3 
HTLC that was not present in the starting material (Figs. 2 and 
S5). We attribute our observation of a GR(SO4) type as part of 
the reacted Mg-Al-CO3 HTLC product to our reacting Fe(II)(aq) 30 

solution being derived from a soluble sulfate salt 
(Fe(II)SO4·7H2O). Moreover, the inert micro-Raman data 
contained additional CO3 bands not derived from the starting Mg-
Al-CO3 HTLC. We attribute this to the presence of a GR(CO3) 
phase (i.e., GR with CO3 and SO4 in the interlayer). 35 

 As observed in the Fe-based carbonate HTLC, the pH increased 
from the target of 8 to 8.2-8.9 for the Mg-Fe-SO4 HTLC (Fig. 1a 
and Table S1). Most of the Fe(II)(aq) was removed from solution 
by day 1, with 99% removed by day 7 (Fig. 1b). The total 
Mg(II)(aq) released into solution was 1.36% (Fig. 1c and Table 40 

S1). The Mg(II)(aq) release mostly occurred within the first day of 
reaction and slightly increased to a constant concentration by the 
end of the reaction period. This observation was consistent with 
its carbonate counterpart Mg-Fe-CO3. Powder XRD analyses 
showed the presence of the remaining unreacted HTLC as well as 45 

additional MG peaks (Fig. 2). A phase analysis search showed the 
presence of MG, GR, GT, LP, and lesser amounts of FH (always 
≤ 5%). Inert micro-Raman analysis of the blue-greenish (Figs. 2 
and S5) Mg-Fe-SO4 HTLC solids showed the presence of GR and 
MG (again, similar to its Fe carbonate counterpart). Literature 50 

values for the pH of formation for GR and MG were within our 
measured average range of 8.2-8.9 based on available Fe-
oxy/hydroxide data

45, 46, 69, 70
 and are consistent with the Mg-

Fe-CO3 HTLC data above. 
 Finally, the measured average pH range for the Mg-Al-SO4 55 

HTLC (7.5 to 7.7) was the lowest with respect to the target of 8 
and the other HTLCs tested (Fig. 1a and Table S1). The amount 
of Fe(II)(aq) removed from solution for the Mg-Al-SO4 HTLC was 

also the lowest (81%) observed over the course of the 7 day 
experiment (Fig. 1b). Notably, in the case of the Mg-Fe-SO4 60 

HTLC, the majority (99%) of the Fe(II)(aq) was removed from 
solution and the pH never fell below 8. As such, the decrease in 
pH observed in our reactions is attributed to the remaining Fe in 
solution forming acidic protonated aqueous Fe-SO4 complexes.

71
 

Further evidence of this comes from a comparison of the Mg-Al-65 

CO3 and Mg-Al-SO4 HTLCs; little to no Fe exists in solution to 
form these acidic aqueous Fe-SO4 complexes in the former and, 
as a result, the pH throughout the reaction period is ~8 or above 
(Fig. 1 and Table S1). The Mg(II)(aq) release (0.2 %) from the Mg-
Al-SO4 HTLC was similar to its carbonate counterpart; this 70 

indicates that although the Fe(II)(aq) uptake can be large (99% for 
Mg-Al-CO3 and 81% for Mg-Al-SO4), the corresponding 
Mg(II)(aq) release for the Al-based HTLCs (CO3 or SO4) is low 
compared to the Fe-based HTLCs (CO3 or SO4). It is noted that 
although the Mg(II)(aq) release for the Al-based HTLCs (CO3 or 75 

SO4) is similar (0.2-0.3 %, see Fig. 1c and Table S1), in the case 
of the MgAlSO4 here, the low Fe(II)(aq) removal (81 %) maybe 
one reason for the observed low Mg(II)(aq) release. The Mg-Al-
SO4 solids at the end of the reaction period took on a darker-
bluish-green color on the surface than the lighter green solids 80 

observed for the Mg-Al-CO3 HTLC (Fig. S4). XRD analysis of 
samples from the end of the 7 day reaction period showed the 
presence of the remaining Mg-Al-SO4 HTLC but also an 
additional shoulder at 40° from MG (Fig. 2). Our XRD phase 
search again indicated the presence of MG, GR, GT, LP, and 85 

lesser amounts of FH in our reacted sample. Inert atmosphere 
micro-Raman analysis of the reacted samples showed the 
remaining unreacted Mg-Al-SO4 HTLC but also the presence of 
GR from the additional SO4 band (Figs. 2 and S5) not present in 
the starting Mg-Al-SO4 HTLC. 90 

 

