Electronic Supplementary Material (ESI) for Environmental Science: Nano.
This journal is © The Royal Society of Chemistry 2024

Supplementary data
for
Sedimentation kinetics and stability mechanisms of iron and manganese colloids in

simulated groundwater solution

Shuxin Huang?, Caixiang, Zhang®**, Lu Chen? Ruihan Xiong?, Jiasen Li?, Jidao Xie?, Zenghui Fan?, You

Lv?

a State Key Laboratory of Biogeology and Environmental Geology, China University of Geosciences,
Wuhan, 430078, China

bHubei Key Laboratory of Yangtze Catchment Environmental Aquatic Science, Wuhan 430074, China

Corresponding author

E-mail address: cxzhang@cug.edu.cn (Prof. Caixiang Zhang).

Tel: +86 13971579235
Fax: +86 27 67883456

Summary

16 Pages, 8 Figures, 2 Tables


mailto:cxzhang@cug.edu.cn

Table of Contents Pages
S1: Iron and manganese minerals Synthesis. S1
S2: DLVO theory S1
S3: XDLVO theory S2
Fig. S1. The UV-absorbance wavelength scanning of the four colloids. S4
Fig. S2. The standard curves of the four colloids in concentration of 50-100 mg/L. S5
Fig. S3. The X-ray diffraction patterns of (a) goethite, (b) ferrihydrite, (c) pyrolusite, and (d) S6
birnessite.

Fig. S4. The surface morphology of Gtc, Fh¢e, Md, and Brc in 1.0 mM-NaCl background solution  |S7
Fig. S5. The sedimentation kinetics of (a) Gtc, (b) Fh, (¢) Pyc, and (d) Brc at different pH values. | S8
Fig. S6. The sedimentation kinetics of (a) Gtc, (b) Fhe, (¢) Mdc, and (d) Brc at different FA S9
concentrations.

Fig. S7 DLVO interaction energy profiles for Gtc, Fhe, Mdc, and Brc under different concentrations|S10
of (a-d) NaCl and (e-h) CaCl,.

Fig. S8 XDLVO interaction energy profiles for Gtc, Fhe, Mdc, and Bre under different|S11
concentrations of FA.

Table S1. Predicted sedimentation curves parameters of the four colloids at different electrolyte S12
concentrations.

Table S2. The Vmax value (J) of the four colloids under different electrolyte and FA concentrations. |S13
References S14




SUPPLEMENTAL MATERIALS AND METHODS

S1: Iron and manganese minerals Synthesis.

Goethite were synthesized by using the method of Paterson' and Wang et al.2. Briefly, 180 mL of 5 M
NaOH was titrated to 100 mL of 1 M FeCl;-6H,0 while stirring. The mixture was immediately diluted with
deionized water and held in electric thermostatic drying oven at 60°C for 60 h. Ferrihydrite was synthesized
by titrating dissolved Fe(NO3)-9H,0 with 330 mL of 1 M KOH?3. The mixture pH was adjusted about 7-8.
The main component of pyrolusite is manganese dioxide, and its synthesis were described by Perez-Benito
et al.*. In brief, 20 mL of 1.9 M sodium thiosulfate was added to100 mL of 1.0 M potassium permanganate
solution, and the mixture was diluted to 2 L. Birnessite was synthesized according to the method described
by Tong et al.>. In brief, 170 mL of hydrochloric acid was added to 2.5 L of 1.0 M boiling potassium
permanganate solution, and then the precipitate was rinsed with deionized water until the pH of the
supernatant was about 4. All the synthesized minerals were purified through 10 cycles of deionized water
washes, ground with ball mill, and passed through a 200-mesh standard nylon sieve, freeze-dried, and then

stored in glass desiccator before use.

S2: DLVO theory.

The main interactions acting on Gtc, Fhe, Mdc, and Bre under different electrolytes include the
attractive energy (V,, e.g. van der Waals energy) and the repulsive energy (V;, e.g. electric double layer
energy), described by the DLVO model® 7. Therefore, the total interaction energy (V7) could be calculated
using the Eq. (1), where V, is given in Eq. (2)°, and V is computed by the linear super position
approximation expression, given in Eq. (3)'°.
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where A is the Hamaker constant, 7 is the particle radius, 4 is the distance between the surfaces of particles, 4
is the characteristic wavelength of the dielectric (assumed to be 100 nm), g, is the vacuum dielectric
permittivity, 8.9 x 1012 F/m, ¢, is the relative dielectric permittivity of water, equal to 78.5, T is the
temperature, K, kp is the Boltzmann constant, 1.4 x 1023 J/K, z is the charge of the background ions, e is the
electron charge, 1.6 x 101 C, I" is the dimensionless surface potential for particles according to Eq. (4), x is

the reciprocal of the Debye length, given by Eq. (5)'.

