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ABSTRACT

Sulfidated nanoscale zero-valent iron (S-NZVI) has strong reactivity and electron selectivity and
is one of the promising remediation materials in the field of ground water remediation. Due to the
easy aggregation of the material, its reactivity is reduced, limiting the application in environmen-
tal remediation. In this paper, the zeta potential (C) of S-NZVI at different pH and the electropho-
retic mobility of S-NZVI coated with sodium alginate (SA-5-NZVI) at different ionic strengths were
investigated. The thickness of the polyelectrolyte layer and the surface charge of sodium alginate
were also calculated by combining the soft particle theory. The polyelectrolyte layer properties were
correlated with the particle dispersion to study the particle properties. The results showed that the
thickness of the coating layer increased with the concentration of sodium alginate, and the settling
rate and aggregation rate decreased. Thus the stability of the particles increased. Combined with
the XDLVO theory, although the polyelectrolyte layer increases the surface potential of S-NZVI
and improves the electrostatic repulsion, the spatial effect plays a significant role in the total repul-
sion energy. The smaller the particle size of SA-S-NZVI, the weaker the magnetism. Therefore, the
thicker the polyelectrolyte layer, the better the stability of the particles. Finally, the change of par-
ticle size with time was predicted by the Smoluchowski aggregation model. This study has a sig-
nificant effect on the sedimentation process of water treatment, the problem of filter clogging of
drinking water, and the problem of aquifer blockage in the infiltration process of surface water.
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1. Introduction

Groundwater is the main drinking water resource in
many areas of China. Due to the increase of human pro-
duction activities, groundwater pollution is becoming more
and more serious, so the environmental remediation of
groundwater has become an urgent problem. In recent years,
nanoscale zero-valent iron (NZVI) has been widely studied
because of its unique physical and chemical properties, such
as the large surface area to volume ratio and high interfacial
reactivity [1-6]. The feasibility of its industrial production
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has been demonstrated by researchers who have explored
the operational protocols for its industrial preparation [5].
Thus, it shows great potential in the field of groundwater
environmental remediation. However, NZVI has the poten-
tial for agglomeration, passivation, loss and poor electron
selectivity in water, making it still limited for in-situ ground-
water remediation and other applications.

Several modification methods have successfully alle-
viated the problem of reduced NZVI reactivity, such as
doping precious metals to form bimetallic nanoparticles
[7], loading NZVI with solid carriers to immobilize them
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[8,9], covering NZVI particles with protective coating [1,9].
Sulfide modification is a method to passivate the surface of
NZVI. A layer of iron sulfide shell (FeS ) on the surface of
the nano zero-valent iron formed core-oxide shell struc-
ture. The FeS_protective layer can effectively prevent the
inner NZVI core from oxidizing by the surrounding envi-
ronmental media [10]. In addition, the presence of off-do-
main electrons within the FeS_protective layer facilitates
the electron transfer, thus improving the ability of the mate-
rial to reduce the contaminants, which is an excellent solu-
tion to the disadvantage that NZVI is prone to passivation
[10,11]. However, due to van der Waals forces and magnetic
attraction of zero-valent iron, S-NZVI particles still form
agglomerates, which dramatically reduces their transport
in contaminated groundwater and soil. Therefore, there is
a need to modify S-NZVI particles by introducing repul-
sive forces that overcome van der Waals forces and mag-
netic attraction to enhance the stability of S-NZVI and thus
its migration in groundwater. In order to solve the prob-
lem of particle agglomeration, the modification method of
coating particles with polymer electrolytes has received a
lot of attention [12]. Asad et al. [13] used carboxymethyl-
cellulose coated NZVI to enhance NZVI dispersion for in
situ groundwater injection and performed numerical cal-
culations to optimize the injection parameters. Liu et al.
[14] demonstrated the feasibility of xanthan gum-coated
reduced graphene oxide-based nanoscale zero-valent iron
for the in situ remediation of Cr(VI)-contaminated aquifers.