3.2 Reactions at a target pH of 8 using 0.5 mM Fe(II)(aq) 

Tests discussed in this section used “trace” Fe(II)(aq) 
concentrations (0.5 mM). The lower concentrations of Fe(II)(aq) 
ions in solution resulted in a total Fe (as Fe(II)(aq)) uptake of 99% 95 

by all of the solid Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs after 
day 1, and this was maintained to the end of the 7-d reaction 
period. 
 For the Mg-Fe-CO3 HTLC, the measured average reaction pH 
was greater than the target of 8 and ranged from 9.0 to 9.1 (Fig. 100 

3a and Table S2). Mg(II)(aq) release into solution was 0.21%, 
which is almost an order of magnitude less than for 10 mM 
Fe(II)(aq) (1.42 %) despite both conditions yielding a 99% 
Fe(II)(aq) uptake (Figs. 2b-2c, 3b-3c and Tables S1-S2). The 
difference in Mg(II)(aq) release was attributed to fewer Fe(II)(aq) 105 

ions available to exchange with the surface Mg(II) ions of the 
Mg-Fe-CO3 HTLC solids under trace Fe(II)(aq) conditions (Fig. 
3b). This is in contrast to tests conducted at 10 mM in which 
more Fe(II)(aq) ions were available to exchange with the surface 
Mg(II) groups of the Mg-Fe-CO3 HTLC (Figs. 2 and 3). Phase 110 

analysis of the reacted Mg-Fe-CO3 HTLC using XRD and inert 
micro-Raman spectroscopy (Fig. 4) was dominated by the 
presence of the remaining Mg-Fe-CO3 HTLC, but an XRD peak 
at 35° suggested the presence of MG. Phase analysis via X’pert 
HighScore indicated the presence of unreacted Mg-Fe-CO3 115 

HTLC along with MG, GT, LP, and FH (≤ 5 %). 
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 The greatest pH deviation from the target of 8 using trace 
Fe(II)(aq) was observed for the Mg-Al-CO3 HTLC (average pH 
9.0 to 9.7; Fig. 3a and Table S2). Consistent with the tests 
employing 10 mM Fe(II)(aq) and Mg-Al-CO3 HTLC, little to no 
Mg(II)(aq) was released into solution. The order of magnitude 5 

lower release of Mg(II)(aq) (Fig. 3b-3c and Table S2) under trace 
Fe(II)(aq) conditions was also attributed to fewer ions available for 
exchange with surface Mg(II) of Mg-Al-CO3 HTLC. However, 
the Mg(II)(aq) release was always lower for Mg-Al-CO3 versus its 
Mg-Fe-CO3 counterpart for Fe(II)(aq) concentrations of both 0.5 10 

and 10 mM. XRD and inert micro-Raman analysis (Fig. 4) of the 
final Mg-Al-CO3 HTLC only showed the presence of unreacted 
Mg-Al-CO3 HTLC with no evidence of any other common phases 
(e.g., MG, GR). Phase analysis with X’pert HighScore indicated 
the presence of MG, GT, LP, and FH but these were less evident 15 

than in the Mg-Fe-CO3 HTLC counterpart. This lack of 
sensitivity in the macro-bulk (XRD and micro-Raman) analysis 
was attributed to the small amount of Fe(II)-Fe(III)-SO4/CO3 
phases that formed under trace Fe(II)(aq) conditions. In future 
studies, nano-techniques such as transmission electron 20 

microscopy (TEM)
35

 will be used to confirm these phase 
transformations. 
 In the case of the Mg-Fe-SO4 HTLC, the measured average pH 
range was 9.0 to 9.5 and 0.44 % of Mg(II)(aq) was released into 
solution by the end of day 7 (Fig. 3 and Table S2). This behavior 25 

is very similar to its Mg-Fe-CO3 HTLC counterpart. Again, 
powder XRD and micro-Raman data showed only the presence of 
the remaining unreacted Mg-Fe-SO4 HTLC.  
 For the Mg-Al-SO4 HTLC (Fig. 3 and Table S2), the pH 
increased from 9.0 to 9.2 under trace Fe(II)(aq) conditions; this is 30 

in contrast to its behavior at high Fe(II)(aq) concentrations (10 
mM), where it exhibited the greatest pH drift (to lower values) 
compared to all other HTLCs tested. After the 7 d reaction 
period, 0.02% of the Mg(II)(aq) was released from the reacted 
solid. This was one order of magnitude less than its Fe 35 

counterpart (Mg-Fe-SO4) but similar to its CO3 equivalent (Mg-
Al-CO3) under the same reaction conditions. Powder XRD of the 
reacted sample was dominated by the presence of the remaining 
Mg-Al-SO4 HTLC (Fig. 4). In addition, MG peaks at 35° (weak 
shoulder) and 41° (shoulder) were detected. X’pert HighScore 40 

analyses indicated the presence of unreacted Mg-Al-SO4 HTLC, 
MG, GT, LP, and FH (≤ 5 %) whereas inert micro-Raman 
analysis of the final reacted product showed only the presence of 
the unreacted Mg-Al-SO4 HTLC.  