' =tanh ( zey )

2
e 2e“N 41 12
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where y is the surface potential, N, is Avogadro's constant, 6.0 x 1023, [ is ionic strength.

In the DLVO theory calculation, the surface potential of each colloid was considered equal to the zeta
potential value. In addition, the Hamaker constant values of Gtc, Fhe, Mdc, and Bre are 5.5 x 1029, 5.0 x 10
20078 x 1020, and 6.6 x 1020 J, respectively'!-13. The radius of Gtc, Fhe, Mdc, and Brc was calculated
according to the DLS results.

When the background electrolyte concentration approached the critical coagulation concentration
(CCC), the repulsive energy (V) was less than or equal to the attractive energy (V). The CCC can be

determined theoretically by Eq. 6'%.

(e0e,)*(kpT)°T* 1

N e*A*  Z°

Cope=1.51 % 10%°
(6)

S3: XDLVO theory.

To better understand effect of the FA on colloidal stability, the total steric interaction energy (including

a repulsive osmotic energy, V,,, and an elastic repulsive energy, V.,,) between a polymer coated colloid
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and an uncoated collector surface was introduced by the XDLVO theory. The expressions for /,, and V.

was given by Eq. 7-11'1,

|4 4 1 h 1 h
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Where v; is the volume of a solvent molecule, equal to 0.03 nm?; y is the Flory-Huggins solvency parameter,
which was assumed to be 0.45; [ is the thickness of adsorbed FA (2.25 nm for Gtc, 192.8 nm for Fh¢, and
30.2 nm for Mdc and Br¢)* ! 15; M), is the molecular weight of the FA; p,, is the density of FA, equal to 1.79

g/cm’; g, is the effective volume fraction of the adsorbed FA layer and can be expressed by Eq. 12.

2

Qmaxr

pp[(l +r)3—r3] (12)

=3

Pp
Where Q.. is the maximum surface concentration, (mg/m?), which is calculated using the measured BET
surface area (135.3 m?/g for Gtc, 124.9 m?/g for Fhc, 180.2 m?/g for Mdc and 142.4 m?/g for Brc) and the
adsorption data of these four colloids presented in previous study!'! 1617,

The total modified interaction energy (V7. guendeq) could be calculated by Eq. 13.

VT— Extended — VA + VR + Vosm + Velas (]3)
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The UV-absorbance wavelength scanning of the four colloids were shown Fig. S1 (a-d). It was seen that
the maximum absorption peaks of Gtc, Fhc, Mdc, and Brc were at 295, 299, 301, and 304 nm, respectively.
Hence, the concentration of resulting each colloid suspension was quantified using the ultraviolet (UV)

spectrophotometer (UV-1500PC, Macylab Instrument Inc, China) at the wavelength of 300 nm in this study.
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Fig. S1 The UV-absorbance wavelength scanning of 80 mg/L of the four colloids.
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The standard curves of the four colloids in concentration of 50-100 mg/L were shown in Fig. S2 (a-d). It

was seen that the correlation coefficients (R?) of Gtc, Fhe, Mdc, and Bre could reach more than 0.995.

Hence, the concentration of resulting each colloid suspension was controlled at about 180 mg/L in the

colloidal sedimentation experiments in this study.
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Fig. S2 The standard curves of the four colloids in concentration of 50-100 mg/L.
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The X-ray diffraction patterns of goethite, ferrihydrite, pyrolusite, and birnessite were shown in Fig. S3
(a-d). It was seen that diffractions appeared at 20 values of 17.8°, 21.3°, 26.4°, 33.3°, 34.7°, 36.6°, 40.1°,
41.2°, 53.3°, 59.1°, 61.4°, and 64.0° for goethite; that of 33.4°, and 62.3° for ferrihydrite; that of 37.2°, and

65.1° for pyrolusite; and that of 11.6°, 23.8°, 37.3°, and 67.0° for birnessite, which were consistent with the

diffractions of the corresponding standard cards and the current research? 3 1319,
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Fig. S3 The X-ray diffraction patterns of (a) goethite, (b) ferrihydrite, (¢) pyrolusite, and (d) birnessite.
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The surface morphology of Gtc, Fhe, Mdc, and Brc in 1.0 mM-NaCl background solution was shown in
Fig. S4. The AFM images also depicted that Gtc and Fh¢ had strip and rounded globular shape, whereas

both Mdc and Br¢ were irregular aggregates or small colloidal particles.

