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Sample preparation and characterization. 
The two-line ferrihydrite was synthesized according to the method recommended by Cornell and Schwertmann1 and confirmed by XRD analysis. Fe(III) citrate, Fe(II) oxalate and FeCl3•6H2O were purchased from Sigma. Kaolinite, purchased from Wards Natural Science Establishment Inc., Rochester, N.Y, was ground to pass through a 75-μm sieve and used after removing Fe hydroxides2. The surface area of kaolinite particles (14.55 m2 g-1) was determined by N2-BET surface area analysis. 
Batch experiments 
Stock solutions of FeCl3 (5 mM), citric acid ( CA, 30 mM) and background solution of NaCl (0.1 M) were prepared separately, and adjusted to pH 3.0 using 0.1 M HCl and/or NaOH. With a final total solution volume of 30 mL, different volumes of FeCl3 and CA stock solution as well as background NaCl solution were added into polyethylene centrifugation tubes according to each Fe/CA molar ratio that ranged from 0.1 to 10. Preliminary experiments indicated 12h was enough for CA to reach equilibrium in the investigated kaolinite-Fe(III)-CA and kaolinite-CA systems. After shaking 12h, the suspensions of the two investigated systems were centrifuged at 12000 rpm for 15 mins. The supernatants were transferred to separate polyethylene centrifugation tubes and then their pH values were measured. The remaining sorption sample in each tube was washed twice by adding 10 mL of a 0.1 NaCl solution and mixing well before centrifugation, and then storaged in a 4 ℃ cooling room. To prepare for the Fe (III) adsorbed on CA coated kaolinite reference for EXAFS measurements, sorption sample S9 (Fe/CA molar ratio = 1: 20) in the kaolinite-CA system were further added in 30 mL 0.5 mM FeCl3 solution with pH at 3.0 and centrifuged at 12000 rpm for 15 mins after shaking for 48h. After removing the supernatant, the remaining sorption sample was washed twice by adding 10 mL of a 0.1 NaCl solution and centrifuged again after well-mixing to obtain the sorption sample. Part of each sorption sample (paste form) was directly used for Fe K-edge EXAFS measurements, while some of each sorption sample was freeze-dried for bulk Fe L3,2-edge XANES experiments. The CA content in each supernatant was determined by a reversed-phase liquid chromatographic method3. The Fe concentration in each supernatant was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES).
EXAFS data analysis
Energy was set to 7112 eV (E0) for each merged EXAFS spectrum using Athena, and the spectra were normalized to unit step height using a linear pre-edge subtraction and quadratic polynomial as the post-edge line to conduct background subtraction. Then the spectra were transformed to k-space based on E0. After that, the data were Fourier transformed (FT) using the hanning window to isolate individual frequencies in the χ (k3) spectra with a k range of 3.0 to 11 Å-1, without correction for phase shift. As a single Fe phase was expected to be present in samples S0 and S9, the shell-fitting analysis of these two EXAFS spectra were conducted using Artemis; the theoretical backscattering phase and amplitude functions for backscatters were calculated by the FEFF6.0 code using structural modes of solution Fe citrate (Fe-C path)4, ferrihydrite (Fe-O path)5 and zeolite containing Fe(III) (Fe-Al/Si path)6. The amplitude reduction factor (S02) was set to 0.65, which was determined by fitting the first shell of the ferrihydrite spectra. All the EXAFS fitting was conducted in R space within 0 ~ 3.5 Å. After confirming the presence of Fe(III) as a kaolinite-Fe(III)-citrate complex in sample S9, principle component analysis coupled with targeted analysis were first conducted for the selected sample S0 and S3 to S6, and then linear combination fitting (LCF) was further applied to quantitatively assess the proportion of each significant Fe specie in these samples using ferrihydrite, goethite, Fe(III)-citrate (solid) and sample S9 as reference spectra.
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Additional Tables and Figures.

Table S1 Solution pH and soluble Fe and Al concentrations in the kaolinite-CA and kaolinite-Fe(III)-CA systems after 12h batch experiments.

	Solution
samples
	Initial CA concentration
	pH
	
	Soluble Fe concentration
(mg L-1)
	
	Soluble Al concentration
(mg L-1)

	
	(mM)
	Kaolinite-CA system
	Kaolinite-Fe(III)-CA system
	
	Kaolinite-CA systema
	Kaolinite-Fe(III)-CA system
	
	Kaolinite-CA system
	Kaolinite-Fe(III)-CA system

	S1
	0.1
	3.60±0.07
	3.60±0.05
	
	-
	1.050±0.000
	
	2.750±0.000
	2.725±0.025

	S2
	0.25
	3.58±0.03
	3.52±0.01
	
	-
	2.250±0.050
	
	2.750±0.000
	2.500±0.050

	S3
	0.5
	3.65±0.08
	3.45±0.01
	
	-
	3.650±0.050
	
	2.775±0.025
	2.675±0.075

	S4
	1
	3.58±0.01
	3.46±0.00
	
	-
	5.750±0.000
	
	2.900±0.000
	2.800±0.000

	S5
	2
	3.59±0.02
	3.46±0.02
	
	-
	8.085±0.485
	
	3.000±0.000
	2.875±0.075

	S6
	4
	3.60±0.05
	3.49±0.03
	
	-
	12.68±0.025
	
	3.225±0.025
	3.075±0.025

	S7
	8
	3.65±0.04
	3.48±0.02
	
	-
	19.38±0.235
	
	3.450±0.000
	3.500±0.000

	S8
	12
	3.64±0.03
	3.51±0.01
	
	0.025±0.025
	23.45±0.000
	
	3.650±0.000
	3.800±0.050

	S9
	20
	3.60±0.04
	3.50±0.01
	
	0.050±0.000
	28.08±0.035
	
	4.000±0.100
	4.375±0.025


a, the short dash indicates the Fe in the supernatant of kaolinite-CA systems was undetectable.
Table S2 Increased amounts of citric acid (CA) retained on kaolinite from the batch experiment and the proposed EXAFS-derived molecular model in the kaolinite-Fe(III)-CA system at an Fe(III)/CA molar ratio of 0.05.