3.3 Reactions at a target pH of 10 using 0.5 mM Fe(II)(aq)  45 

At the target pH of 10 and 0.5 mM (trace) concentrations of 
Fe(II)(aq), the solid Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs tested 
removed 99% of the initial Fe(II)(aq) during day 1 of the reaction 
period with no additional release by the end of day 7. These 
observations were consistent with those at the target pH of 8 and 50 

trace Fe(II)(aq). 
 The measured average reaction pH for the Mg-Fe-CO3 HTLC 
was below the target pH of 10 and ranged from 9.2 to 9.7 (Fig. 5a 
and Table S3) along with complete Fe(II)(aq) removal (Fig. 5b). 
Mg(II)(aq) release into solution was almost complete during day 1 55 

of reaction (0.1%) after which it was removed (i.e., readsorbed by 
the reacted solid) to the end of day 7 (Fig. 5c). Approximately 10 
times the mass released into solution on day 1 was adsorbed back 

onto the solid at later times. This Mg(II)(aq) readsorption behavior 
was not observed in any other test conducted. The XRD and inert 60 

micro-Raman data from day 7 only show the presence of the 
remaining unreacted Mg-Fe-CO3 HTLC (Fig. 6). These analyses 
were not sensitive enough to show phase transformation to other 
minerals (e.g., MG, GR), likely due to the small amount of Fe(II)-
Fe(III)-SO4/CO3 phases formed under 0.5 versus 10 mM Fe(II)(aq) 65 

conditions regardless of pH.  
 For the Mg-Al-CO3 HTLC (Fig. 5 and Table S3), the average 
measured reaction pH ranged from 9.9 to 10.0. As also observed 
at the target pH of 8 and 0.5 mM Fe(II)(aq), Fe removal efficiency 
was 99% for the Mg-Al-CO3 HTLC at a target pH of 10; in 70 

addition, the corresponding Mg(II)(aq) release was again 
substantially less for the Mg-Al-CO3 HTLC than its Mg-Fe-CO3 
counterpart.  
 Similar to the Fe-based carbonate HTLC, the pH decreased from 
the target pH of 10 to 9.2-9.5 (Fig. 5 and Table S3) in the Mg-Fe-75 

SO4 HTLC. Again, the decrease in pH was attributed to the 
remaining Fe in solution forming acidic protonated aqueous Fe-
SO4 complexes.

71 The Mg(II)(aq) released into solution was 
greater (0.27 %) for the Mg-Fe-SO4 HTLC in comparison to its 
carbonate counterpart. Moreover, the Mg(II)(aq) released into 80 

solution for the Mg-Fe-SO4 HTLC remained in solution for the 
duration of the reaction period and was not readsorbed back onto 
the reacted solid phase as observed for the carbonate counterpart. 
Powder XRD analysis (Fig. 6) of the final reacted Mg-Fe-SO4 
HTLC was dominated by the remaining unreacted Mg-Fe-SO4 85 

HTLC. Similarly, inert micro-Raman analyses of the reacted 
sample (Fig. 6) showed only the presence of the remaining Mg-
Fe-SO4 HTLC. 
 Finally, for the Mg-Al-SO4 HTLC (Fig. 5 and Table S3), the 
measured average pH (9.7 to 10.1) was close to the target of 10, 90 

similar to the carbonate counterpart (Mg-Al-CO3 HTLC). The pH 
behavior of the Al HTLC under these more alkaline conditions 
was again consistent with the suggestion that remaining Fe in 
solution is the main cause of the pH decrease from the target pH. 
The Mg(II)(aq) released in solution from the Mg-Al-SO4 HTLC 95 

was very low to insignificant (0.001 %), analogous to its 
carbonate equivalent. Both XRD and micro-Raman analysis of 
the final reacted samples were dominated by the presence of the 
remaining Mg-Al-SO4 HTLC (Fig. 6). 

