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Abstract: With similar chemical properties and geometrical configurations, sulfate and chromate
display interesting competitive adsorption on mineral surfaces. Although such issues have been
investigated on several Fe (hydr)oxide surfaces, e.g., ferrihydrite, goethite and hematite, the com-
petitive adsorption on magnetite surfaces and the constraint mechanism have seldom been studied.
This impedes the understanding of the transfer and fate of chromate and sulfate on magnetite sur-
faces, as magnetite is not only a useful adsorbent but also an efficient reductant to decrease the
mobility and toxicity of chromium. In the present study, the geometries of the competitive adsorp-
tion of chromate and sulfate on Ni-substituted magnetite surfaces over a pH range of 4-9 were in-
vestigated using in situ attenuated total reflectance Fourier transform infrared spectroscopy and
two-dimensional correlation analysis. In individual adsorption, nonprotonated monodentate mon-
onuclear (NMM) complexes dominated chromate adsorption, accompanied by a few bidentate bi-
nuclear (BB) complexes. For sulfate, NMM complexes and outer-sphere (OS) species predominated
under acidic and neutral-alkaline conditions, respectively. The above variation in adsorption con-
figuration resulted in the different adsorption competitiveness between chromate and sulfate at dif-
ferent pH values. Specifically, the NMM complexes of chromate were substituted by NMM sulfate
complexes under acidic conditions and vice versa. However, under neutral and alkaline conditions,
the OS species of sulfate scarcely affected the adsorption of chromate. The adsorption affinity of
chromate and sulfate on Ni-substituted magnetite increased in the following order: OS complex
(sulfate) < NMM complexes (chromate) < NMM complexes (sulfate).

Keywords: chromate; sulfate; competitive adsorption; adsorption geometry; ATR-FTIR

1. Introduction

Chromium, a naturally occurring element widely distributed in rocks, plants, water
and soil, exists in two stable oxidation states, i.e.,, Cr(VI) and Cr(IIl), with different geo-
chemical behaviors. Cr(IIl) is less toxic with high immobility because it forms Cr(OH)s
precipitates under neutral and alkaline conditions and is considered a nutrient [1]. In con-
trast, chromate (CrO4>), the predominant ionic form of chromium, is more toxic and even
carcinogenic, in addition to its high solubility and mobility [2]. Chromium is released into
the environment at elevated levels from a variety of natural (e.g., ultramafic rock weath-
ering) [3] and anthropogenic (e.g., mining industry, chemical industry, electroplating and
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stainless-steel production) sources [4] and then undergoes a series of geochemical reac-
tions, including adsorption, reduction and precipitation [1].

Iron (hydr)oxides, including ferrihydrite, goethite, hematite and magnetite, are ubig-
uitous in soils and aquatic sediments as discrete particles, colloids or coatings on other
minerals [5] and display high affinity for chromate [6]. The adsorption of chromate at the
iron oxide/water interface is a vital geochemical process controlling the transport of chro-
mate in the subsurface environment [7]. Moreover, adsorption by iron oxides is also a
promising routine for the removal of chromate from industrial wastewater, with the mer-
its of low cost and easy handing. For magnetite, the properties of abundant surface
groups, high surface area and strong magnetism are especially beneficial for easy separa-
tion [8].

In addition, the abiotic reduction of chromate to Cr(Ill) is another important geo-
chemical process that decreases the toxicity and mobility of chromium [9], where iron ox-
ides are regarded as strong reductants [10]. Magnetite, the most common Fe(Il)-containing
iron oxide in the Earth’s crust, plays a vital role in the abiotic reduction of chromate
[11,12]. The surface Fe(Il) in magnetite is an important electron donor, while structural
Fe(II) and Fe(III) can be oxidized and reduced reversibly, promoting electron transfer from
the solid phase to adsorbed chromate and keeping the structure of magnetite unchanged
[13]. Then, the generated Cr(III) forms hydroxide on the mineral surface [14]. Based on the
above reduction mechanism, the adsorption of chromate is crucial for the proceeding re-
duction reaction. Moreover, as verified in the heterogeneous oxidation of Mn(II) by goe-
thite [15,16], the adsorption geometry of Mn(II) (e.g., outer-sphere, mononuclear or binu-
clear complexes) gives rise to differences in electronic structure, adsorption density, the
number of coordination ligands bonded to goethite [16] and the electron transfer rate from
Mn(II) to goethite [17]. This implies that the adsorption geometry of chromate is also sig-
nificant for the reduction kinetics and efficiency of iron oxides. To date, compared to sev-
eral iron oxides, including hematite, goethite and ferrihydrite, which have been inten-
sively investigated [6,18,19], the adsorption mechanism and geometry of chromate on
magnetite surfaces are poorly understood at the molecular level.