Currently, the dispersion properties of polyelectro-
lyte-coated NZVI have been studied extensively and the
stabilization mechanisms of the particles are analyzed by
considering the electrostatic repulsive forces on the particle
surface and the spatial forces provided by the polyelectro-
lyte layer, respectively [15]. But the polyelectrolyte-coated
NZVI, which is essentially a composite particle, consists of
an internal rigid iron core and a polyelectrolyte layer (PEL)
grafted on its surface [16,17]. The polyelectrolyte layer
entrains an additional charge and allows ions in solution to
penetrate its surface and disperse into the interior, thus sig-
nificantly changing the charge characteristics of the NZVI sur-
face [18]. Thus, the presence of a polyelectrolyte layer affects
both spatial and electrostatic repulsion, so Smoluchowski’s
theory based on the complex particle hypothesis is not appli-
cable to polyelectrolyte-coated NZVI, and the concept of zeta
potential loses its relevance at this point [19,20]. Ohshima
argues that polyelectrolyte-coated electrolyte-covered col-
loidal particles as soft particles, proposed the soft particle
theory, and derived an expression for the electrophoretic
mobility of such particles under different conditions [16].

At present, the dispersion properties of polyelectro-
lyte-coated NZVI have been studied extensively and the
stability mechanisms of the particles have been analyzed by
considering the electrostatic repulsive forces on the particle
surface and the spatial forces provided by the polyelectro-
lyte layer, respectively [15], but few researchers have paid
attention to the effect of the polyelectrolyte coating layer
on the electrostatic repulsive forces on the surface of the
particles. In fact, the polyelectrolyte-coated NZVI is essen-
tially a composite particle consisting of an internal rigid iron
core and a polyelectrolyte layer (PEL) grafted on its sur-
face [16,17]. The polyelectrolyte layer carries an additional

charge and allows ions in solution to penetrate the surface
and disperse into the interior, thus significantly changing
the charge characteristics of the NZVI surface [18]. Thus
the presence of the polyelectrolyte layer affects both spa-
tial and electrostatic repulsion, so Smoluchowski’s theory
based on the complex particle hypothesis is not applicable
to polyelectrolyte-coated NZVI, and the concept of zeta
potential loses its meaning at this point [19,20]. Ohshima
considers that the polyelectrolyte-covered colloidal parti-
cles covered by polyelectrolytes are soft particles, proposed
the soft particle theory, and derived the expressions for the
electrophoretic mobility of such particles under different
conditions [16].

In this paper, S-NZVI is coated with sodium alginate to
prevent aggregation and settling and enhance water mobil-
ity. The use of anionic polyelectrolytes correlates with the
mobility of particles in water since most mineral and natu-
ral organic surfaces encountered in, for example, ground-
water is negatively charged [21,22]. Therefore, an anionic
polyelectrolyte layer can provide electrostatic repulsion
from these surfaces to reduce the adhesion phenomenon.
Dynamic light scattering (DLS) was used to measure the
particle size to calculate the aggregation rate and evalu-
ate the particles” stability in conjunction with the settling
experiments. The soft particle theory of Ohshima was used
to calculate the surface potential and the thickness of the
polyelectrolyte layer of S-NZVI coated with sodium alginate
(SA-5-NZVI), and the extended DLVO theory was used to
explain the aggregation mechanism of SA-S-NZVI. Finally,
the Smoluchowski aggregation kinetic model was used to
predict the variation of the mean particle size.

2. Experimental section

2.1. Preparation of sodium alginate coated sulfidated
nanoscale zero-valent iron

Sodium alginate and sodium sulfide for the prepara-
tion of SA-S-NZVI were purchased from Tianjin Fuchen
Chemical Reagent Factory. Ultrapure water (SIM-T30UYV,
Beijing Fly Seth Technology Co., Ltd., China) was deoxy-
genated by nitrogen (Beijing Shunchi Donghuan Dry Ice
Operation Center, China) before the reaction. All reagents for
the experiments were analytically pure, and all solutions and
dilutions were prepared in ultrapure water.