3.4 XANES analysis of HTLCs at a target pH of 8 and 10 mM 100 

Fe(II)(aq) 

The reaction tests described above show that the phase 
transformation behavior and the corresponding uptake of Fe(II)(aq) 

from solution and release of Mg(II)(aq) into solution from the 
surface of the HTLCs are a function of pH, Fe(II)(aq) 105 

concentration, and the type of Mg(II)-Al(III)/Fe(III)-SO4/CO3 
HTLC. The most dramatic change in terms of phase 
transformation and corresponding uptake of Fe(II)(aq) and 
Mg(II)(aq) release into solution for all Mg(II)-Al(III)/Fe(III)-
SO4/CO3 HTLCs occurred at a target pH of 8 with 10 mM 110 

Fe(II)(aq) (§3.1). While ~99 % of the Fe(II)(aq) was removed from 
solution after day 1 for all of the Mg(II)-Al(III)/Fe(III)-SO4/CO3 
HTLCs, only solids for the final (day 7) reaction products were 
characterized. Therefore, we needed to clarify if the observed 
phase transformation to GR and MG occurred immediately upon 115 

removal of Fe(II)(aq) from solution (after day 1) and if the same 
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phase(s) remained after day 7. Inert micro-Raman analyses (Fig. 
7) show the formation of both GR and MG after day 1 of the 
reaction period for all Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs. 
This observation suggests that the reaction products form on day 
1 and remain stable through to the end of the reaction period. 5 

 For the reacted Mg-Fe-SO4/CO3 HTLCs, the presence of GR, 
MG, and unreacted Mg-Fe-SO4/CO3 HTLCs was clearly evident 
from the bulk inert micro-Raman and XRD data. However, such 
data for the reacted Mg-Al-SO4/CO3 HTLCs were less definitive. 
Macro-bulk techniques (e.g., XRD and micro-Raman) provide 10 

data that represent a combination of all phases present within the 
probing spot of the laser or X-ray source. Therefore, TEY and 
PFY Fe L-edge XANES were employed to gain insight into the 
local Fe molecular environment in the Mg(II)-Al(III)/Fe(III)-
SO4/CO3 HTLCs under abiotic reductive dissolution.  15 

 The surface sensitive TEY Fe L-edge of the 7 day reacted Mg-
Fe-SO4/CO3 HTLCs indicated the presence of Fe(III) and Fe(II) 
characters, as expected from the combination of GR, MG and 
unreacted Mg-Fe-SO4/CO3 HTLCs (Fig. 8). Moreover, the sharp 
pre-peak at low energy (~705 eV) typical of an octahedral low 20 

spin Fe(III) compound
61, 72

 was not present in the reacted Mg-
Fe-SO4/CO3 HTLCs. These data suggest that the Fe(III) of the 
reacted Mg-Fe-SO4/CO3 HTLCs remains in a paramagnetic high 
spin state with an octahedral crystal field.

59, 60
 Thus, electron 

repulsions should dominate ligand field effects and a weak field 25 

with a small ∆o should exist. In addition, Fe(III) in the reacted 
Mg-Fe-SO4/CO3 HTLCs should have an anti-ferromagnetic 
character as observed for hematite.

73
 Based on the above 

observations, the Fe(III) metal-ligand coordination of the reacted 
Mg-Fe-SO4/CO3 HTLCs should remain in a six-fold environment 30 

as it does in unreacted HTLCs.
11, 74, 75

 We confirmed the 
presence of an Fe(II) environment in the reacted samples (as GR), 
but detailed information on its specific coordination and 
electronic state could not be determined as readily as for the 
Fe(III) species based on the Fe L-edge XANES spectral structure. 35 

However, the confirmed formation of GR in the reacted Mg-Fe-
SO4/CO3 HTLCs along with the inert micro-Raman and Fe L-
edge TEY XANES data allow us to presume that the Fe(II) 
cations should have an octahedral hydroxyl coordination as found 
in the GR (SO4 and CO3) crystal structure.

76-78
 No clear 40 

evidence of Fe(II) tetrahedral ions was noted for the Mg-Fe-
SO4/CO3 HTLC reacted products, as has been observed in 
CaBaFe4O7 mixed-valent transition metal oxides

64
. PFY Fe L-

edge XANES measurements (Fig. 8) suggest that the spectra of 
the reacted Mg-Fe-SO4/CO3 HTLCs had more of a Fe(III) 45 

character and did not exhibit clear evidence of Fe(II) as noted in 
the surface sensitive TEY measurements. The Fe(III) character 
evident in the more bulk range analyses was attributed to the 
unreacted Mg-Fe(III)-SO4/CO3 HTLCs left over at the end of the 
reaction period (consistent with the longer range bulk XRD data). 50 

Although the macro-bulk (micro-Raman and XRD; Fig. 2) data of 
the reacted Mg-Al-SO4/CO3 HTLCs showed some presence of 
GR/MG in addition to the unreacted Mg-Al-SO4/CO3 HTLCs, 
evidence of surface Fe(II)-Fe(III)-SO4/CO3 phases is required. Fe 
L-edge TEY measurements show the presence of an Fe phase on 55 

these Mg-Al-SO4/CO3 HTLCs (Fig. S6). The Fe phase observed 
for the reacted Mg-Al-SO4/CO3 HTLCs exhibited an Fe(III) 
character as well as some Fe(II) character, similar to that 

observed for the reacted Mg-Fe-SO4/CO3 HTLCs (Figs. 8 and 
S6). Finally, reference Fe L-edge XANES spectra of GR are 60 

rare
57 despite its wide occurrence. To date, only one report of 

XANES spectra of GR similar to our surface sensitive TEY 
measurements has been published