The adsorption behavior of chromate on iron oxides is greatly affected by coexistent
oxyanions. For instance, sulfate (SO+*) is a major oxyanion in surface water and ground-
water [20] from natural (e.g., acid rock drainage (ARD)) and anthropogenic (e.g., pulp and
paper industry, food processing industry and fossil fuel combustion) sources [21] that
competes with chromate for adsorption [14] due to its similar chemical properties and
geometrical configuration [22]. Sulfate is utilized as a desorbing agent for chromate [23],
which reduces chromate adsorption on hematite by up to 80% [24]. However, an excep-
tional phenomenon was observed on silica gelatine composites [22] and goethite [25],
where the adsorption of chromate is unaffected by sulfate. This indicates controversy re-
garding the competitive adsorption between sulfate and chromate, probably ascribed to
the variation in adsorption geometry depending on pH, ionic strength, adsorbate concen-
tration and adsorbent type. For example, for chromate adsorbed on ferrihydrite and hem-
atite, monodentate is the preferential geometry at low surface coverage and alkaline con-
ditions, while it changes to bidentate complexes in corner-sharing configurations at high
surface coverage and acidic pH [6,19]. Moreover, outer-sphere complexes have also been
identified on boehmite [26] and maghemite surfaces [27]. However, sulfate is predomi-
nantly adsorbed as an outer-sphere species on goethite at alkaline pH, while both outer-
sphere and inner-sphere complexes coexist under acidic conditions [28]. Hence, the ad-
sorption species and reaction conditions should be considered in the comparison of ad-
sorption competitiveness.

In this study, the effect of sulfate on the adsorption of chromate by Ni-substituted
magnetite was investigated by in situ attenuated total reflectance Fourier transform infra-
red (ATR-FTIR) spectroscopy as a function of pH and adsorption sequence. ATR-FTIR is
anon-destructive method capable of investigating the coordination environment and pro-
tonation state of oxyanions at the mineral/water interface without interference from the
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signals of the liquid phase [29,30], facilitating real-time observation of the adsorption ge-
ometries of chromate and sulfate on magnetite surfaces as well as their adsorption com-
petitiveness. Although most ATR-FTIR analyses require curve fitting to obtain accurate
assignment of peaks, where some uncertainty exists and small peaks are easily missed,
two-dimensional correlation spectroscopy (2D-COS) was applied by resolving overlap-
ping peaks and enhancing the spectral resolution [31,32]. To improve the IR signal of ad-
sorbed oxyanions, Ni-substituted magnetite was chosen as the absorbent, which is one of
the common natural magnetites with a higher specific surface area and stronger adsorp-
tion properties than pure magnetite [33]. The experiment was carried out under oxic con-
ditions to inhibit the reduction of chromate by magnetite [11]. To the best of our
knowledge, this is the first study to use the ATR-FTIR method to explore the competitive
adsorption between chromate and sulfate on magnetite. The obtained results provide a
molecular-level understanding of the competitive adsorption mechanism between chro-
mate and sulfate and are of great significance for a thorough understanding of their be-
haviors in soils and aquatic environments.

2. Materials and Methods
2.1. Ni-Substituted Magnetite Preparation

All chemicals and reagents used in this study were of analytical grade and used as
received. Deionized (DI) water with resistivity of 18.25 MQ-cm™ at 25 °C was used for the
solution preparation, synthesis and reaction. Ni-substituted magnetite, synthesized by a
precipitation-oxidation method (Text S1), was used as the magnetite sample. The substi-
tution of Ni in magnetite did not noticeably change the crystal structure (Figure S1) or
point of zero charge (PZC, 6.8) but did increase the specific surface area (53.7 m?g1) and
active site density (4.35 sites nm-2), which could improve the adsorption of chromate and
sulfate on magnetite and thus the signals and accuracy of ATR-FTIR analysis.

2.2. FTIR Measurements

The ATR-FTIR spectra were collected on a Bruker Vertex 70 FTIR spectrometer
(Bruker, Billerica, MA, USA) equipped with a liquid N2-cooled MCT detector and hori-
zontal ATR accessory. Two hundred scans were collected for each measurement in the
spectral range of 600-1200 cm-! with a resolution of 4 cm-'. Before ATR-FTIR analysis, a
Ni-substituted magnetite particle layer was prepared on a diamond crystal surface. One
milliliter of Ni-substituted magnetite suspension (5 g-L-!) was dropped on the crystal sur-
face and allowed to dry overnight at room temperature. Prior to use, the film was rinsed
with DI water to remove loosely deposited particles, which made the deposited Ni-sub-
stituted magnetite layer stable during the ATR-FTIR analysis [34]. Before adsorption,
NaCl background electrolyte solution (0.01 mol-L-), at the designed pH values, was run
through the cell with the Ni-substituted magnetite deposition layer by a peristaltic pump
at a rate of 1 mL min™ until there was no further change in the spectra. A background
spectrum composed of the absorbance of diamond crystal and deposited adsorbents was
collected. Then, the solution containing specific oxyanions (i.e., chromate (100 pmol-L-")
or sulfate (100 pmol-L-1)) in the NaCl background electrolyte (0.01 mol-L-') was injected
into the diamond crystal to start the absorption experiment, while the IR spectra were
recorded as a function of time until the adsorption reached equilibrium. In this process,
the pH value was fixed by the HNOs and NaOH solution with a concentration of 0.1
mol-L-1. Spectra acquisition, subtraction, normalization and baseline correction were per-
formed using Bruker OPUS software (version 6.5, Bruker, Billerica, USA). Curve fitting
analysis of the overlapping peaks was conducted using a Gaussian line shape. To obtain
an accurate assignment of the IR peaks for the surface complexes, the spectra were ana-
lyzed using the 2D-COS technique (Text S2).
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3. Results
3.1. Individual Adsorption of Chromate

