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A B S T R A C T   

Competitive adsorption of arsenate (AsO4
3− ) and phosphate (PO4

3− ) on α-FeOOH, LaOOH, and nano-TiO2 was 
studied using batch adsorption experiments and in-situ flow cell ATR-FTIR coupled with two-dimensional cor-
relation spectroscopy (2D-COS) for the first time. With a higher temporal resolution, our results found a highly 
dynamic adsorption sequence for AsO4

3− and PO4
3− . When AsO4

3− and PO4
3− were simultaneously exposed to the 

adsorbents at the same concentrations, AsO4
3− was preferentially adsorbed by α-FeOOH and TiO2, but PO4

3−

adsorption was dominant on LaOOH. The results implied that the PO4
3− adsorbed on LaOOH had to be remo-

bilized to allow for AsO4
3− adsorption, but that PO4

3− adsorption on α-FeOOH and TiO2 was hindered by faster 
AsO4

3− adsorption. Crystal orbital Hamilton population (COHP) analysis revealed that AsO4
3− complexes bonded 

more strongly on α-FeOOH and TiO2, whereas PO4
3− complexes were more stable on LaOOH. Different adsorption 

sequences and the stability of the complexes were attributed to the diverse geometric configurations of AsO4
3−

and PO4
3− on metal oxides surfaces with specific bonding chemistry. The presence of Ca2+ did not affect AsO4

3−

and PO4
3− adsorption sequence on α-FeOOH or LaOOH, but it reversed the adsorption sequence on TiO2 due to 

the formation of ternary surface complexes on TiO2 surfaces.   

1. Introduction 

Arsenate (AsO4
3− ) and phosphate (PO4

3− ) are oxyanions of Group V 
elements with similar chemical structure and properties, but their 
biogeochemical behaviours are extremely different in natural environ-
ment (Woolson et al., 1971). AsO4

3− is highly deleterious to both animals 
and plants, but PO4

3− is essential to biota (Cordell et al., 2011), though 
excess phosphate in aquatic environments may cause severe problems 
such as eutrophication (Conley et al., 2009). Competitive adsorption is a 
mineral-water interfacial process regulating the fate and transport of 
pollutants in aquatic environments. Studying the competitive adsorp-
tion of AsO4

3− and PO4
3− on mineral surfaces may have a dominant role in 

understanding and predicting their mobility in the environment. 
The affinity of AsO4

3− and PO4
3− for metal oxide surface sites may be 

affected by pH, aqueous species and the surface structures of oxides 
(Violante and Pigna, 2002; Stolze et al., 2019). Numerous studies over 

the past few decades have compared the competitive adsorption of 
AsO4

3− and PO4
3− on different adsorbents (Table S1). Nevertheless, 

controversial results are observed and detailed molecular level mecha-
nisms underlying the macroscopic observations are still in debate. Spe-
cifically, many researchers suggested that AsO4

3− has a higher affinity 
than PO4

3− to goethite (Gao and Mucci, 2001; Zhao and Stanforth, 2001), 
but others proposed the opposite results (Manning and Goldberg, 1996; 
Hiemstra and Van Riemsdijk, 1999). Furthermore, competition of AsO4

3−

and PO4
3− for sorption sites may vary greatly on different adsorbents 

(Violante and Pigna, 2002). Violante and Pigna (2002) reviewed a 
number of studies and concluded that AsO4

3− is more readily adsorbed 
than PO4

3− on Mn/Fe oxides and Fe-bearing phyllosilicates, whereas 
PO4

3− is preferentially adsorbed on Al hydroxides, allophane, and 
kaolinite. However, it is not yet clear why the preference is different on 
different adsorbents. 

It is important to determine whether or not both AsO4
3− and PO4

3− are 
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adsorbed at the same rate. Does the competitive inhibition of AsO4
3− by 

PO4
3− result from the preferential PO4

3− adsorption, or the remobilization 
of AsO4

3− by subsequent PO4
3− adsorption? Answering these ‘simple’ 

questions via conventional batch kinetic or equilibrium experiments is 
challenging, because the temporal resolution achieved in the fast initial 
adsorption period was not adequate enough (Parikh et al., 2008). In 
addition, previous studies have shown that the presence of Ca2+ can 
strongly affect co-adsorption of AsO4

3− and PO4
3− (Masue et al., 2007; 

Zhang et al., 2019), but the effects of Ca2+ on the sequence of compet-
itive adsorption are not understood. However, these effects are of great 
importance when studying the transport and fate of oxyanions in soil 
and aquifers. 

Two-dimensional infrared (IR) correlation spectroscopy (2D-COS) 
offers a possible way to study competitive adsorption at the molecular 
level. It can not only provide far higher spectral resolution than con-
ventional IR spectroscopy, because overlapping peaks can be resolved 
by extending the spectrum in the second dimension (Noda, 1993; Shi 
et al., 2020), but also identify the orders of peak intensity changes upon 
any equilibrium perturbations. These advantages rendered the use of 
2D-COS suitable to study the adsorption mechanisms of complex organic 
compounds (Chen et al., 2019; Yan and Jing, 2018; Yan et al., 2016). To 
the best of our knowledge, no attempt has yet been made to investigate 
oxyanion adsorption sequences by 2D-COS. We believe that 2D-COS can 
provide new informations to improve our understanding on competitive 
adsorption mechanisms. 

The objective of this study was to investigate the competitive 
adsorption sequence of AsO4

3− and PO4
3− at the molecular level and to 

assess the effects of Ca2+ cations co-adsorption. In our study, goethite 
(α-FeOOH) and nano-TiO2 were used as adsorbents, because they have 
been widely and efficiently used to remediate groundwater and waste-
water contaminated with AsO4

3− and PO4
3− (Violante and Pigna, 2002; 

Yan et al., 2017; Hu et al., 2015). In addition, the oxyhydroxide of the 
rare earth element lanthanum oxyhydroxide (LaOOH) was also chosen 
because of its excellent performance on the effective adsorption of 
AsO4

3− in our previous study (Shi et al., 2015). To the best of our 
knowledge, no research has compared the competitive adsorption of 
AsO4

3− and PO4
3− on LaOOH. The adsorption sequence was studied using 

in-situ flow cell attenuated total reflectance (ATR) Fourier-transform 
infrared (FTIR) spectroscopy coupled with the 2D-COS method. In 
addition, the crystal orbital Hamilton population (COHP) (Dronskowski 
and Blöchl, 1993; Deringer et al., 2011; Feng et al., 2019) was employed 
to study the molecular level interactions and bonding chemistry of 
AsO4

3− and PO4
3− on different adsorbents. The results could improve our 

understanding on competitive adsorption of co-existing contaminants in 
natural aqueous systems. 