57
 with no consideration given 

to the nature of its bulk structure. From Fig. 8, the bulk spectra of 
GR is clearly very distinct from its surface TEY counterpart. In 65 

particular, the Fe L3-edge (~708 eV) of the bulk PFY XANES 
GR spectra exhibited only Fe(III) characteristics while the 
smaller Fe L2-edge (~721eV) showed only Fe(II) characteristics. 
This suggests that, although the GR surface is rich in Fe(II) 
characteristics, the bulk of its structure has a mixed Fe(III)-Fe(II) 70 

character; this observation has not been reported to date via redox 
sensitive XANES analysis. The difference in valency 
characteristics of the bulk and surface may explain the high 
reactivity and valency exchange properties at the GR surface.  
 The Mg and Al K-edge of Mg-Al-CO3 are reported in the 75 

literature
52-57 

and these were compared with spectra from our 
Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs reaction products (Fig. 
9). The Mg K-edge (Fig. 9a,c) of the reference MgAl2O4 sample 
showed a typical IV-fold Mg(II) coordination environment while 
our MgO, MgOH2, and Mg(II)-Al(III)-Fe(III) containing-SO4-80 

CO3 HTLCs displayed a typical VI-fold Mg(II) coordination 
environment. The reacted Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs 
retained their VI-fold coordination and HTLC-like environment 
in both the surface (TEY, Fig. 9a) and bulk (PFY, Fig. 9c) 
measurements. However, the highest Mg K-edge peaks in the 85 

reacted Mg-Fe-SO4/CO3 HTLCs were shifted to lower energy and 
were sharper than those from the reacted Mg-Al-SO4/CO3 
HTLCs. This effect is evident in the surface TEY measurements. 
According to Mg K-edge XANES theory, the absorption at this 
edge arises from the electron transition from the 1s to 3p orbital 90 

and is observed mainly in the near edge. The energy level of Mg 
3p in the Mg-O4 tetrahedron (Td) is lower than in the Mg-O6 
octahedron (Oh). Furthermore, the energy level of a distorted 
octahedron becomes greater than a non-distorted Oh octahedron 
because of broadening and/or splitting of the 3pσ* state. Thus, 95 

the Mg K-edge energy position directly reflects the coordination 
number and/or ionicity (electronic state). As noted above, 
Mg(II)(aq) release for the Fe-based HTLCs was substantially 
greater than for the Al-based HTLCs. Therefore, the changes in 
Mg K-edge XANES (Fig. 9a-c) of the Al- vs. Fe-based HTLCs 100 

were attributed to differences in Mg(II) surface dissolution and 
Fe(II)(aq) uptake. The formation of distorted Mg(II) surface sites 
on the reacted HTLCs is less pronounced for the Fe-based 
HTLCs (lower energy Mg K-edge) because the HTLC structure 
balances the Fe(II)(aq) surface uptake via a corresponding 105 

Mg(II)(aq) release into solution. In the Al-based HTLCs, Fe(II)(aq) 
uptake was great (81-99%) but Mg(II) release from the HTLC 
surface was not sufficient to alleviate the surface stress of the 
Fe(II)(aq) uptake. As such, the Mg K-edge of the reacted Mg-Al-
SO4/CO3 HTLCs was observed at a higher energy. Although 110 

similar trends were observed for the bulk PFY Mg K-edge 
XANES (Fig. 9c), the effects were more obvious in the surface 
TEY XANES measurements. 
 Finally, we investigated the Al K-edge XANES of the reacted 
Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs relative to some 115 

reference compounds (Fig. 9b,d). Again, our reference 
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AlOH3(gibbsite), AlOH3(amorphous), AlOOH(diaspore), and 
Mg(II)-Al(III)-Fe(III) containing-SO4-CO3 HTLCs showed a 
typical VI-fold Al(III) coordination environment. Although we 
present an experimental IV-fold Al(III) coordination spectra for 
albite (NaAlSi3O8), its single sharp peak at lower energies (1566 5 

eV) is recognized and discussed here based on literature data.
53-

56 
In general, the reacted Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs 

retained their VI-fold Al(III) coordination and HTLC-like 
environment in both the surface (TEY) and bulk (PFY) 
measurements with no evidence of any IV-fold Al(III) 10 

coordination environment. This was in agreement with the 
solution measurements in which no significant Al dissolution 
from any of the Mg-Al-SO4/CO3 HTLCs was observed. 