S-NZVI was prepared by surface etching method, S*
hydrolysis to produce H and H,S had a corrosive effect
on NZVI, and the generated Fe* combined with S* to pro-
duce FeS on the surface of NZVI [23]. NZVI was prepared
using the liquid phase reduction method [24,25] by dissolv-
ing 2.48 g FeSO,7H,0 in 350 mL of ultrapure water. 0.68 g
of NaBH, was dissolved in 150 mL of ultrapure water and
then added drop by drop to the above solution. At the same
time, the reaction was stirred with an electric mixer (JJ-1,
Beijing Zhongxingweiye Instrument Co., Ltd., China) at
600 r min!, and continued to stir for 15 min after the reaction
was completed, and the reaction equation was as in Eq. (1).
The mixture was filtered, and the collected solid particles
were rinsed twice with deionized water and once with anhy-
drous ethanol, dried and sealed in a refrigerator for storage.
The reaction equation was shown in Egs. (1) and (6) [26].
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Fe® +2BH, +4H,0 — 2Fe’(s)+ B(OH)_ +4H" +2H,(g) (1)

Fe’ +2H,0 — Fe(OH), +H, (g) (e))
Fe(OH), - Fe*" +20H" ®)
Na,S+H,0 —2Na" +HS™ +OH" )
Fe?" +2HS™ — FeS(s)+H,S 5)
S* +Fe*" —FeS(s) (6)

The 0.5 g S-NZVI were dispersed in different concen-
trations of sodium alginate (0.0, 0.1, 0.2, and 0.3 wt.%), son-
icated for 30 min, then centrifuged at 27,500 rpm for 80 min.
The supernatant was decanted, washed several times with
ultrapure water and dried. The samples were recorded as
S-NZVI, 0.1% SA-S-NZVI, 0.2% SA-S-NZVI and 0.3% SA-S-
NZVIin order.

2.2. Material characterization

S-NZVI was suspended in 1.0 mM NaCl solution,
and the pH of the solution was adjusted using NaOH or
HCI and sonicated for 30 min in an ultrasonic cell grinder.
Zeta potential and particle size analyzer (90Plus Zeta,
Brookhaven Instruments Corporation) was used to deter-
mine the electrophoretic mobility (u,) of S-NZVI at different
pH in the range of 3 to 10. The zeta potential of S-NZVI was
calculated by the Smoluchowski equation: C = nu /e, where
n is the water viscosity and ¢ is the dielectric constant of
water. The four samples prepared in section 2.1 were sus-
pended in NaCl solutions of different ionic strengths (5.0,
10.0, 20.0, 40.0, 60.0, 80.0 mM) at pH = 8.0. The electro-
phoretic mobilities of the samples were measured.

The four samples prepared in section 2.1 were con-
figured into a suspension of 1.0 g L™ using 1.0 mM NaCl
solution at pH = 8.0. The absorbance of Fe was measured
at 508 nm using a UV spectrophotometer (2082S UV/VIS,
Unico Instrument Corporation) at different times with a
scan time of 4,000 s. The scan time was 4,000 s, and the scan
interval was 30 s.

The particle size (a,) of SA-5-NZVI nanoparticles was
determined using the dynamic light scattering (DLS) mod-
ule of a zeta potential and particle size analyzer (90Plus
Zeta, Brookhaven Instruments Corporation). The above sam-
ples were configured into a suspension of 0.015 g L™, and
the solution was adjusted to pH = 8.0 using NaOH or HCI
and measured immediately after sonication in a nitrogen
atmosphere for 30 min. A photodetector detected the scat-
tered light at a scattering angle of 90° for 60 s. According to
Rayleigh’s approximation, the intensity of the scattered light
was positively correlated with the sixth power of the parti-
cle size, so the intensity distribution was susceptible to the
particle size and did not apply to wide distribution samples.

In order to effectively determine the particle-size distribu-
tion of agglomerated particles, the intensity-averaged (by
intensity) data and the number-averaged (by number)
data of DLS were compared. In this paper, the number-
averaged hydraulic particle size was chosen to characterize
the size distribution of particles.

2.3. Determination of adhesion efficiency

The aggregation kinetics of SA-S-NZVI was character-
ized by calculating the initial aggregation rate constant (k)
and the attachment efficiency (a). The hydrodynamic radius
(a,) was linearly dependent on time ¢ when the aggregation
behavior was first started. Therefore, the initial aggregation
rate constant can be obtained by performing a linear least
squares regression analysis on the amount of variation of
a,(t) with t. This regression analysis is usually performed
in the time range from ¢ = 0 to the value of g,(t) reaching
1.254,(0) [27]. The initial aggregation rate of particles at
different ionic strengths was calculated [28].