0.0 1: Hoight 5.0 un 0.0

Fig. S4 The surface morphology of Gtc, Fh¢, Mdc, and Bre in 1.0 mM-NaCl background solution at pH of
7.0 (colloidal concentration was controlled at 80 mg/L).
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The sedimentation kinetics of Gtc, Fh¢, Pyc, and Brc at different pH values were shown in Fig. S5 (a-d).

It was observed that Gtc almost settled completely within 24 h at pH of 6.0-8.0, whereas most of Fhc, Mdc,

and Brc retained.
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Fig. S5 The sedimentation kinetics of (a) Gtc, (b) Fhe, (¢) Mdc, and (d) Brc at different pH values (colloidal
concentration was controlled at 80 mg/L).
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The sedimentation kinetics of Gtc, Fhe, Mdc, and Brc at different FA concentrations were shown in Fig.
S6 (a-d). It was seen that the colloidal retention of Gtc, Fhe, Mdc, and Bre without FA was much less than

that with FA. Moreover, the colloidal retention of Gtc, Fhc, Mdc, and Brc increased with the increasing FA

concentration.
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Fig. S6 The sedimentation kinetics of (a) Gtc, (b) Fhe, (¢) Mdc, and (d) Brc at different FA concentrations.

S9



@3 oo

Gt

= 2.0x10" F
o)
oy
2 1ox10
L
g
‘s 0.0 T =T e ————
=] 10- 30 30 40 50 60 70 80 90 10
L i A Scparation distance (nm)
- X H
= ! ‘V - P02 mM—— P 0.2 mM
S e B 10 mM—— 1 0mM
20107 Al e K LS mM—— ¥y 15 mM
]
{c) 300107
Gte
sl , CaCl,
= 5
>
o
S 100
9
o
2
5 0.0 ——
I 10, 200 30 40 50 60 70 80 90 10
| ‘ " Separation distance (nm)
SLOx10 Hp s s VR LO0mM ¥y 1O mM
e < ¥p2.5mM V2.5 mM
WL c e FS0mMe——V, 5.0 mM
=200

(by 6.0207"
4.5x10°"

3,010

0.0

Tnteraction energy (T)
i
2

-L5x10
-3.0x10Y

(f)1.5<10"

(lU 200 30 40 S0 60 70 B0 90 104
i . . .
| Separation distance (nm)
! \V < P02 mM——F, 0.2 mM
1 y - F10mM P LOmM
il

- P LS mM——F, L5mM

Fhe
LOXI07" | : CaCl,
=
Z35.0x 1070 |
&
2]
5
= MWMH——a=—_————————
19 JOT 20 30 40 50 60 70 80 90 10(
2 11 1afs )
g—S,OHU'z“ 1 /\\ Separation distance (nm)
E iy
R il e P LOMM—— ¥, 1.0 mM
- - - P 25mM—— ¥, 25 mM
|11 | - - P 5.0mM—— ¥, 50 mM
-1.5%

(0)4_UXlU’w N Md
NaCl
=300
=
;} 2‘0”0—\9 _[_\
€
o Loxl0™ F—\
2
§ 0.0 s T T T T T
& ,\FO 2030 40 50 60 70 80 90 10
Eoroxro g Separation distance (nm)
: A \V <t Fp02mM V0.2 mvl
P i s s P LOmM ¥ 1.0 mM
S P lSmM——F 15mM
-2 |
(g)S.OX]U Mdc
g CaCl,)
S 4.0x107 -
N N
T e
3 R R N
g 2 SH-= S5l 80 90 10
g Separation distance (nm)
Bao<107t+ ,
G - - - P, LomM F.1.0mM
- e P25 mM——F 25 mM
Rox102 F s - K 50mM——V, 5.0mM

(OFERTAE
=N
= 3.02107"
>y
=)
5
£ «
Y sx107
=]
[}
B W —r=————r—r—r—r—
& &lo 20 30 40 S0 60 70 80 90 10
2 e Scparation dislance (nm)
152100 H Fa C e PR 02mM — 102 mM
1 <. Py LomM ¥, 1.0 mM
] S K LSmM—— b, 1.5 mM
300
-2l
(h)4.()x 1y
= 2.0x107
)
ad
2
e 0.0
2
o
g
e 5
E2.0107 | e K LOmMe—F, 1.0 mM
A ¥, 2.5 mM =—— F, 2.5 mM
© e K50 mM ¥, 5.0 mM
4.0 107

Fig. S7 DLVO interaction energy profiles for Gtc, Fhc, Mdc, and Brc under different concentrations of (a-d) NaCl and (e-h) CaCl,.