2. Material and methods 

2.1. Materials 

All the chemicals used were of chemically pure grade or better, and 
were used without further purification. Each solution was made from 
pure Milli-Q water (18.2 MΩ), acidified to pH 4 by 0.5 M HCl and purged 
with nitrogen for at least one hour to remove CO2 before each experi-
ment run. Stock AsO4

3− and PO4
3− solutions (5000 mg L− 1) were prepared 

by dissolving Na3AsO4‧12H2O and Na3PO4‧12H2O, respectively, and 
stored at 4 ◦C. Goethite (α-FeOOH), LaOOH, and TiO2 (Anatase) were 
prepared using our previously published methods (Shi et al., 2015; Yang 
et al., 2012; Luo et al., 2010). The points-of-zero-charge (pHPZC) for 
α-FeOOH, LaOOH, and TiO2 were 8.9, 9.1, and 5.8, respectively (Shi 
et al., 2015; Yang et al., 2012; Luo et al., 2010). All the materials were 
freeze-dried and ground to pass through 100 mesh screen (particle size 
< 150 µm). 

2.2. Batch adsorption experiments 

To explore the competitive adsorption sequence of AsO4
3− and PO4

3−

on α-FeOOH, LaOOH, and TiO2, conventional batch kinetic and isotherm 
experiments were performed. The pH was kept at pH 7 by adding 0.5 M 
HCl or NaOH. The adsorbent-to-solution ratio was fixed at 1.2 g L− 1 and 
the background electrolyte was fixed at 0.01 M NaCl. All the samples 
were passed through a 0.22 µm syringe filter prior to analysis. The dis-
solved As concentration was determined using a hydride generation 
atomic adsorption spectrometer (HGAAS Analyst 800, PerkinElmer, 
Waltham, MA, USA) or an inductively coupled plasma optical emission 
spectrometry (ICP-OES, PerkinElmer, Waltham, MA, USA) according to 
their concentrations. The dissolved PO4

3− concentration was measured 
by an ion chromatograph (Dionex DX-1100, Sunnyvale, CA, USA) with 
an AS11-HC ion aac column. As(V) and PO4

3− standards were used to 
ensure that the analytical results met appropriate quality criteria. 

2.2.1. Adsorption kinetics 
The adsorption kinetic experiments were performed in single, bi-

nary, and ternary systems. For each experiment, 0.6 g of adsorbent was 
added to 500 mL of 0.01 M NaCl solution containing (i) 0.8 mM AsO4

3− or 
0.8 mM PO4

3− (single system), (ii) both 0.8 mM AsO4
3− and 0.8 mM PO4

3−

(binary system), or (iii) both 0.8 mM AsO4
3− and 0.8 mM PO4

3− together 
with 1.6 mM Ca2+ (ternary system). The suspension was mixed using a 
magnetic stirrer for up to 18 h. The solution pH was monitored 
continuously and kept at pH 7 by adding 0.5 M HCl or NaOH. A 5 mL 
aliquot was withdrawn at regular time intervals. To simulate the 
experimental data, both the pseudo-first-order (PFO) model (Eq. (1)) 
and pseudo-second-order (PSO) model (Eq. (2)) were utilized: 

qt = qe⋅
(
1 − e− K1 t) (1)  

qt =
q2

eK2t
1 + qeK2t

(2)  

where qt is the amount of adsorbate adsorbed to the sorbent (mmol g− 1) 
at time t (h), qe is the amount of adsorbate sorbed to the sorbent 
(mmol g− 1) at equilibrium, and K1 (h− 1) and K2 (g mmol− 1 h− 1) are the 
rate constants for PFO and PSO model, respectively. 

2.2.2. Adsorption isotherms 
The adsorption isotherms were acquired for single and binary sys-

tems. AsO4
3− and PO4

3− co-adsorption isotherms were determined using 
adsorbent suspensions of 1.2 g L− 1 maintained at pH 7 by addition of 
HCl or NaOH. Experiments using α-FeOOH and TiO2 suspensions were 
performed using initial AsO4

3− concentrations between 0.1 and 
3.6 mmol L− 1 and same PO4

3− concentrations. Tests using LaOOH were 
performed using higher AsO4

3− concentrations (0.6–8 mmol L− 1) 
because of the higher adsorption capacity of LaOOH (Table S5). The 
samples were shaken at 200 rpm on a rotary shaker at 25 ◦C for 72 h. 
The background electrolyte was maintained at 0.01 M NaCl to ensure 
constant ionic strength. The adsorption isotherms of AsO4

3− or PO4
3− in 

single systems were acquired under the same experimental conditions. 
The experiment data were fitted using the Langmuir model: 

qe =
KLCeqm

1 + KLCe
(3)  

where Ce (mmol L− 1) is the adsorbate concentration at equilibrium, qe 
(mmol g− 1) is the amount of adsorbate adsorbed, and qm (mmol g− 1) 
and KL (L mmol− 1) are Langmuir constants representing the maximum 
adsorption capacity and the adsorption affinity, respectively. 

2.3. In-situ flow cell ATR-FTIR study 

In-situ flow cell ATR-FTIR measurements were performed using a 
Thermo Nicolet Nexus IS50R FTIR spectrometer (Thermo Fisher 
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Scientific, Waltham, MA, USA) with a liquid nitrogen cooled mercu-
ry–cadmium–telluride detector, a 45◦ ZnSe ATR crystal mounted hori-
zontally in a flow-through cell (PIKE Tech, Madison, WI, USA) 
connected to an LC-3A liquid pump (Shimadzu, Kyoto, Japan), and an 
adsorbate solution reservoir. Methods of data collection and spectral 
analysis to investigate AsO4

3− and PO4
3− co-adsorption on the adsorbents 

were similar as described previously (Shi et al., 2015). Briefly, a 600 µL 
aliquot of the adsorbent suspension (2.5 g L− 1) was spread on the ZnSe 
crystal and allowed to dry at room temperature in a N2 atmosphere. 
Loosely deposited particles and other impurities on the coated film 
surface were removed by purging the flow cell with 0.04 M NaCl solu-
tion at pH 7 for a flow rate of 0.5 mL min− 1 until no further changes 
occurred in the ATR-FTIR spectrum. The background spectra for the 
adsorbents were acquired after the rinsing and pre-conditioning process 
was complete. Each spectrum was the result of combining 1024 scans 
collected using a resolution of 4 cm− 1. A 0.04 M NaCl solution at pH 7 
containing (i) 0.2 mM AsO4

3− , (ii) both 0.2 mM AsO4
3− and 0.2 mM PO4

3− , 
or (iii) both 0.2 mM AsO4

3− and 0.2 mM PO4
3− together with 0.4 mM 

Ca2+ was then passed through the flow cell. A spectrum was collected 
every 30 min until adsorption equilibrium was reached (at ~6 h). Each 
feed solution in the reservoir was purged with N2 in the dark throughout 
the spectrum collection process. Omnic 9.2 software (Thermo Fisher 
Scientific) was used to collect and analyze the spectra (background 
subtraction, normalization, baseline correction, etc.). The second de-
rivatives were used to verify the numbers and positions of the peaks. The 
Gaussian shape option was used when analyzing overlapping peaks. 