Since the maximum concentration of chromate in this study was only 100 pmol-L-,
the aqueous chromate was dominated by CrOs?- and HCrOx, rather than Cr207*, accord-
ing to the calculation results by Visual MINTEQ (Figure S2). As the chromate concentra-
tion was much lower than the detection limit of aqueous chromate by in situ ATR-FTIR
(ca. 10 mmol-L), the characteristic IR bands absolutely contributed to the adsorbed chro-
mate species. Thus, the intensity of the characteristic bands was proportional to the ad-
sorption amount. Figure 1a shows the spectra of adsorbed chromate at different pH val-
ues. As the pH decreased, the IR intensity was noticeably enhanced, which is consistent
with macroscopic studies [24,35]. Given that the point of zero charge (PZC) of the Ni-
substituted magnetite was 6.8, the Ni-substituted magnetite surface gradually changed
from a negative charge at alkaline pH to a positive charge under acidic conditions, result-
ing in an increase in chromate adsorption. Moreover, the spectra of adsorbed chromate
significantly deviated from those of aqueous CrOs*- and HCrOs, which displayed a single
band at 880 cm and four bands at 950 cm-!, 890 cm-!, 882 cm! and 772 cm-}, respectively
(Figure S3) [36]. This confirms that chromate was directly bonded to the Ni-substituted
magnetite surface by forming inner-sphere (IS) complexes. However, the profile of spectra
showed slight variation with a pH decrease, i.e., an increase in the intensity of the shoul-
der band at 870 cm! as well as the blueshift of the band at 900 cm-!, suggesting a change
in the adsorption geometry and the proportion of adsorption species.

Intensity{absorbance)

pH4 ——pH4
pHS ———pH5
—— pH6
pHT B
pH8 s
pH9 2
]
w
o
L]
' z
@
s <
@
E
————
T T T T T T T T g T J T :
850 800 750 1200 1150 1100 1050 1000 950
Wavenumber/cm” Wavenumber/cm™”
(a) (b)

Figure 1. Spectra of the adsorbed chromate (a) and sulfate (b) on the Ni-substituted magnetite surface from pH 4 to pH 9
(concentrations of chromate and sulfate: 100 pmol-L).

To distinguish the adsorption species of chromate, the affiliation of characteristic
bands was analyzed by applying the 2D-COS method to the spectra (Figure 2). The syn-
chronous spectra revealed that as adsorption proceeded, the intensity of the auto-peak at
910 cm™! observably increased. In addition to the auto-peak, strong cross peaks at (910
cm-?, 830 cm-') and weak cross peaks at (910 cm, 870 cm-') appeared (Figure 2a,c). This
indicated that bands at 910 cm-, 870 cm' and 830 cm-! simultaneously increased in inten-
sity with adsorption time [37]. Through asynchronous contour plots with higher resolu-
tion (Figure 2b,d), more IR bands were discerned, and their asynchronous correlations are
shown in Table S1. The asynchronous spectrum displayed four groups of cross peaks, i.e.,
W(950 cm1, 910 ecm?), W(930 cm?, 910 cm?), W(890 cm?, 910 cm-?) and W(820 cm, 910
cm). Thus, the band at 910 cm™! was asynchronous with those at 950 cm-', 930 cm-?, 890
cm and 820 cm™!. Likewise, the bands at 870 cm! and 830 cm' were also asynchronous
with those at 950 cm, 930 cm?, 890 cm" and 820 cm™, in light of the cross peaks at W(950
cm, 870 cm-) and W(930 cm, 830 cm™). According to the study by Hoffmann et al. [36],
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Cr—O stretching vibrations of coordinated chromate occurred in the range of 950 cm™' to
800 cm™, while the bands below 800 cm™ were mainly attributed to Cr—O-Fe bridge vi-
brations, OH torsional modes and Cr-OH stretching. Hence, the latter spectral range was
not considered to infer the configuration of the chromate species. Therefore, based on 2D-
COS analysis, the bands at 910 cm™, 870 cm! and 830 cm and those at 950 cm-, 930 cm-
1,890 cm! and 820 cm-! were attributed to two different inner-sphere complexes of chro-

mate.
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Figure 2. Two-dimensional synchronous (a and c) and asynchronous (b and d) spectra of chromate adsorbed on Ni-sub-
stituted magnetite at pH 4 and pH 7.

The former group of bands corresponds to two vs asymmetric (vs, i.e., 910 cm and
870 cm-) and one symmetric stretching vibration mode of Cr-O (vy, i.e., 830 cm™). In light
of group theory [34], the presence of three Cr-O stretching vibrations suggests that this
chromate species possessed Csv symmetry. As reported in Kubicki’s study [38], the only
possible configuration with Csv symmetry is nonprotonated monodentate mononuclear
complexes (NMM, FeOCrQO:s). For the latter band group, the bands at 950 cm, 930 cm™!