3.5 Adsorption and Solid State Phase Transformation 

Mechanisms (Al vs. Fe HTLCs): Environmental Implications 15 

When combined, data from the XANES analyses relating to the 
local Fe, Mg, and Al redox and coordination environment of the 
reacted Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs, the bulk phase 
characterization (XRD and inert micro-Raman), and the solution 
analysis suggest two types of phase formation mechanisms occur 20 

upon the uptake of Fe(II)(aq) (Fig. 10). In the case of the Fe-based 
HTLCs (Mg-Fe-SO4/CO3), phase formation occurs via adsorption 
of the Fe(II)(aq) ions (and corresponding Mg(II)(aq) release into 
solution) on the surface (detected via TEY-XANES) of the Fe-
based HTLCs, resulting in layers of Fe(II)-Fe(III) layered double 25 

hydroxides in the form of GR (detected via inert micro-Raman 
and XANES). These Fe(II)-Fe(III) layer phases (i.e., GR) then 
transfer electrons between Fe(II)-Fe(III) HTLC sites to form the 
more thermodynamically stable MG phase not only at the surface 
but also within the bulk structure (as observed in bulk macro 30 

characterization techniques such as inert micro-Raman). To date, 
such processes have only been recorded for Fe(III) hydroxides-
oxides.

30-32, 36, 79-83 
For Fe(III) hydroxides-oxides, a 

hypothesized electron transfer and atom exchange (ETAE) 
between the Fe(II)(aq) ions and the surface of the Fe(III) 35 

hydroxide-oxide solids (in our case, Mg-Fe-SO4/CO3 HTLCs) 
promotes their recrystallization into more crystalline and 
thermodynamically stable Fe(III)-Fe(III)/Fe(III)-Fe(II) phases (in 
our case, Fe(II)-Fe(III)-Mg(II)-Fe(III)/Al(III)-SO4/CO3), such as 
GR, MG, LP, GT, and FH.

30-32, 36, 79-83 
In the case of the Al-40 

based HTLCs (Mg-Al-SO4/CO3), the phase formation occurs via 
Fe(II)(aq) adsorption, likely as double hydroxyl layers of Fe(II)-
Fe(III) (i.e., GR) and/or Fe(II)-Al(III)

37, 38 
layered double 

hydroxides on the surface of the reacted Mg-Al-SO4/CO3 HTLCs. 
These surface layers of Fe(II)-Fe(III) layered double hydroxides 45 

(as GR, detected via inert micro-Raman and XANES) then 
transform to the more thermodynamically stable MG phase. In 
this case, because Al(III) is not a readily redox sensitive element 
(such as Fe(III)), the ETAE between the Fe(II)(aq) ions and the 
surface of the Mg-Al-SO4/CO3 HTLC does not proceed 50 

throughout the bulk and is restricted to the surface deposited 
Fe(II)-Fe(III) and/or Fe(II)-Al(III) species. 
 Under the conditions considered, the formation of secondary 
Fe(II)-Fe(III)/Al(III)-SO4/CO3 HTLC-like phases form as 
Fe(II)(aq) reacts with Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLC 55 

solids. The findings herein suggest two types of formation phase 
mechanisms via Fe(II)(aq) uptake. Fe(II)(aq) removal and 
precipitation is fast (~99% removal in day 1), and the capacity for 

Fe(II) sorption is not limited by the available reactive surface 
sites as is the case for Fe(III)/Al(III)-oxy/hydroxides. The only 60 

exception to this was observed for the MgAlSO4 at a target pH of 
8 and 10 mM Fe(II)(aq). As such, the formation of Fe(II)-
Fe(III)/Al(III)-SO4/CO3 HTLC-like phases will not only affect 
either Fe(II) speciation and its solubility or, more importantly, 
retention and speciation of divalent metals (e.g., Zn, and Ni ) as 65 

well as contaminants (As, Se, Mo, Ni, U) present (e.g., on 
Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLC solids).

19-22, 24, 25, 84 
It is 

well documented
85-89

 that Fe(II)/Fe(III) double layer hydroxide 
species such as GR (fougerite) and other Fe(II)-containing phases 
such as siderite (FeCO3) can have an effect on the retention and 70 

valency of redox sensitve contaminants (e.g., As(V), Cr(VI), and 
Se(VI)) in the environment. As a result, we can infer that the GR 
phases formed from our Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLC 
substrates may also exhibit some type of valency reactivity of 
redox sensitve contaminants. To date, only controls on 75 

geochemical and environmentally important elements of concern 
(e.g., As) by Fe(III)-oxy/hydroxide (e.g., ferrihydrite, goethite, 
hematite) or Al(III)-oxy/hydroxides under anoxic abiotic (via 
Fe(II)(aq)) reductive dissolution have been reported. However, this 
study provides evidence for the first time of: (1) the abiotic (via 80 