2.4. 2D-COS 

The ATR-FTIR spectra were analyzed using the 2D-COS method to 
deconvolute overlapping peaks and investigate the spectral dynamics. 
2D-COS can be used to obtain precise information from systematic (e.g., 
temporal) changes in spectral peaks caused by external perturbations of 
the equilibrium (e.g., caused by introducing an adsorbate to the adsor-
bent–water interface). 2D-COS can also provide information on corre-
lations between perturbations and structural changes, which would be 
imperceptible using conventional one-dimensional IR spectroscopy, 
particularly regarding whether the changes occur simultaneously or 
sequentially (Noda, 1993). The background and numerical algorithms 
used in the 2D-COS method were described in detail previously (Chen 
et al., 2019). Briefly, first, sequential spectra were collected at a high 
temporal resolution to allow the identification of spectral changes over 
time. A cross-correlation function was then generated from two spectral 
data matrices using a discrete Hilbert–Noda transformation (Noda, 
1993). Last, synchronous and asynchronous 2D maps were plotted using 
the data matrices to allow the spectral coordinates, intensities, and signs 
of the correlating peaks to be interpreted using established principles 
(Noda, 1993). 

The synchronous correlation spectrum corresponds to the real part 
(Φ), and the asynchronous spectrum relates to the imaginary part (Ψ) of 
the cross-correlation function. The direction of the intensity variation 
between two IR peaks v1 and v2 along the perturbation variable (time t) 
could be determined from the signs of the synchronous Φ(v1,v2) and 
asynchronous Ψ(v1,v2) correlation functions (Noda, 1993). If the signs of 
the synchronous Φ(v1,v2) and asynchronous Ψ(v1,v2) parts of the func-
tion were the same, the change occurred in peak v1 before peak v2. This 
order was reversed if the signs were different. No distinct order could be 
determined if Φ(v1,v2) = 0. In the synchronous 2D-COS map, there are 
auto-peaks along the main diagonal of the map and cross-peaks located 
symmetrically at the off-diagonal positions. Cross-peaks indicate coor-
dinated changes in the v1 and v2 peak intensities. A positive cross-peak 
indicates that the two correlating peaks increase or decrease simulta-
neously, whereas a negative cross-peak indicates that the changes in the 
peaks were in opposite directions. Only cross-peaks were observed in the 
asynchronous spectral maps. These asynchronous cross-peaks represent 
sequential changes in peak intensities. Therefore, if Ψ(v1,v2) = 0 (i.e., 

there are no asynchronous cross-peaks), the changes in v1 and v2 peak 
intensities over time are synchronous. If there is an asynchronous 
cross-peak, the v1 and v2 peaks change independently, suggesting that 
they may be caused by different surface complexes or different funtional 
groups of the same surface complex (Noda, 1993; Yan and Jing, 2018). 
Synchronous and asynchronous correlation spectral maps were pro-
duced using SpectraCorr software provided by the FTIR spectrometer 
manufacturer (Thermo Fisher Scientific). 

2.5. Computational models and methods 

The first-principle calculations to optimize the structure and reveal 
the exact electron distribution were performed using a periodic plane- 
wave density-functional (DFT) approach by the Vienna ab initio simu-
lation package (VASP) (Kresse and Furthmüller, 1996). Electron ex-
change correlation interactions were treated using the generalized 
gradient approximation, as parametrized by Perdew-Burke-Ernzerhof 
(PBE) approach. A projector-augmented-wave (PAW) pseudopotential 
was used to solve the Kohn–Sham equations in a plane wave basis set 
and describe the electron-ion interactions with an optimized energy 
cutoff of 400 eV (Blöchl, 1994). The α-FeOOH (101) plane, LaOOH 
(011) plane, and TiO2 (101) plane slabs were derived from the optimized 
bulk structures. A vacuum slab of 15 Å was added to separate each slab 
in the direction along the surface normal. The details of the lattice pa-
rameters and model simulation are provided in the SI. 

3. Results and discussion 

3.1. Arsenate and phosphate adsorption kinetics 

Fig. 1a-c illustrate the adsorption kinetics of AsO4
3− and PO4

3− at pH 
7.0 in single systems without competition. Their kinetic parameters are 
listed in Table S2. The adsorption of AsO4

3− or PO4
3− all conformed to the 

PSO model (R2 > 0.98). The rate constant (K2) for AsO4
3−

(172.2 g mmol− 1 h− 1) was higher than that for PO4
3− (148.6 g mmol− 1 

h− 1) on α-FeOOH, indicating that the adsorption of AsO4
3− was faster on 

α-FeOOH. Similar results were obtained on LaOOH and TiO2, for which 
the K2 for AsO4

3− (30.98 and 3.74 g mmol− 1 h− 1, respectively) were also 
higher than those for PO4

3− (1.17 and 2.42 g mmol− 1 h− 1, respectively), 
suggesting that the adsorption of AsO4

3− was more favorable than PO4
3−

on LaOOH and TiO2. 
The competitive adsorption kinetics of AsO4

3− and PO4
3− in binary 

system was also studied, as shown in Fig. 1d-f and listed in Table S3. The 
fit quality in terms of R2 in PSO model were higher than that for the PFO 
model, indicating that the kinetics of AsO4

3− and PO4
3− co-adsorption on 

all the adsorbents followed PSO kinetics (R2 > 0.99). The result suggests 
that rapid initial adsorption (first 1 h) was the rate-controlling step in 
the competitive system. However, the fact that the data fit for the PSO 
model does not necessarily mean that adsorption occurred via a second- 
order chemical reaction, but rather include both the chemical reactions, 
physical diffusion through the boundary layer, and into the particles 
(Arroyave and Avena, 2020). The initial adsorption rate was calculated 
using the equation v0 = qe

2⋅K2 (Yu et al., 2008). The value of v0 was used 
to compare the adsorption preference of AsO4