Minerals 2021, 11, 88

6 of 17

and 820 cm" are assigned to vs vibrations, while those at 890 cm! are assigned to v1 vibra-
tions [39,40]. This suggests the C2v symmetry or lower (C1). The above characteristic bands
were also observed in chromate adsorption on ferrihydrite and hematite surfaces (Table
1). Unlike the adsorbed chromate of Cav symmetry with the sole reliable configuration of
(NMM), it is more difficult to assign the adsorbed species with Czv or C1 symmetry to a
specific configuration. There are several possible adsorption geometries, including proto-
nated monodentate complexes (FeOCrO-0H), protonated bidentate complexes
(Fe20:CrOOH) and nonprotonated bidentate complexes (Fe20:CrO2). However, in John-
ston’s study [19], the formation of protonated species (i.e., protonated monodentate or
bidentate complexes) was excluded by a deuterium exchange experiment. The species
with Cav symmetry should be nonprotonated bidentate complexes (BB, Fe20:CrO2). More-
over, the frequencies of NMM and BB complexes matched well with the theoretical Cr-O
stretching frequencies, i.e., 919 cm, 873 cm™ and 828 cm! for monodentate complexes
and 948 cm, 924 cm!, 882 cm™ and 841 cm™ for bidentate complexes [40].

Table 1. IR vibrations of aqueous and coordinated chromate on the surface of various oxides.

Mineral Species Cr—O Stretching Vibration (cm™) pH Reference
CrO42- 880
Aqueous HCrO« 898 950 [41]
Cr204 772 882 950
830 873 910
u " Monodentate 803 834 952 >7 63
ematite Bidentat 765 825 885 930 %  _ '
identate 760 823 911 932 971
M dentat 2 7 1 .
Ferrihydrite o.no entate 820 873 910 <6.5 [19]
Bidentate 750 830 885 930 950 >6.5
. ) ) Monodentate 760 830 870 910 .
Ni-Substituted Magnetite Bidentate 796 820 390 930 950 This study

Based on the deconvolution of the characteristic bands of NMM and BB species (Fig-
ure 3a), their contributions to the total adsorption were calculated, which varied with pH
(Figure 4a). Under alkaline conditions, IS complexes with NMM geometry were the dom-
inant species (more than 93%, (Equation (1)), while almost no BB complexes were pro-
duced (Equation (2)). This is in accord with the density-functional theory (DFT) calcula-
tion results for chromate on iron oxides [6]. The monodentate complexes were the most
stable configuration with an adsorption energy of —159.1 kJ-mol-!, which was much lower
than that of BB complexes (-114.3 k]-mol-') [6]. As the pH decreased, the formation of both
NMM and BB species significantly increased. The proportion of NMM complexes gradu-
ally decreased, although they were still the dominant species over BB complexes. As re-
ported by Grossl et al., the formation of bidentate complexes was preceded by monoden-
tate intermediate complexes [42]. This also explains the slower generation of BB com-
plexes than NMM complexes. The transformation from monodentate complexes to biden-
tate complexes was also found on other iron oxides. However, it seemed faster on the
ferrihydrite and hematite surfaces than on magnetite. At pH 4, BB species only accounted
for 30% of the total adsorbed chromate on magnetite (this study) but achieved 50% on
ferrihydrite [43] and 70% on hematite [6].
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Figure 3. Infrared spectral fitting of the adsorbed chromate (a) and sulfate (b). Chromate with
monodentate (green line) and bidentate (pink line) species from pH 4 to pH 9. Sulfate with outer-
sphere (green line) and monodentate (pink line) species from pH 4 to pH 8.
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Figure 4. Integrated absorbance (IA) of the adsorbed chromate (a) and sulfate (b) species plotted vs. pH and the relative

percentage of different adsorption species (inset figure).

=FeOH + HCrOs — =FeOCrOs + H20

2=FeOH + HCrOs + H* — (=Fe0)CrO2 + 2H20

3.2. Individual Adsorption of Sulfate

The adsorption of sulfate on Ni-substituted magnetite was also affected by pH. At
PH 9, no attenuation of sulfate was seen (Figure 1b). pH 9 was significantly higher than
the PZC value (6.8) of Ni-substituted magnetite, resulting in a large number of negative
charges generated on the Ni-substituted magnetite surface. The strong repulsive force in-
hibited the sulfate oxyanions from approaching the Ni-substituted magnetite surface.
When the pH decreased, the Ni-substituted magnetite surface gradually changed from

)
2)
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negatively charged to positively charged, improving sulfate adsorption. Thus, the band
intensity was greatly enhanced, and the spectrum profile was significantly altered. At pH
8, the spectrum displayed a broad and symmetrical band at 1100 cm!, matching the IR
bands of aqueous SO«*- (Figure 54). This suggested that outer-sphere (OS) complexes pre-
dominated at alkaline pH [34]. As the pH decreased to 4, the band at 1100 cm~' gradually
split into two apparent bands at 1130 and 1050 cm-!, accompanied by an increase in the
intensity of the band at 976 cm-, suggesting the formation of inner-sphere complexes at
acidic pH.