1 duh(t)
“m( dt J v

where N, is the initial concentration of the nanoparticle sus-
pension (unit: M). The adhesion efficiency o reflects the
chance of effective collisions between particles. It is defined
as the reaction-limited aggregation, so the attachment effi-
ciency (a,, < 1) is the same as the diffusion-limited aggre-
gation, which means the attachment efficiency (o, = 1).
The ratio of the derived aggregation rates [29]:

[0

kN

Oy =7 = ®)
P kfast 1 da}, ( t )
N, dt
t—0,fast

0,fast

where the subscript “fast” refers to diffusion-limited aggre-
gation. k,  takes the average value of k under the diffu-
sion-limited aggregation stage.

3. Theoretical model
3.1. Calculation of polyelectrolytic layer thickness

Since the anions and charges in the solution can pass
through the encapsulated S-NZVI surface and be distrib-
uted inside the adsorbed layer, the electrophoretic mobility
was measured in combination with Ohshima’s soft particle
theory to determine the properties of the polyelectrolyte
adsorbed layer. According to Ohshima, the electric potential
around the soft particles consists of the Donnan potential
(Upon) With thickness d inside the adsorbed layer and the
adsorbed layer with surface potential () at the boundary
of the solution [19,20,30] (Fig. 1). Combining the Navier-
Stokes equation to calculate the friction of the adsorbed
layer, the expression for the electrophoretic mobility of soft
particles is [31].
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Fig. 1. Schematic of the potential distribution across the surface of change layer [18].
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where, € (unit: C* J' m™) is the dielectric constant of water;
Z (unit: M) is the valence of the ionization group of the
polyelectrolyte; N is the concentration of the polyelectro-
lyte in the coating layer; z is the valence of the electrolyte in
the aqueous phase (NaCl is used in this paper, z is taken as
1); n (unit: M) is the concentration of the electrolyte; ¢, (unit:
C) is the electronic charge; k, (unit: ] K) is the Boltzmann
constant; 1k (unit: m™) is the Debye constant, which is the
reciprocal of the electrostatic shielding distance; a and d
(unit: m) are the particle size and the thickness of the coating
layer, respectively; C (unit: V) is the zeta potential of bare
S-NZVI; A (unit: m™) is related to the parameter y (unit:
N s m™) of the coefficient of friction of the liquid flowing
around the polymer as a parameter fit. 1/A can indicate
the softness of the polyelectrolyte layer, and when 1/A—0,
the coating layer is rigid, at which time Eq. (13) is equiv-
alent to the Smoluchowski equation. The electrophoretic
mobilities of bare S-NZVI and encapsulated S-NZVTI at dif-
ferent ionic strengths were measured and used to fit the
calculated Egs. (9), (10) and (13) to obtain N, A and d.

3.2. Aggregation kinetic model

Von Smoluchowski proposed the aggregation kinetic
equation in 1917 [32], which mathematically reflects the
aggregation process of particles of different particle sizes
in the aggregation process under the simplified conditions
of ignoring the assumptions of gravity, no floc splitting, no
medium flow, and flocs colliding with each other along a
straight line in the context of colloid chemistry.

dn,

1 - B (i
dt :Eappi;kﬁ(l’])”i”f_aPPnk;B(l,k)ni .

where the subscripts represent the number of primary par-
ticles consumed to form aggregates of the corresponding
order, corresponding to 7, n, n (unit: m=®) are the concen-
trations of aggregates of the corresponding order; z is the
number of primary particles consumed to form the largest
flocs among them (i, j, k, z); o__denotes the collision efficiency
calculated by Eq. (8); B (unit: m® s) is a function related to
the volume of two colliding particles. The first term on the
right-hand side of the equation indicates the rate at which
a cluster of order i and a cluster of order j collide to form a
cluster of order k, and the second-term indicates the rate at
which a cluster of order k is lost upon collision with another
cluster. The 1/2 before the first term ensures that the same
collisions are not counted twice in the summation process.
The equation defines the rate of change of the k-th order
agglomerate concentration. Details about the theory and cal-
culations can be found in the SI.