3− and PO4
3− on different 

adsorbents, where v0 for α-FeOOH was higher for AsO4
3− (0.44 mmol g− 1 

h− 1) than for PO4
3− (0.21 mmol g− 1 h− 1), suggesting that AsO4

3− adsor-
bed more rapidly than PO4

3− on α-FeOOH. In contrast, the v0 value for 
PO4

3− adsorption (59.9 mmol g− 1 h− 1) was much higher than that for 
AsO4

3− adsorption (1.36 mmol g− 1 h− 1) on LaOOH, indicating that PO4
3−

adsorbed faster than AsO4
3− on LaOOH. This result was different from 

that in the single system, indicating that the adsorption of AsO4
3− was 

greatly inhibited in presence of PO4
3− . However, the v0 value on TiO2 was 

very close for PO4
3− (0.30 mmol g− 1 h− 1) and AsO4

3− (0.28 mmol g− 1 

h− 1). It demonstrates that a classic kinetic experiment was not suffi-
ciently precise to quantify an adsorption sequence on TiO2. Any differ-
ence will be better assessed with the in-situ flow cell ATR-FTIR study 

X. Li et al.                                                                                                                                                                                                                                        



Journal of Hazardous Materials 414 (2021) 125512

4

coupled with 2D-COS method. 
These differences were also reflected by the adsorption isotherm 

results, as shown in Fig. S2 and Table S5 in SI. The adsorption of AsO4
3−

and PO4
3− in both single and binary system conformed to the Langmuir 

model, but not for the adsorption of AsO4
3− on LaOOH in binary system. 

The maximum adsorption capacity (qm) in binary system indicated that 
the adsorption of AsO4

3− was favored on α-FeOOH and TiO2, while the 
adsorption of PO4

3− was more favorable on LaOOH. The different 
adsorption preferences for AsO4

3− and PO4
3− on α-FeOOH, LaOOH, and 

TiO2 highlight the importance of understanding competitive reactions 
on mineral–water surfaces. We believe these different preferences may 
result from the different surface complexation configurations. However, 
the kinetics and isotherm results were not sufficient to confirm this 
hypothesis and explain the mechanisms. 

To decipher the competitive adsorption mechanism of AsO4
3− and 

PO4
3− on different adsorbents at the molecular level, the in situ ATR-FTIR 

spectra were employed. The baseline-corrected ATR-FTIR peak in-
tensities [A(v)] of the spectral components were used to generate 

kinetics curves (i.e., absorbances for the characteristic As and P peaks 
over time), as shown in Fig. 2. The apparent adsorption rates were first 
extracted from these data using a modified PFO equation: 

At(ν̃) = Amax(ν̃)
(
1 − e− k∙t) (4)  

where At(ν̃) is the absorbance of a peak at time t (min), Amax(ν̃) is the 
maximum absorbance for the peak, and k is the rate constant for the PFO 
adsorption rate. The figures and parameters are shown in Fig. 2d-f and 
Table S6 in SI. The k values can be used to estimate the adsorption 
preference of AsO4

3− and PO4
3− on different mineral surfaces. For 

α-FeOOH and TiO2, the k values of AsO4
3− adsorption (0.017 and 

0.0039 min− 1, respectively) were higher than those of PO4
3− adsorption 

(0.010 and 0.0031 min− 1, respectively), indicating that AsO4
3− was 

adsorbed faster than PO4
3− by α-FeOOH and TiO2. In contrast, for 

LaOOH, the k value of AsO4
3− (0.0048 min− 1) was lower than that of 

PO4
3− (0.0057 min− 1), suggesting that PO4

3− was adsorbed more rapidly 
than AsO4

3− on LaOOH. 
A modified PSO model was also used to fit the changes in peak in-

Fig. 1. Adsorption kinetics of AsO4
3− (blue) and PO4

3− (red) adsorbed on α-FeOOH (a, d, and g), LaOOH (b, e, and h), and TiO2 (c, f, and i) in single system (left 
column), binary system (middle column), and in the presence of Ca2+ (right column). The solid lines through the data respresent the pseudo-second-order (PSO) 
kinetic models. Inset table shows the PSO kinetics fitting parameters. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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Fig. 2. ATR-FTIR spectra for 0.2 mM AsO4
3− and PO4

3− adsorption onto (a) α-FeOOH, (b) LaOOH, and (c) TiO2 at pH 7, I = 0.04 M NaCl, and flow rate of 
0.5 mL min− 1, and the tests were performed at room temperature. The spectra (shown using different line colors) were collected every 0.5 h, and the peak intensities 
increased with time. Adsorption kinetics of AsO4

3− and PO4
3− on (d) α-FeOOH, (e) LaOOH, and (f) TiO2. Baseline-corrected ATR absorbances at 1049 and 876 cm− 1 

(α-FeOOH), 1047 and 828 cm− 1 (LaOOH), and 1077 and 873 cm− 1 (TiO2) were used to generate AsO4
3− and PO4

3− kinetics curves (filled markers). The dashed lines 
through the data represent the pseudo-first-order kinetic models and the solid lines respresent the pseudo-second-order kinetic models. 

Fig. 3. Deconvoluted ATR-FTIR spectra of adsorbed AsO4
3− and PO4

3− onto (a, d) α-FeOOH, (b, e) LaOOH, and (c, f) TiO2 at pH 7 at equilibrium.  
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tensity, using the equation: 

t
At(ν̃)

=
t

Amax(ν̃)
+

1
k⋅A2

max(ν̃)
(5) 

The fitting results demonstrated that PSO model showed a better fit 
than PFO model in the early phase, especially for adsorption on 
α-FeOOH (Fig. 2d-f). The k values of PSO model also indicated that 
AsO4

3− adsorbed more rapidly than PO4
3− onto α-FeOOH and TiO2, as 

shown in Table S6 in SI. However, on LaOOH, the k value of PSO model 
for AsO4

3− (0.07 min− 1) was higher than that for PO4
3− (0.016 min− 1), 

but the fit quality of AsO4
3− adsorption by LaOOH was weaker (R2 was 

only 0.72). These results were in agreement with our macroscopic 
adsorption results that arsenate was preferentially adsorbed on 
α-FeOOH and TiO2, whereas PO4

3− was more competitive on LaOOH. It 
proves that the in situ ATR-FTIR can not only compare the competitive 
adsorption preference between AsO4

3− and PO4
3− , but provide more 

precise informations expecially during the first hour. 

3.2. ATR-FTIR spectra for arsenate adsorption 

To verify and identify the surface complexes of AsO4
3− and PO4

3− on 
α-FeOOH, LaOOH, and TiO2, peak fittings of the in situ ATR-FTIR 
spectra were carried out as shown in Fig. 3. The peak assignments are 
listed in Table S7 in SI. 