On the synchronous contour plot of adsorbed sulfate, the intensity of the auto-peak
at 1106 cm™ clearly increased with adsorption time (Figure 5a,c). The asynchronous spec-
tra displayed three cross peaks, i.e.,, W(1106 cm-, 1135 cm'), W(1106 cm-!, 1058 cm~") and
W(1106 cm™, 976 cm™) (Figure 5b,d). This indicated that the band at 1106 cm- has an asyn-
chronous correlation with those at 1135 cm-!, 1058 cm! and 976 cm-!. It should be noted
that there are no asynchronous correlations among the latter bands (Table S2), suggesting
that they belong to the same adsorption species [44]. The band at 1106 cm™! represented
the OS complexes (Figure S3) [45]. For the band group, the band at 976 cm-! was assigned
to the 5-O symmetric stretching vibration (v1), while the bands at 1130 cm and 1058 cm-
! were assigned to asymmetric stretching vibrations (vs). The three S-O stretching bands
illustrate that this adsorption species consists of inner-sphere complexes with Cav sym-
metry and corresponds to nonprotonated monodentate mononuclear complexes (NMM,
FeOSOs). The configuration of adsorbed sulfate on Fe (hydr)oxides has been investigated
by several studies (Table 2), where the ubiquity of outer-sphere and inner-sphere com-
plexes was recognized. However, the geometry of inner-sphere species is distinct among
iron oxides. For instance, bidentate binuclear (BB) complexes were the main species of
sulfate on the goethite surface with four S-O stretching vibrations at 1170 cm-', 1120 cm-
1,1050 cm™ and 980 cm- [28,46]. However, on the ferrihydrite surface, sulfate formed two
inner-sphere species, including MM and BB complexes [46—48]. The MM complexes dis-
played three characteristic bands at 1115 cm-!, 1044 cm-! and 979 cm-!, which were quite
close to those of the inner-sphere complexes found in this study. This confirms the MM
geometry for sulfate adsorbed on Ni-substituted magnetite.

Table 2. IR vibrations of aqueous and coordinated sulfate on the surface of various oxides.

Mineral Species S-O stretching vibration/cm pH Reference
Aqueous SO« 1100 [45]
. Monodentate 976 1060 1128 3-5
Hematite Bidentate 971 1048 1127 1183 37 134,491
Outer-sphere 1104 >6
thit 2
Goethite Bidentate 992 1055 1133 1170 3-5 [28]
Outer-sphere 1100 6
Ferrihydrite Monodentate 980 1050 1110 3-5 [32,43,47,50]
Bidentate 980 1050 1120 1170 3-5
Ni-Substituted Magnetite Outer-sphere 1105 78 This study

Monodentate 976 1058 1130 4-6
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Figure 5. Two-dimensional synchronous (a,c) and asynchronous (b,d) spectra of sulfate adsorbed on Ni-substituted mag-
netite at pH 4 and pH 7.

Through the deconvolution of the characteristic bands of OS and NMM species (Fig-
ure 3b), their amount and the contribution to total sulfate adsorption were calculated as a
function of pH (Figure 4b). At alkaline and neutral pH, the OS complexes were the domi-
nant species (Equation (3)). With decreasing pH, NMM complexes were formed through
covalent bonds on the Ni-substituted magnetite surface (Equation (4)). Interestingly,
when the pH was below the PZC (6.8) of the Ni-substituted magnetite, the amount of
NMM complexes sharply increased, while the amount of OS complexes remained at a
stable level. This suggests that OS species were the intermediates of the inner-sphere com-
plexes. However, owing to the increase in NMM complexes with decreasing pH, the con-
tribution of OS species to the total adsorption of sulfate decreased rapidly and became
almost negligible at pH 4 (<10%, Figure 4b).
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=FeOH + SO~ — =FeOH---5042 3)

=FeOH + SO + H* — =FeOSOs + H:20 4

3.3. Competitive Adsorption between Sulfate and Chromate
3.3.1. Substitution of Sulfate by Chromate

Initially, sulfate was pre-adsorbed on the Ni-substituted magnetite surface, which
achieved equilibrium in 150 min (Figure S5a and S6). At pH 4, NMM complexes were the
dominant species for the pre-adsorbed sulfate (Figure 4b). When the sulfate solution in
the ATR cell was replaced by chromate solution of equal molar concentration, the bands
in the 1200960 cm™' region immediately decreased in intensity (upper panel of Figure 6a).
Simultaneously, bands in the 730-960 cm-! region appeared and gradually became strong.
This indicates the desorption of sulfate from the magnetite surface and subsequent ad-
sorption of chromate. This process was clearer upon subtracting the equilibrium spectrum
for the adsorbed chromate recorded at 300 min from the signals recorded at 150 min, i.e.,
immediately before the introduction of the chromate (lower panel of Figure 6a). The ob-
tained spectrum displayed negative and positive signals, attributed to the desorbed sul-
fate and adsorbed chromate, respectively. Based on spectral integration, ca. 44% of ab-
sorbed sulfate was replaced by chromate. The negative spectrum was composed of three
strong bands at 976 cm, 1058 cm! and 1130 cm! and a weak band at 1106 cm™. Thus, the
desorbed sulfate was dominated by NMM complexes (94%), with a small number of OS
species (6%). The adsorbed chromate included NMM (80%) and BB (20%) complexes, ev-
idenced by the appearance of two band groups, i.e., 910 cm™, 870 cm! and 830 cm! with
high intensity, and 950 cm, 930 cm, 885 cm! and 816 cm~! with weak intensity.