Fe(II)(aq)) anoxic reductive dissolution of Mg(II)-Al(III)/Fe(III)-
SO4/CO3 HTLCs, (2) unrecognized secondary Fe(II)-
Al(III)/Fe(III)-SO4/CO3 mineral phase formation mechanisms, 
and (3) GR and MG formation from non Fe-oxide/hydroxide 
substrates. These mechanisms are dependent upon the metal 85 

HTLC substrate (Al vs. Fe) that may in turn strongly influence 
the biogeochemical cycling of Fe and trace metal(loid)s in 
(periodically) suboxic and anoxic geochemical systems. 
Something that remains to be investigated is how the presence of 
adsorbed ions of elements of concern (e.g., AsO4, MoO4) on 90 

HTLCs affects the behavior observed here for a “clean” surface 
(no adsorbed elements of concern). For example, the presence of 
As on Fe(III)-oxy/hydroxide (e.g., ferrihydrite, goethite, 
hematite) and/or Al(III)-doped Fe(III)-oxy/hydroxide inhibits 
phase transformation and crystallization to more thermodynamic 95 

stable phases
30, 31,35 42, 90-94

. However, no such data exist for 
Mg(II)-Al(III)/Fe(III)-SO4/CO3 HTLCs.  
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Figure 1. Profiles of pH and leachability of the total aqueous Fe and Mg as a function of time for tests 

conducted at pH 8 for 7 days with 10 mM Fe(II)(aq). Time 0 days represents conditions before Mg(II)-

Al(III)/Fe(III)-CO3/SO4 HTLC solids were added. Concentration units for (Fe) and (Mg) are mg/L. Values 

reported are the average and standard deviation (error bars) of duplicate tests. Individual test data are 

provided in the supplementary information.  

0 1 2 3 4 5 6 7 8

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

p
H

Time (Days)

 MgFeCO
3

 MgAlCO
3

 MgFeSO
4

 MgAlSO
4

(a)

0 1 2 3 4 5 6 7 8

0

50

100

150

200

250

300

350

400
(a)

Time (Days)

 MgFeCO
3

 MgAlCO
3

 MgFeSO
4

 MgAlSO
4

C
o
n
c
e
n
tr
a
ti
o
n
 M
g
 (
m
g
/L
)

 

0 1 2 3 4 5 6 7 8

0

100

200

300

400

500

600

700

800

(b)

Time (Days)

 MgFeCO
3

 MgAlCO
3

 MgFeSO
4

 MgAlSO
4

C
o
n
c
e
n
tr
a
ti
o
n
 F
e
 (
m
g
/L
)

 

 

Page 13 of 23 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



2 

 

10 20 30 40 50 60 70 80

10 20 30 40 50 60 70 80

Magnetite  

Two theta (°)

Lepidocrocite

 

Goethite  

Mg-Al-Fe_containing-SO
4
/CO

3
 HTLC 
FH  

GR(SO
4
)  

MgFeCO
3 
HTLC

 

MgAlCO
3 
HTLC  

MgFeSO
4 
HTLC  

MgAlSO
4 
HTLC

 

 

200 400 600 800 1000 1200

200 400 600 800 1000 1200

Lepidocrocite

Magnetite

Raman shift (cm
−1
)

 

Goethite  
 

Mg-Al-Fe_containing-SO
4
/CO

3
 HTLC

 

FH

 

Green Rust (SO
4
)  

MgFeCO
3 
HTLC

MgAlCO
3 
HTLC

MgFeSO
4 
HTLC

MgAlSO
4 
HTLC

 
 

 

 

 

 

Figure 2. Powder X-ray diffraction spectra (left) and inert micro-Raman spectra (right) of Mg(II)-

Al(III)/Fe(III)-CO3/SO4 solid products reacted at a target pH of 8 for 7 days with 10 mM Fe(II)(aq). Spectra 

of relevant standard materials (LP, GT, MG, FH, GR(SO4), Mg(II)-Al(III)-Fe(III) containing-SO4/CO3) are 

shown for comparison. For each reacted sample, two Raman spectra are presented to show the mixture 

of phases found in the reacted sample. This figure shows the observed bulk phase changes that occur 

upon the adsorption of Fe(II)(aq) ions on the Mg(II)-Al(III)/Fe(III) CO3/SO4 HTLC substrates at the noted 

reacting condition.   
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Figure 3. Profiles of pH and leachability of the total aqueous Fe and Mg as a function of time for tests 

conducted at pH 8 for 7 days with 0.5 mM Fe(II)(aq). Time 0 days represents conditions before Mg(II)-