The As–O peaks on α-FeOOH were in the range of 900–790 cm− 1 

(Fig. 3a), and the peak fitting results indicate that the four main peaks 
were at 875, 856, 836, and 817 cm− 1. The peaks at 875 and 856 cm− 1 

were ascribed to symmetrical vs(As–O) stretching vibrations of the 
adsorbed AsO4

3− species in previous studies (Jia et al., 2007; Goldberg 
and Johnston, 2001; Guan et al., 2008). The peak at 875 cm− 1 was 
assigned to vs(As–O) vibrations of the bidentate (≡FeO)2AsO2

− 2 surface 
complex, and the peak at 856 cm− 1 was ascribed to vs(As–O) in the 
monodentate (≡FeO)AsO3

− 5/2 surface complex. The peaks at 836 and 
817 cm− 1 were assigned to symmetrical vs(As–OFe) vibrations in mon-
odentate (≡FeO)AsO3

− 5/2 and bidentate (≡FeO)2AsO2
2− surface com-

plexes, respectively (Jia et al., 2007; Guan et al., 2008). 
Similar peak fitting and assignment results for LaOOH are shown in 

Fig. 3b and Table S7. Four main peaks at 871, 836, 796, and 780 cm− 1 

were observed. These results are consistent with the results of a study by 
Shi et al. (2015), who assigned the four peaks to asymmetrical vibrations 
of vas(As–O) in the (≡LaO)H2AsO3

− 4/7 surface complex, vas(As–O) in the 
(≡LaO)HAsO3

− 11/7 surface complex, symmetrical vibrations of vs(As–O) 
in the (≡LaO)H2AsO3

− 4/7 surface complex, and vs(As–O) in the (≡LaO) 
HAsO3

− 11/7 surface complex, respectively. The positions of the peaks for 
the AsO4

3− surface complexes on α-FeOOH and LaOOH are slightly 
different, but the symmetries and numbers of peaks are the same, sug-
gesting that similar AsO4

3− surface complexes were formed on both 
α-FeOOH and LaOOH. 

The numbers and positions of the peaks for TiO2 were different from 
those for α-FeOOH and LaOOH. As shown in Fig. 3c, there were three 
main peaks at 875, 842, and 799 cm− 1. The peak assignments are 
summarized in Table S7 in SI. The peak at 875 cm− 1 was assigned to 
symmetrical vs(As–O) stretching vibrations in aqueous H2AsO4

− species 
(Pena et al., 2006). The peaks at 842 and 799 cm− 1 were attributed to v 
(As–O) and v(As–OTi) vibrations in the bidentate (≡TiO)2AsO2

− 5/3 sur-
face complex, respectively (Pena et al., 2006). However, it is possible 
that the peaks at 799, 842, and 875 cm− 1 were caused by vs(As–OH), 
vs(As–OTi), and vs(As–O) in the protonated bidentate (≡TiO)2HAsO− 2/3 

surface complex, respectively. The FTIR results cannot be used to 
determine which of these dominated. 

3.3. ATR-FTIR spectra for phosphate adsorption 

The peak assignments of phosphate complexes are also listed in 
Table S7. The FTIR spectral peaks for the PO4

3− surface complexes were 

mainly in the range of 900–1200 cm− 1, as found in previous studies 
(Lefevre, 2004). As shown in Fig. 3d, there were seven main peaks at 
1159, 1122, 1087, 1049, 1014, 979, and 939 cm− 1 for PO4

3− adsorbed to 
α-FeOOH. These peaks can be assigned to two different PO4

3− surface 
complexes. As found in previous studies, the peaks at 939, 1049, and 
1087 cm− 1 were assigned to the non-protonated bidentate surface 
complex (≡FeO)2PO2

− 2, and the peaks at 1087 and 1049 cm− 1 were 
assigned to v(P–O) (A1) and v(P–O) (B1) vibrations of that surface 
complex (Tejedor-Tejedor and Anderson, 1990). The peak at 939 cm− 1 

was assigned to symmetrical vs(P–OFe) stretching vibrations. The other 
three peaks at 979, 1014, and 1122 cm− 1 were ascribed to the 
mono-protonated bidentate surface complex (≡FeO)2HPO2

− as in previ-
ous studies. The peaks at 1014 and 1122 cm− 1 were assigned to asym-
metrical vas(P–OFe) and v(P˭O) stretching vibrations, and the peak at 
979 cm− 1 was assigned to either vs(P–OFe) or v(P–OH) stretching vi-
brations (Arai and Sparks, 2001; Tejedor-Tejedor and Anderson, 1990). 
The last peak at 1159 cm− 1 was assigned to v3(B1) vibrations caused by 
physical adsorption of H2PO4

− (Arai and Sparks, 2001). The positions 
and numbers of these v3 vibrations were similar for free oxyanions in 
solution and P–O–Fe surface complexes for outer-sphere complexes on 
α-FeOOH surfaces formed through van der Waals forces. Persson et al. 
(1996) also found this peak at 1178 cm− 1 as well as the other peaks at 
1122, 1049, 1001, and 939 cm− 1. 

The peak fitting results for LaOOH (Fig. 3e) also showed seven main 
peaks at 1134, 1101, 1071, 1043, 1013, 989, and 957 cm− 1. Some 
studies of lanthanum-based adsorbents for removing PO4

3− have been 
performed, but few attention was paid to surface species at the molec-
ular level in these studies. Similar as for the peak assignments for 
α-FeOOH as mentioned above, the LaOOH peaks can be divided into two 
surface species. The first species is the bidentate binuclear surface 
complex (≡LaO)2HPO2

− 8/7 with peaks at 989, 1013, and 1101 cm− 1 

(Fang et al., 2017). The peak at 1101 cm− 1 was assigned to v(P˭O) 
stretching vibrations. The peaks at 1013 and 989 cm− 1 were assigned to 
v(P–OLa) and v(P–OH) stretching vibrations. The second species (peaks 
at 957, 1042, and 1071 cm− 1) belongs to another bidentate mono-
nuclear surface complex, (≡LaO2)HPO2

− 11/7. These three peaks were 
assigned to v(P–OH), v(P–OLa), and v(P˭O) stretching vibrations in 
(≡LaO2)HPO2

− 11/7. Fang et al. (2017) also found these three peaks in 
their study, but they assigned them to the bidentate surface complex 
(≡LaO)2HPO2

− 8/7. The last peak, at 1134 cm− 1, was assigned to 
outer-sphere adsorption of the PO4

3− ion. 
The spectra for PO4

3− adsorbed onto TiO2 differ from the spectra for 
PO4

3− species adsorbed onto the other adsorbents, as was also the case for 
AsO4

3− . Peaks near 1143, 1111, 1064, 1014, and 979 cm− 1 (Fig. 3f) can 
be split into three groups. The first group (peaks at 1111, 1064, and 
979 cm− 1) was assigned to the bridging bidentate surface complex 
(≡TiO)2PO2