(i)150min for sulfate pre-adsorption (i) 150min after addition of chromate
(i)150min for sulfate pre-adsorption
(\I) 150min after addition of chromate
M °
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Figure 6. Infrared spectra of the substitution of pre-adsorbed sulfate (100 pmol-L-!) by chromate (100 pmol-L-') at pH 4 (a)
and pH 7 (b). After the pre-adsorption of sulfate for 150 min, chromate was added, and the spectra were recorded for

another 150 min.

The replacement of sulfate by chromate also occurred at pH 7. Before the addition of
chromate, the spectra showed a symmetric broad band at 1106 cm~' (Figure S5b), as the
adsorbed sulfate was mainly outer-sphere species. After the introduction of the chromate
solution, the bands of adsorbed sulfate rapidly decreased in intensity and achieved com-
plete desorption in 40 min, while the chromate bands grew simultaneously. Interestingly,
although the adsorbed sulfate was mainly outer-sphere complexes, its spectrum profile
gradually became asymmetric during desorption (upper panel of Figure 6b). This can
probably be ascribed to the fast desorption of the outer-sphere species (>90%), followed
by the slow removal of the NMM species with characteristic bands at 1130 cm-! and 1058
cm-1. Based on the subtractive spectrum (lower panel of Figure 6b), chromate substituting
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sulfate was primarily responsible for the NMM complexes (90%) and a few BB complexes
(10%), which was consistent with the species composition of chromate in signal adsorp-
tion at pH 7 and substitution of sulfate at pH 4. According to the above observation, the
pre-adsorbed sulfate did not notably affect the adsorption geometry of chromate. Moreo-
ver, the NMM complexes of chromate can compete with sulfate for the adsorption sites
on the magnetite surface by partial substitution of the NMM complexes at acidic pH and
almost all of the OS species at neutral pH.

3.3.2. Substitution of Chromate by Sulfate

At pH 4, the pre-adsorbed chromate on the magnetite surface mainly existed as
NMM complexes with a few BB complexes (Figure 4a and Figure S5c). The introduction
of the sulfate solution of equal concentration significantly lessened the bands of adsorbed
chromate and, in the region between 1200 cm-! and 960 cm-!, the peaks of adsorbed sulfate
gradually increased (upper panel of Figure 7a). Based on the spectral area integration, 66%
of the adsorbed chromate was removed by sulfate in 90 min. As shown on the difference
spectrum, most of the desorbed chromate consisted of NMM complexes (83%), while the
desorbed amount of BB complexes was much lower (17%). The sulfate substituting chro-
mate included two main configurations, i.e., NMM complexes and OS species, corre-
sponding to the characteristic bands at 1135 cm and 1058 cm-?, and 1106 cm™, respec-
tively. The NMM and OS complexes accounted for 65% and 35% of the adsorbed sulfate,
respectively, which is different from the composition in the individual adsorption, i.e.,
90% and 10%. This can probably be ascribed to the presence of BB chromate complexes,
preventing more sulfate oxyanions from bonding to the magnetite surface.

(Ii)'%mm after addition of sulfate iii} 30min after addition of sulfate (200uM)
(iY120min for chromate pre-adsorption
(i) 70min for chromate pre-adserption
0
o
c
L]
2
b
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Figure 7. Infrared spectra of the substitution of pre-adsorbed chromate by sulfate at pH 4 and pH 7 (a). At pH 4, after the
pre-adsorption of chromate (100 pmol-L-?) for 120 min, sulfate (100 umol-L-!) was added, with the spectra recorded for
another 90 min. (b) At pH 7, after the pre-adsorption of chromate for 70 min, sulfate (100 umol-L) was added, with the
spectra recorded for another 30 min. Then, a high-concentration sulfate solution (200 pmol-L!) was added, with the spectra
monitored for another 30 min.

When the pH was increased to 7, the adsorption geometry of chromate did not vary
notably. Sulfate with an equal molar concentration could not replace the adsorbed chro-
mate on the magnetite surface, as evidenced by the lack of change in the spectrum of ad-
sorbed chromate and the disappearance of the signal of adsorbed sulfate in the 1200-970
cm-! range (upper panel of Figure 7b). When the concentration of the sulfate solution was
increased to 200 pmol-L-, it was quickly adsorbed, as evidenced by the fast growth of the
corresponding bands. However, the pre-adsorbed chromate species were hardly de-
sorbed, as their characteristic bands still slightly increased in intensity and then stabilized
(upper panel of Figure 7b). This illustrates the higher adsorption affinity of chromate over
sulfate to the magnetite surface. By subtracting the equilibrium spectrum, recorded before
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the addition of sulfate (200 pmol-L-!) at 100 min, from that of the adsorbed sulfate at 130
min (lower panel of Figure 7a), the obtained spectrum displayed positive bands at 1106
cm™ for the sulfate, featuring OS complexes. Other positive bands appeared at 950 cm!
and 930 cm!, corresponding to the BB complexes of chromate. Based on the above phe-
nomenon, at neutral pH, sulfate could not substitute the pre-adsorbed chromate on mag-
netite. Indeed, the outer-sphere species of sulfate even promoted the formation of BB com-
plexes of chromate.