	Sample
	Fe content
(mM g-1 kaolinite)
	Enhanced CA content
(mM g-1 kaolinite)
	Recovery
(%)

	
	
	Batch experiment
	Molecular Model
	

	S9
	0.079
	0.088
	0.079
	89.8



Table S3. Results of the first four components obtained from principle component analysis (PCA) on k3-weighted Fe K-edge EXAFS spectra (3 ~ 11 Å) of the five studied sorption samples of S0, S3, S4, S5 and S6a.
	Components
	Eigenvalue
	Variation
	Accumulated variation
	INDb

	Component 1
	57.775
	0.783
	0.783
	0.3024

	Component 2
	8.535
	0.115
	0.899
	0.2926

	Component 3
	3.359
	0.045
	0.944
	0.5454

	Component 4
	1.283
	0.038
	0.982
	1.2839


a, S0, S3 to S6 represent sorption samples without CA and the ratio of Fe/citrate acid as 2, 1, 0.5 and 0.25, respectively; b, the minimum IND number for component 2 indicates the presence of two significant components.


Table S4 Results of target transform analysis of the k3-weighted Fe K-edge EXAFS spectra (3 ~ 11 Å) of the five studied sorption samples of S0, S3, S4, S5 and S6a.
	Targeted reference
	Spoil valueb
	R factor

	Ferrihydrite
	2.907
	0.058

	Goethite
	4.206
	0.331

	Fe(III) citrate (solid)
	5.314
	0.124

	Fe(III) adsorbed on CA coated kaolinite
	2.990
	0.074

	Kaolinite-Fe(III)-citrate complex (S9)
	1.483
	0.008


a, S0, S3 to S6, S9 represent sorption samples without CA and with the ratio of Fe/citrate acid as 2, 1, 0.5, 0.25 and 0.05, respectively; b, Spoil value < 3 suggests an acceptable target has been identified; spoil value between 3 and 6 suggests a moderately acceptable target; and spoil value > 6 suggests an unacceptable target (Beauchemin et al., 2002).


Table S5 Averaged content of ternary complexed Fe as kaolinite-Fe(III)-citrate complex and its contribution to the retention of citrate acid (CA) in selected sorption samples obtained from the kaolinite-Fe(III)-CA systems.

	Samples
(Fe/CA molar ratios)a
	Ternary-Feb
(mg g-1 kaolinite)
	Ternary-Fe
(mmol g-1 kaolinite)
	Ternary-Fec

(μmol)
	Ternary-CAd

(μmol)
	Percentage of ternary-CA to total retained CA (%)

	S3(2)
	1.774
	0.030
	4.555
	4.555
	56.89

	S4(1)
	2.805
	0.048
	7.200
	7.200
	60.91

	S5(0.5)
	6.303
	0.108
	16.18
	16.18
	82.75

	S6(0.25)
	7.336
	0.126
	18.83
	18.83
	46.44


a, S3 to S6 and S9 represent sorption samples with a ratio of Fe/citrate acid as 2, 1, 0.5 and 0.25 in ternary kaolinite-Fe(III)-CA systems respectively; b, the content of ternary complexed Fe (ternary-Fe) for each sample was equal to the content of the retained Fe (Table 1) multiplied by the percentage of ternary-Fe determined by linear combination fitting of Fe K-edge EXAFS spectra (Table 2); c, the content of ternary-Fe in the investigated kaolinite-Fe(III)-CA systems with 0.15 g kaolinite addition; d, the content (mol) of ternary complexed CA (ternary-CA) for each sample was equal to that of the ternary-Fe according to the molecular model (Figure 2b) derived from shell-fitting of Fe K-edge EXAFS spectra of the S9 sample.
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Figure S1 Fourier transform magnitude of k3-weighted Fe K-edge EXAFS spectra of the selected sorption samples (a) and Fe references (b). S0, S3 to S6 and S9 represent sorption samples without CA and with the ratio of Fe/citrate acid as 2, 1, 0.5, 0.25 and 0.05, respectively. Dotted lines represent peaks of interest: Fe-O backscatter pair for all samples; Fe-Fe backscatter pair for goethite, ferrihydrite and S0 (See Figure 1b for details); Fe-C and Fe-Al backscatter pair for S9 (See Figure 1b for details); multiple scattering peaks due to the Fe-C-O structure7,8 for Fe citrate and Fe(III) adsorbed on CA coated kaolinite.
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Figure S2 Crystal field diagrams for five-coordianted Fe(III) with D3h symmetry and six-coordinated Fe(III) with Oh symmetry. Peaks 1-2 arose from the transition of Fe 2p3/2 electrons to the unoccupied d-orbital of Fe(III) with D3h and Oh symmetry, respectively.
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Figure S3 Sorption isotherm of citric acid (CA) in kaolinite-CA and kaolinite-Fe(III)-CA systems.
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