− 5/3 with C2v symmetry (Wan et al., 2016; Ronson and 
McQuillan, 2002). The peaks at 1111 and 1064 cm− 1 were assigned to 
asymmetric and symmetric v(P–O) stretching vibrations, respectively 
(Wan et al., 2016). The peak at 979 cm− 1 was assigned to vas(P–OTi) 
stretching vibrations (Wan et al., 2016). The second group contained 
only one peak at 1014 cm− 1, which was assigned to electrostatically (i. 
e., outer-sphere) adsorbed PO4

3− on the TiO2 surfaces. However, Wan 
et al. (2016) and Popescu et al. (2015) found a similar peak at 
1020 cm− 1, which they assigned to asymmetric stretching vibrations of v 
(P–OTi) and v(P–OH) in the protonated bidentate complex 
(≡TiO)2HPO2

− 2/3, respectively. The last group containing a peak at 
1143 cm− 1 was similar to the spectrum for H2PO4

− in solution at pH 7 
and may be assigned to outer-sphere adsorbed H2PO4

− ions with v3 vi-
brations, as we observed also on α-FeOOH and LaOOH. 

3.4. 2D-COS evaluation of the ATR-FTIR spectra 

The ATR-FTIR results confirmed that the surface complex structures 
of AsO4

3− and PO4
3− were different on α-FeOOH, LaOOH, and TiO2 

(Fig. 3), which may explain the different adsorption preferences on these 
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adsorbents. However, the ATR-FTIR was incapable to reveal the detailed 
dynamic adsorption process of different surface complexes at equilib-
rium or during the kinetic experiments. Therefore, 2D-COS analysis was 
performed to investigate the specific adsorption sequences of AsO4

3− and 
PO4

3− complexes (Yang et al., 2012). 
The synchronous and asynchronous spectra for AsO4

3− and PO4
3− co- 

adsorbed onto α-FeOOH, LaOOH, and TiO2 are shown in Fig. 4. There 
were small differences between the peak positions detected using the 
regular FTIR spectra and using 2D-COS, but the 2D-COS peak assign-
ments shown in Fig. 4 generally agreed with the ATR-FTIR results shown 
in Fig. 3. These small differences between regular FTIR and 2D-COS may 
result from the complicated structural shapes consisting of several 
overlapping and broad peaks (Olsson et al., 2010). The signs of the 
cross-peaks in the synchronous spectra indicate the direction of the in-
tensity variation between the correlating peaks during the initial 
adsorption phase. The shaded areas represent negative correlations. The 
As–O peak region (817–876 cm− 1) and the P–O peak region 
(939–1159 cm− 1) had positive correlations, indicating that these peaks 
changed in the same direction, i.e., the As–O and P–O peak intensities 
increased over time. 

The asynchronous spectra could provide additional information on 
the adsorption sequence for two different peaks upon external pertur-
bations during competitive adsorption. Six positive asynchronous 

correlation peak pairs (836/1012, 876/1047, 876/1085, 939/1047, 
939/1085, and 1047/1073 cm− 1) were found when AsO4

3− and PO4
3−

were coadsorbed on α-FeOOH (Fig. 4b). Eight negative peak pairs (816/ 
1047, 816/1102, 836/877, 836/939, 836/1047, 1012/1047, 1033/ 
1151, and 1073/1151 cm− 1) were also clearly resolved. The correlating 
peaks at 1047 and 1085 cm− 1 overlapped in some areas, and even 
merged into one peak (1073 cm− 1) for peak pairs at 1047/1073 and 
1073/1151 cm− 1. The same phenomenon was observed for peaks at 
1033 cm− 1 (1012 with 1047 cm− 1) for the pair 1033/1151 cm− 1, and 
1102 cm− 1 (1085 with 1118 cm− 1) for the pair 816/1102 cm− 1. Noda’s 
rules (Noda, 1993) indicate that the change sequence of peak for 
α-FeOOH should decrease in the order vs(As–O) in (≡FeO)2AsO2

− 2 

(876 cm− 1) > vs(P–OFe) in (≡FeO)2PO2
− 2 (939 cm− 1) > v3(B1) vibra-

tions caused by physical adsorption (1151 cm− 1) > vs(As–O) in (≡FeO) 
AsO3

− 5/2 (856 cm− 1) = vs(P–OFe) or v(P–OH) in (≡FeO)2HPO2
−

(979 cm− 1) and vs(P˭O) in (≡FeO)2HPO2
− (1118 cm− 1) > v(P–O) (B1) in 

(≡FeO)2PO2
− 2 (1047 cm− 1) > v(P–O) (A1) in (≡FeO)2PO2

− 2 (1085 cm− 1) 
> v(As–OFe) in (≡FeO)AsO3

− 5/2 (836 cm− 1) > vas(P–OFe) in 
(≡FeO)2HPO2

− (1012 cm− 1) > vs(As–OFe) in (≡FeO)2AsO2
− 2 

(816 cm− 1). These results suggest that, during adsorption onto 
α-FeOOH, AsO4

3− first formed bidentate complexes (≡FeO)2AsO2
− 2 and 

then PO4
3− formed bidentate (≡FeO)2PO2

− 2 surface complexes on the 
same surface sites. Later, as the degree of surface site occupation 

Fig. 4. Synchronous (left) and asynchronous (right) 2D-COS spectra for AsO4
3− and PO4

3− co-adsorbed onto (a, b) α-FeOOH, (c, d) LaOOH, and (e, f) TiO2. The change 
from blue to red color indicates increasing correlation intensity. Shaded regions indicate negative correlations. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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increased, outer-sphere PO4
3− -surface complexes formed through elec-

trostatic interactions. The mono-protonated bidentate complexes 
(≡FeO)2HPO2

− appeared at high surface loadings. Meanwhile, the 
mono-dentate complexes (≡FeO)AsO3

− 5/2 could form on α-FeOOH. 
Hence, the surface sites on α-FeOOH were preferentially occupied by 
AsO4

3− . 
A similar pattern was found for AsO4

3− and PO4
3− adsorption on TiO2. 