3.3.3. Simultaneous Adsorption of Chromate and Sulfate

To further compare the competitiveness between chromate and sulfate in the adsorp-
tion on magnetite, their simultaneous adsorption was also carried out. At pH 4, the bands
corresponding to the adsorbed sulfate gradually increased in intensity with the reaction
time and became steady after 50 min (upper panel of Figure 8a). The adsorption of chro-
mate showed identical kinetics and achieved equilibrium in 50 min. This indicates that
both oxyanions were simultaneously adsorbed on the magnetite surface. However, com-
pared to the spectra of sulfate in individual adsorption, those of sulfate in simultaneous
adsorption did not coincide, suggesting distinct adsorption geometries. For example, the
spectra in single adsorption were obviously asymmetrical, with two isolated bands at 1130
cm and 1050 cm-'. However, in the simultaneous adsorption, they became more sym-
metrical, with a maximum intensity at 1100 cm-. To investigate this issue, curve fitting
was conducted on the equilibrium spectrum (lower panel of Figure 8a). Although it was
composed of two groups of bands, i.e., 1106 cm™ for OS complexes and 1135 cm-!, 1058
cm and 976 cm! for MM complexes, their contributions were mostly equal but notably
different from the individual adsorption scenario with a negligible proportion of OS (<
10%, Figure 4b). This is in agreement with the result of the substitution of chromate by
sulfate at acidic pH, where the adsorbed chromate favored the formation of OS complexes
of sulfate. In contrast, the adsorption configuration of chromate did not vary, as identical
spectra were obtained for individual and simultaneous adsorption (Figures 1b and 8a).
Different phenomena were seen for simultaneous adsorption at pH 7. Only the IR bands
in the 960-738 cm-! region for adsorbed chromate appeared and grew with the adsorption
time, while the signal of adsorbed sulfate was too weak to be observed (upper panel of
Figure 8b). This was consistent with the substitution of chromate by sulfate at the same
pH, where the adsorption of sulfate was completely inhibited by the pre-adsorbed chro-
mate (Figure 6b). This further confirmed the higher adsorption affinity of chromate over
sulfate. The adsorption of chromate achieved equilibrium in 50 min by the formation of
NMM (with bands at 910 cm™, 870 cm-! and 830 cm-!) and BB (with bands at 950 cm-!, 930
cm, 890 cm! and 820 cm') complexes for the majority and minority of chromate, respec-
tively, which was consistent with the individual adsorption scenario (lower panel of Fig-
ure 8b).

Based on the results of the individual and competitive adsorption experiments for
sulfate (Figure 4b and Figures 6-8), the adsorption of sulfate on magnetite is very weak
under alkaline conditions (pH > 7); thus, the competitive adsorption of sulfate and chro-
mate under alkaline conditions was not discussed.
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Figure 8. Infrared spectra of the simultaneous adsorption of sulfate (100 umol-L-') and chromate (100 pmol-L-!) onto mag-
netite at pH 4 (a) and pH 7 (b).

4. Discussion
4.1. Individual Adsorption

For chromate, although monodentate and bidentate complexes are common adsorp-
tion geometries formed on iron (hydr)oxides, e.g., ferrihydrite, hematite, goethite and
magnetite, their proportions are variable. For example, under acidic conditions, the con-
tribution of BB complexes to the total adsorption of chromate accounts for 90%, 70% and
50% on hematite, goethite and ferrihydrite, respectively [43,51]. However, as found in this
study, compared to other (hydr)oxides, the proportion of BB complexes on the magnetite
surface was much lower, i.e., only 30%. This made the MM complexes the dominant spe-
cies on the magnetite surface. Based on the steric configuration, to build MM and BB com-
plexes, chromate needs to be bonded to single and two adjacent surface sites, respectively.
As indicated in other studies [18,28,52], the formation of BB complexes probably requires
the protonation of two adjacent surface sites (Fe~OH or Fe-OH>*) for ligand exchange re-
actions, which includes two steps, i.e., i) ligand exchange between chromate and a single
hydroxyl site to form MM complexes and ii) sequential reaction of MM complexes with
the adjacent hydroxyl sites to form BB complexes [42]. Thus, the protonation degree of the
hydroxyl group greatly affects the yield of BB complexes. Specifically, when surface sites
are nonprotonated (Fe-O-), only outer-sphere species are present. However, with increas-
ing protonation, the dominant species change from OS to MM and then to BB complexes.
For surface sites with two protons (Fe—-OH>*), participation in ligand exchange reactions
is favored because water molecules (-OHz) are more easily replaced than hydroxyl groups
(-OH). On account of the above adsorption mechanism, the variation in surface properties
among iron (hydr)oxides can explain the difference in the adsorption complexes of chro-
mate. The protonation degree is determined by the point of zero charge (PZC). At a given
pH, magnetite has the lowest degree of protonation of hydroxyl groups, owing to its lower
PZC (6.8) than ferrihydrite (8.4), goethite (9.3) and hematite (9.6). As a result, compared
to other Fe (hydr)oxides, fewer BB complexes are generated on the magnetite surface.
Moreover, the formation of BB complexes is also affected by the distance between adjacent
protonated hydroxyl sites, as these complexes must be bonded to two adjacent protonated
hydroxyl sites. If they are too far from each other, only MM complexes are produced. For
hematite, goethite, ferrihydrite and magnetite, the densities of surface hydroxyl sites are
13.7, 6.14, 3.80 and 4.35 site'nm, respectively [47,53,54], resulting in a decrease in the pro-
portion of BB complexes.