Al(III)/Fe(III)-CO3/SO4 HTLC solids were added. Concentration units for (Fe) and (Mg) are mg/L. Values 

reported are the average and standard deviation (error bars) of duplicate tests. Individual test data are 

provided in the supplementary information.  
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Figure 4. Powder X-ray diffraction spectra (left) and inert micro-Raman spectra (right) of Mg(II)-

Al(III)/Fe(III)-CO3/SO4 solid products reacted at a target pH of 8 for 7 days with 0.5 mM Fe(II)(aq). Spectra 

of relevant standard materials (LP, GT, MG, FH, GR(SO4), Mg(II)-Al(III)-Fe(III) containing-SO4/CO3) are 

shown for comparison. For each reacted sample, two Raman spectra are presented to show the mixture 

of phases found in the reacted sample. This figure shows the observed bulk phase changes that occur 

upon the adsorption of Fe(II)(aq) ions on the Mg(II)-Al(III)/Fe(III) CO3/SO4 HTLC substrates at the noted 

reacting condition.   
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Figure 5. Profiles of pH and leachability of the total aqueous Fe and Mg as a function of time for tests 

conducted at pH 10 for 7 days with 0.5 mM Fe(II)(aq). Time 0 days represents conditions before Mg(II)-

Al(III)/Fe(III)-CO3/SO4 HTLC solids were added. Concentration units for (Fe) and (Mg) are mg/L. Values 

reported are the average and standard deviation (error bars) of duplicate tests. Individual test data are 

provided in the supplementary information.  
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Figure 6. Powder X-ray diffraction spectra (left) and inert micro-Raman spectra (right) of Mg(II)-

Al(III)/Fe(III)-CO3/SO4 HTLCs reacted solids at a target pH of 10 for 7 days with 0.5 mM Fe(II)(aq). Spectra 

of relevant standard materials (LP, GT, MG, FH, GR(SO4), Mg(II)-Al(III)-Fe(III) containing-SO4/CO3) are 

shown for comparison. For each reacted sample, two Raman spectra are presented to show the mixture 

of phases found in the reacted sample.  This figure shows the observed bulk phase changes that occur 

upon the adsorption of Fe(II)(aq) ions on the Mg(II)-Al(III)/Fe(III) CO3/SO4 HTLC substrates at the noted 

reacting condition.   
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Fig 7. Inert micro-Raman spectra of the Mg(II)-Al(III)/Fe(III)-CO3/SO4 HTLCs reacted at a target pH of 8 for 

0 days, 1 day, and 7 days with 10 mM Fe(II)(aq) compared to standard green rust (SO4) and magnetite. 

The squares and circles in the reacted Mg-Al-CO3/SO4 HTLCs highlight the sulfate and carbonate bands, 

respectively. 
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Fig 8. Fe L-edge (a) TEY (surface) and (b) PFY (bulk) spectra of the MgFeCO3 and MgFeSO4 HTLCs reacted 

at a target pH of 8 for 7 days with 10 mM Fe(II)(aq) compared to standard green rust (GR) and ferrihydrite 

(FH).
35

 The Fe(II) character of the reacted MgFeCO3 and MgFeSO4 HTLCs is highlighted by red circles. The 

energy scale presented in these spectra is relative. 
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Fig 9. Mg and Al K-edge TEY (a and b, surface) and PFY (c and d, bulk) XANES spectra of the Mg(II)-

Al(III)/Fe(III)-CO3/SO4 HTLCs reacted at a target pH of 8 for 7 days with 10 mM Fe(II)(aq) compared with 

standards: Mg(II)-Al(III)-Fe(III) containing-SO4-CO3 HTLC, MgO, MgOH2 (brucite), MgAl2O4, Al2(SO4)3, 

AlOOH (Bo: Boehmite), AlOH3 (GB: Gibbsite), and AlOH3 (amorphous). The energy scale presented in 

these spectra is relative. 
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Fig 10. Fe(II)(aq) uptake and phase transformation mechanisms of (a) Mg-Fe-SO4/CO3  and (b) Mg-Al-

SO4/CO3  HTLCs under abiotic anoxic conditions. Although both cases have similar first adsorption steps 

and green rust (GR)/magnetite (MG) phase formation, electron transfer between the redox sensitive 

elements (Fe(III) vs. Al(III)) in the Mg(II)-Al(III)/Fe(III)-SO4/CO3  HTLCs ultimately determines whether 

phase transformation occurs only at the surface or deeper into the bulk. All Mg(II)-Al(III)/Fe(III)-SO4/CO3  

HTLCs, GR, and MG structures depicted are from literature crystallographic data
74,76-78

 and for all cases 

the interlayer ions are omitted from the structures because they do not play a significant role in the 

mechanisms. 
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