The 2D-COS data (Fig. 4e and f) implied that the peak changes for TiO2 
decreased in the order vs(As–O) in aqueous H2AsO4

− (878 cm− 1) = v 
(As–O) in (≡TiO)2AsO2

− 5/3 (847 cm− 1) > vas(P–O) in (≡TiO)2PO2
− 5/3 

(1111 cm− 1) > νas(P–(OTi)2) in (≡TiO)2HPO2
− 2/3 (1014 cm− 1) 

= electrostatically adsorbed H2PO4
− ions with v3 vibrations (1143 cm− 1) 

> vs(P–O) in (TiO)2PO2 (1064 cm− 1) > vas(P–OTi) in (≡TiO)2PO2
− 5/3 

(979 cm− 1) > v(As–O) in (≡TiO)2AsO2
− 5/3 (810 cm− 1). These results 

also indicate that AsO4
3− adsorption was more favorable than PO4

3−

adsorption on TiO2. 
An opposite adsorption sequence was found on LaOOH. The 2D-COS 

data shown in Fig. 4c and d indicated that the peak changes decreased in 
the order v(P˭O) in (≡LaO2)HPO2

− 11/7 (1071 cm− 1) = v(P–OLa) in 
(≡LaO2)HPO2

− 11/7 (1043 cm− 1) > v(P–OLa) in (≡LaO)2HPO2
− 8/7 

(1013 cm− 1) = v(P˭O) in (≡LaO)2HPO2
− 8/7 (1101 cm− 1) > vas(As–O) in 

(≡LaO)H2AsO3
− 4/7 (871 cm− 1) = vs(As–O) in (≡LaO)H2AsO3

− 4/7 

(796 cm− 1) > vas(As–O) in (≡LaO)HAsO3
− 11/7 (836 cm− 1) = vs(As–O) in 

(≡LaO)HAsO3
− 11/7 (781 cm− 1). In detail, the bidentate mononuclear 

surface complexes (≡LaO2)HPO2
− 11/7 first formed on LaOOH surfaces, 

then the bidentate binuclear complexes (≡LaO)2HPO2
− 8/7 appeared on 

the surfaces. Subsequently, AsO4
3− started to adsorb onto LaOOH and 

formed monodentate complexes (≡LaO)H2AsO3
− 4/7. Finally, as the 

adsorption time and surface loading increased, the less protonated 
monodentate complexes (≡LaO)HAsO3

− 11/7 formed on LaOOH. This 
result suggests that PO4

3− has a stronger affinity than AsO4
3− on LaOOH. 

The observation from 2D-COS agrees well with the results of the 
macroscopic adsorption experiments. 

To further explore why different surface complex structures could 
lead to different adsorption sequences on α-FeOOH, LaOOH, and TiO2, 
the COHP analysis was performed. The specific values of ICOHP and 
adsorption energy for different surface complexes are presented in 
Table S8 in SI. Fig. 5 shows the detailed bond states of Fe− O bonds with 
the integrated value of COHP (ICOHP). Up and down in Fig. 5 represent 
different spin directions. The ICOHP value of Fe− O bond in 
(≡FeO)2AsO2

− 2, (≡FeO)AsO3
− 5/2, and (≡FeO)2HPO2

− was − 4.06 eV, 
− 2.17 eV, and − 3.64 eV, respectively (Table S8). The results indicated 
that the O− Fe bond in the bidentate (≡FeO)2AsO2

− 2 was the strongest of 
the three surface complexes on α-FeOOH, while the O− Fe bond in the 
monodentate (≡FeO)AsO3

− 5/2 was the weakest one. This result was also 
confirmed by the calculated adsorption energy of the complexes on 
α-FeOOH, which increased as (≡FeO)2AsO2

− 2 (− 1.93 eV) 
< (≡FeO)2HPO2

− (− 1.54) < (≡FeO)AsO3
− 5/2 (− 0.48 eV) (Table S8), 

indicating that (≡FeO)2AsO2
− 2 was the most stable complex on 

α-FeOOH. 

Fig. 5. COHP curves for O–Fe bond in surface complexes of (a, b) (≡FeO)2AsO2
− 2, (c) (≡FeO)AsO3

− 5/2, and (d, e) (≡FeO)2HPO2
− . The Fermi level is set to 0 eV. The 

negative and positive COHP values denote bonding and antibonding interactions, respectively. The inset shows the corresponding surface configuration, where Fe 
atoms are represented by green, O atoms by red, As atoms by blue, P atoms by lilac, and H atoms by white spheres. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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The adsorption of AsO4
3− and PO4

3− on TiO2 was also compared by the 
COHP analysis. The details are shown in Fig. S4 and listed in Table S8 in 
SI. The adsorption energy of (≡TiO)2AsO2

− 2 (− 0.65 eV) was very close to 
that in (≡TiO)2HPO2

− 2/3 (− 0.70 eV) (Table S8). However, the ICOHP 
value of O− Ti bond in (≡TiO)2AsO2

− 5/3 (− 6.44 eV) was much lower 
than that in (≡TiO)2HPO2

− 2/3 (− 3.09 eV), implying a much stronger 
O− Ti bond in the As(V) complex on TiO2. It confirms that AsO4

3− is more 
competitive than PO4

3− on TiO2. 
The details of the O− La bond in surface complexes on LaOOH are 

shown in Fig. S5 and listed in Table S8. The ICOHP value of O− La bond 
in (≡LaO)H2AsO3

− 4/7 (− 1.14 eV) was higher than that in (≡LaO2) 
HPO2

− 11/7 (− 1.54 eV) and (≡LaO2)HPO2
− 11/7 (− 2.19 eV), suggesting a 

weaker O− La bond in the AsO4
3− complexes on LaOOH. This is also 

verified by the highest adsorption energy of (≡LaO)H2AsO3
− 4/7 

(− 2.08 eV), implying that (≡LaO)H2AsO3
− 4/7 is the least stable complex 

on LaOOH surfaces. The O− La bond in (≡LaO2)HPO2
− 11/7 was slightly 

weaker than that in (≡LaO)2HPO2
− 8/7, but a higher adsorption energy of 

(≡LaO2)HPO2
− 11/7 revealed that (≡LaO2)HPO2

− 11/7 was more energeti-
cally stable than (≡LaO)2HPO2

− 8/7. This result explains why PO4
3−

complexes are more favorable on LaOOH. 

3.5. Effects of Ca2+ on the arsenate and phosphate adsorption sequence 

The influence of Ca2+ on the competitive adsorption of AsO4
3− and 

PO4
3− was also investigated. The competitive adsorption kinetics of 

AsO4
3− and PO4

3− in ternary system are shown in Fig. 1g-i and listed in 
Table S4. The adsorption preference of AsO4

3− and PO4
3− on α-FeOOH 

and LaOOH have not changed. However, the presence of Ca2+ greatly 
affects the adsorption preference of AsO4

3− and PO4
3− on TiO2. Different 

from the adsorption on TiO2 without Ca2+, the v0 value for PO4
3−

(0.47 mmol g− 1 h− 1) was higher than that for AsO4
3− (0.27 mmol g− 1 

h− 1), suggesting a faster adsorption of PO4
3− on TiO2. The adsorption of 

AsO4
3− and PO4

3− on LaOOH was also influenced by the presence of Ca2+. 
Little AsO4

3− was adsorbed until all PO4
3− was adsorbed by LaOOH after 

4 h. 
ATR-FTIR spectra for AsO4

3− and PO4
3− in the presence of Ca2+ at pH 7 

were also collected and shown in Fig. S3. Compared to the spectra 
without Ca2+, the positions and numbers of As–O peaks was not affected 
by the sorption of Ca2+ on LaOOH, α-FeOOH, or TiO2, but the shapes of 
As–O peak were apparently altered when Ca2+ was adsorbed onto 
α-FeOOH or TiO2. These results revealed that the AsO4