The variation in the adsorption geometries of sulfate displayed a similar trend among
the Fe (hydr)oxides. Although MM and OS are the main species of adsorbed sulfate, the
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formation of MM complexes requires a higher protonation extent of hydroxyl groups than
that for OS species. Thus, MM complexes are the only species formed on hematite with a
higher PZC [34], while OS and MM species coexist on the surface of magnetite and ferri-
hydrite with a lower PZC [6].

4.2. Competitive Adsorption

Due to the identical chemical properties and geometrical configuration between sul-
fate and chromate (Figure S7 and S8) [14,22], they should display not only similar adsorp-
tion behavior but also strong competitive adsorption on mineral surfaces [24]. This is ver-
ified in the in situ ATR-FTIR analysis carried out on the magnetite surface in this study.
For instance, under acidic pH, sulfate replaced the pre-adsorbed chromate, giving rise to
the desorption of chromate by 66% (Figure 7a). Likewise, the adsorption of chromate led
to dissolution of the pre-adsorbed sulfate by 44% (Figure 6a). In the simultaneous adsorp-
tion experiment, both oxyanions were adsorbed with comparable adsorption amounts.
Therefore, chromate and sulfate displayed analogous affinity to the magnetite surface,
resulting in intense competitive adsorption. Similar phenomena also occur in their co-ad-
sorption on other minerals. As reported by Beinum et al., at pH 4, chromate significantly
reduced the adsorption of sulfate on the goethite surface, while a significant decrease in
the adsorption amount of chromate by the addition of sulfate was also observed [25]. In
addition, a decrease of 40% in chromate adsorption by the introduction of sulfate is also
seen on the corundum (y-Al0s) surface under acidic conditions [55].

Previous studies further distinguished the competitiveness between two oxyanions.
The affinity of sulfate to goethite is weaker than that of chromate, while they reverse on
the corundum surface. This is probably ascribed to the difference in the adsorption geom-
etries. For chromate, under acidic conditions, BB complexes are the dominant configura-
tion on goethite, while it primarily forms outer-sphere complexes on Al oxides [26]. Sul-
fate dominantly presents as BB complexes on both minerals [56]. Thus, the affinity of chro-
mate and sulfate is opposite for Fe— and Al- oxides. In this study, both chromate and
sulfate primarily existed as MM complexes on the magnetite surface under acidic condi-
tions. As the desorption degree of chromate (66%) by sulfate is higher than that of sulfate
(44%) by chromate, the competitiveness of sulfate MM complexes is mildly stronger than
that of chromate MM species on the magnetite surface.

With the increase in pH to neutral conditions, the competitive adsorption between
sulfate and chromate weakened dramatically. For example, sulfate could not replace the
pre-adsorbed chromate, while the adsorption of chromate completely removed the pre-
adsorbed sulfate. In addition, in the simultaneous adsorption study, no adsorption of sul-
fate was seen. Regardless of the addition order, sulfate did not affect the adsorption of
chromate on magnetite. Similar phenomena were reported by Hilbrandf et al. [57] and
Venditti et al. [22], where, for instance, at pH 7.5, sulfate had little effect on the adsorption
of chromate on a ferrihydrite surface and on silica gelatin composites [22]. This can also
be explained by the difference in adsorption configurations between sulfate and chromate.
Atneutral pH, sulfate was adsorbed by forming OS species, with much lower affinity than
the main configuration of chromate, i.e., MM complexes (Figure 4).

5. Conclusions

In this study, the adsorption geometries of chromate and sulfate on magnetite sur-
faces and their adsorption competitiveness were investigated using ATR-FTIR and 2D-
COS correlation methods. For chromate, nonprotonated monodentate mononuclear
(NMM) complexes predominated in the pH range of 4-9, with a few bidentate binuclear
(BB) complexes generated under acidic conditions. For sulfate, NMM and outer-sphere
(OS) species dominated under acidic and neutral conditions, respectively. Chromate and
sulfate displayed strong competitive adsorption on the magnetite surface under acidic
conditions, as both existed mainly as NMM complexes. However, the affinity of sulfate
was slightly stronger than that of chromate, although, with increasing pH, the competitive
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effect of sulfate on chromate adsorption decreased. Under neutral conditions, the adsorp-
tion of chromate completely suppressed sulfate adsorption, since the stability of NMM
complexes of chromate was much stronger than that of the OS species of sulfate. There-
fore, the adsorption competitiveness between chromate and sulfate on magnetite is de-
pendent on the variations in adsorption geometries with pH. These molecular-level in-
sights will be of great significance for understanding the transfer and fate of chromate and
sulfate onto magnetite/water interfaces.
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