S10



(2)2:0x10"

VEErenitea Blank

Gt

Vi tvsenaen 5-0 ML

=1.5%1 08k — Vitisrendea 10.0 mg/L
:: - ,'/)T-Ewmd(*d 15.0 ]’Hgfl %
g
S 1L.ox10"8 -
()
=
=
'S [}
2 5.0x10Y |
bl
2
=
=
0.0 T T T T T T T T T T
g/ 10 20 30 40 50 60 70 80 90 100
Separation distance (nm)
-5.0x10°"
1.5%1071%
(c) Vi ecsendea Blank MdC
18 — Vissionea 5-0 mg/L
1 _2)( 10 i e VT-Exfmdfd 10.0 ng"‘.L
\:_/ — Virrenctea 15.0 mg/L
- -19 |
EDQ'OX]O |
o
9
L
o 6.0x107"7 F
e |
2
5 3.0x101 1 ~—
g ~—
00 1 T T T T T T T T_‘I_T
q‘ 10 20 30 40 50 60 70 80 90 100
o R Separation distance (nm)
=3.0x

Fig. S8 XDLVO interaction energy curves for Gtc, Fh¢, Mdc, and Brc under different concentrations of FA.

(b)l.2x107"

9.0x10™° |

6.0x107"

3.0x<107"

Interaction energy (J)

0.0

Y Evenaea BlADK Fy N
= Vitiviendea 3-0 mg/L )

Vi tarenidea 100 ML

VLo 13:0 Mgl

10 20 30 40 50 60 70 80 90 100
Separation distance (nm)

-3.0x107"7

(d)2.0x10°"
1.6x107"8 |
1.2x10718 H
8.0x10"7 H

4.0<10" -

Interaction energy (J)

0.0

¥ t-sisuenaea Blank
—t l,’T-Ewmdvd 5.0 mg/] .
— Vi itendea 10-0 ML
= I/T‘-l:'?rrmisd 15.0 mg/L

Bre

0

-4.0x1071°

T T T T T T T T T T
10 20 30 40 50 o0 70 80 90 100
Separation distance (nm)

S11




Table S1 Predicted sedimentation curves parameters of the four colloids at different electrolyte

concentrations.
Test substances Electrolyte added ODpiateau 0D, To R2
(mM) (OD/h)
Gtc 0.2 Na* 0.032 1.328 0.061 0.936
1.0 Na* 0.015 1.255 0.079 0.926
1.5 Na* 0.020 1.239 0.096 0.926
1.0 Ca%t 0.041 1.113 0.150 0.962
2.5 Ca%t 0.045 1.097 0.178 0.959
5.0 Ca2* 0.037 1.117 0.207 0.959
Fhc 0.2 Na* 0.830 0.182 0.211 0.984
1.0 Na* 0.821 0.189 0.223 0.981
1.5 Na* 0.819 0.191 0.245 0.978
1.0 Ca%t 0.724 0.273 0.101 0.992
2.5 Ca?* 0.691 0.312 0.093 0.983
5.0 Ca2* 0.663 0.303 0.108 0.978
Mdc 0.2 Na* 0.972 0.029 0.506 0.944
1.0 Na* 0.971 0.030 0.675 0.983
1.5 Na* 0.970 0.031 1.176 1.000
1.0 Ca2* 0.228 0.760 0.121 0.983
2.5 Ca?" 0.201 0.768 0.127 0.978
5.0 Ca?* 0.108 0.824 0.130 0.989
Brc 0.2 Na* 0.974 0.027 0.722 0.978
1.0 Na* 0.973 0.028 1.240 0.997
1.5 Na* 0.971 0.029 2.065 1.000
1.0 Ca2* 0.596 0.412 0.198 0.986
2.5 Ca?* 0.507 0.433 0.216 0.973
5.0 Ca2" 0.349 0.527 0.229 0.967
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Table S2 The V. value (J) of the four colloids under different electrolyte and FA concentrations.

Environmental conditions Gtc Fh¢ Mdc Brc
0.2 mM Na* 2.913x10°1° 5.641x101° 3.868x101? 4.460x10°1°
1.0 mM Na* 2.395x10°19 5.022x10°1° 2.997x1019 4.158x10°1?
1.5 mM Na* 1.608x10-19 4.803x10°19 1.011x1019 3.804x10-19
1.0 mM Ca?* 2.042x10°19 1.121x10°1? 3.071x102! 1.407x102!
2.5 mM Ca?* 1.813x10°1° 1.059x10-1° 3.644x1022 /
5.0 mM Ca?" 1.334x10-19 8.883x1020 / /
without FA 1.655x10°1° 6.612x101° 1.299x10-18 1.793x10-18
5.0 mg/L FA 1.244x10-18 7.985x10°1° 1.329x1018 1.865x1018
10.0 mg/L FA 1.362x10-18 9.264x10"° 1.334x10-18 1.874x10-18
15.0 mg/L FA 1.456x10°18 9.543x101? 1.374x10-18 1.893x10°!8
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