3− complexes on 
the α-FeOOH and TiO2 surfaces were affected by Ca2+, this can be 
attributed to the fact that AsO4

3− and Ca2+ can form Ca–As(V) ternary 
complexes on metal oxide surfaces (Jing et al., 2003). The presence of 

Fig. 6. Synchronous (left) and asynchronous (right) 2D-COS spectra for AsO4
3− and PO4

3− co-adsorbed onto (a, b) α-FeOOH, (c, d) LaOOH, and (e, f) TiO2 in the 
presence of Ca2+. The change from blue to red color indicates increasing correlation intensity. Shaded areas indicate negative correlations. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Ca2+ could also increase the surface positive charges, facilitating AsO4
3−

adsorption (Zhang et al., 2009; Guan et al., 2009). However, these ef-
fects depend on the number of available surface sites, and could be less 
important for high- than for low-capacity adsorbents and soil, explaining 
why Ca2+ show a negligible effect on AsO4

3− adsorption onto LaOOH. 
The presence of Ca2+ did not change the numbers and shapes of the 

P–O peaks, indicating that the PO4
3− surface complexation was not 

changed by Ca2+. However, the presence of Ca2+ markedly moved the 
P–O peak for TiO2. This can be attributed to ternary complexation be-
tween PO4

3− and Ca2+ on TiO2 surfaces (Ronson and McQuillan, 2002), 
but the presence of Ca2+ may simply increase the surface positive 
charges and promoted PO4

3− adsorption. Unlike the other two adsor-
bents, TiO2 surface charge was negative at pH 7, thus oxyanion 
adsorption may have benefited more from Ca2+ adsorption on TiO2 than 
on the other adsorbents. This could explain the stronger effect of Ca2+

for AsO4
3− and PO4

3− adsorption on TiO2 surfaces. 
The 2D-COS results for AsO4

3− and PO4
3− adsorption in the presence of 

Ca2+ are shown in Fig. 6. The adsorption sequence on α-FeOOH followed 
the same order as without Ca2+. This result implies a preferential 
adsorption of AsO4

3− on α-FeOOH, no matter whether Ca2+ exists. For 
LaOOH, the 2D-COS results indicated also that the adsorption sequence 
followed the same order as without Ca2+. Therefore, the presence of 
Ca2+ does not affect the competitive adsorption preference between 
AsO4

3− and PO4
3− on LaOOH as well. 

However, a completely different set of results was found on TiO2. The 
presence of Ca2+ changed the AsO4

3− and PO4
3− adsorption sequences to 

the order v3 vibrations of electrostatically adsorbed H2PO4
− ions 

(1123 cm− 1) > vs(As–O) in aqueous H2AsO4
− (871 cm− 1) > vas(P–O) in 

(≡TiO)2PO2
− 5/3 (1089 cm− 1) > νas(P–OTi) in (≡TiO)2HPO2

− 2/3 

(1012 cm− 1) > vas(P–OTi) in (≡TiO)2PO2
− 5/3 (978 cm− 1) > vs(P–O) in 

(≡TiO)2PO2
− 5/3 (1050 cm− 1) > v(As–O) in (≡TiO)2AsO2

− 5/3 (840 cm− 1) 
> v(As–OTi) in (≡TiO)2AsO2

− 5/3 (807 cm− 1). These results indicate that 
the aqueous H2PO4

− and H2AsO4
− ions were first adsorbed onto TiO2 

successively via electrostatic attraction. Later, with an increase in 
adsorption time, the PO4

3− outer-sphere surface complexes transformed 
to inner-sphere bidentate complexes (≡TiO)2PO2

− 5/3. Subsequently, the 
mono-protonated bidentate complexes (≡TiO)2HPO2

− 2/3 also appeared 
on the surfaces. Finally, AsO4

3− formed bidentate (≡TiO)2AsO2
− 5/3 

complexes on TiO2. This suggested that PO4
3− was adsorbed before 

AsO4
3− by TiO2 and had to be remobilized in part once outcompeted by 

AsO4
3− in the presence of Ca2+. 

4. Conclusions 

Competitive adsorption and the adsorption sequences of AsO4
3− and 

PO4
3− on α-FeOOH, LaOOH, and TiO2 were compared using classical 

macroscopic experiments and novel in-situ microscopic methods 
coupled with 2D-COS analysis. Classical batch kinetics experiments 
showed that the adsorption of AsO4

3− and PO4
3− followed the PSO model 

with different slopes. The 2D-COS analyses showed at the molecular 
level that AsO4

3− adsorbed faster than PO4
3− on α-FeOOH in the initial 

adsorption phase, but that PO4
3− adsorbed faster than AsO4

3− on LaOOH. 
This was also reflected by the adsorption capacities, which were higher 
for AsO4

3− adsorbed onto α-FeOOH and TiO2 but higher for PO4
3−

adsorbed onto LaOOH. The presence of Ca2+ did not affect the adsorp-
tion affinities or sequences for AsO4

3− and PO4
3− on α-FeOOH and 

LaOOH, but reversed the adsorption sequence on TiO2. COHP analysis 
proved that AsO4

3− complexes were more energetically stable than PO4
3−

complexes on α-FeOOH and TiO2, whereas PO4
3− adsorption was more 

favorable on LaOOH. In addition, the adsorption sequence and the sta-
bility of the complexes are determinted by the diverse geometric con-
figurations of AsO4

3− and PO4
3− on metal oxides surfaces with specific 

bonding chemistry. The adsorption sequence results indicated that PO4
3−

adsorbed on LaOOH had to be remobilized to allow for an effective 
AsO4

3− adsorption and that PO4
3− adsorption by α-FeOOH and TiO2 was 

hindered by AsO4
3− . This could explain the conundrum that, at 

equilibrium, AsO4
3− outcompeted PO4

3− for adsorption on α-FeOOH and 
TiO2, but that the opposite occurred on LaOOH. These results improve 
our understanding of competitive adsorption between co-existing ions in 
the aquatic environment. In particular, they shed light on the removal of 
co-existing oxyanions when remediating groundwater using fixed-bed 
adsorbent columns with limited empty bed contact times, for which 
the adsorption rate is an important parameter to evaluate the treatment 
efficacy. 
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