4. Results and discussion
4.1. Effect of pH on the zeta potential of S-NZVI particles

As shown in Fig. 2, the zeta potential of bare S-NZVI is
positive under acidic conditions and negative under alka-
line conditions, and the isoelectric point is around pH = 7.0
when the electrostatic force on the particle surface becomes
smaller, and the repulsive force is weakened. Since the pH
range of groundwater is usually between 6.5 and 8.5, the
aggregation rate of bare S-NZVI colloids in this environ-
ment is faster and more likely to destabilize and settle. To
simulate the groundwater environment, the pH = 8.0 was
adjusted so that the surface of iron sulfide nanoparticles in
this study was negatively charged.
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4.2. Stability of SA-S-NZVI sedimentation rate by different
coating ratios

Nanoparticles are subject to both diffusion and gravi-
tational sedimentation in the water, and if the diffusion of
nanoparticles overcomes the sedimentation, the nanopar-
ticles can remain stable. The gravitational effect is propor-
tional to the square of the particle radius, and the diffusion
effect is inversely proportional to the particle size. When
the nanoparticles are aggregated into micron-sized clus-
ters, the cluster destabilizes and settles because the diffu-
sion effect is smaller than the settling effect, resulting in a
decrease in absorbance. Therefore, the sedimentation rate is
expressed as the slope of absorbance vs. time.

As shown in Fig. 3, the dashed line ¢, divides the sed-
imentation curve into two parts S1, S2 with the slope -1
as the boundary. The settling pattern of bare S-NZVI and
SA-S5-NZVI settling is similar. Both can be divided into two
stages according to S1, S2: In the S1 stage, there are a large

10 b

30 F

-10 F

Zeta Potential (mV)

30 F

40 I L 1 I 1 1

pH

Fig. 2. The zeta potentials of S-NZVI under different pH condi-
tions.
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Fig. 3. Settling curves of S-NZVI with different coating ratios.

number of particles exceeding the critical size in the sample,
so the settling is rapid. At the moment of f, the settling of
most of the large particles is completed, and the settling rate
decreases and the sample enters the S2 slow settling stage,
which gradually becomes stable.

For SA-S-NZVI, the settling rate of the encapsulated
sodium meter iron sulfide was negatively correlated with
the concentration of sodium alginate due to the presence of
the polyelectrolyte layer. The greater the concentration of
sodium alginate, the lower the settling rate in the S1 phase,
and the greater the number of particles kept in suspension
in the S2 phase, the better the particle stability.

To further study the suspended particles in the aque-
ous solution after settling and stabilization, the superna-
tants of the above four freshly prepared suspensions were
taken after standing for 2 h. The size distribution of the par-
ticles was determined by DLS as shown in Fig. 4. The par-
ticle sizes of the three encapsulated S-NZVI that remained
suspended after 2 h settling was mainly below 30 nm, with
0.2% SA-S-NZVI being slightly larger and concentrated
around 20 nm, and 0.1% SA-S-NZVI and 0.3% SA-S-NZVI
being smaller and concentrated around 8 and 10 nm, respec-
tively. It should be noted that S-NZVI was not detected after
resting due to the low concentration of suspended mat-
ter in the supernatant. This indicates that the polyelectro-
lyte layer enhances the dispersion of small-sized particles
below 30 nm in aqueous solution, but helps weakly in the
dispersion of large-sized particles above 30 nm.

4.3. Effect of ionic strength on the stability of SA-S-NZVI

The stability of nanoparticles in an aqueous solution
depends to a large extent on the ionic strength. The effect
of ionic strength on the stability of SA-5-NZVI in water
(pH = 8.0 0.1) was investigated. The adhesion efficiency
between the particles was calculated by eq. (8).

The experimental results are shown in Fig. 5. The adhe-
sion efficiency of SA-5-NZVI and bare S-NZVI with dif-
ferent coating ratios increased with the increase of ionic
strength in the range of 0.05 mM. The increase of ionic

100

—=— 0.3%SA-S-NZVI
—=— 0.2%SA-5-NZVI

80 - —=— 0.1%SA-S-NZVI

60 |-

Relative Number Concentration (%)

Particle Size (nm)

Fig. 4. Particle-size distribution after 2 h of settling.
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strength would improve the degree of charge shielding thus
the aggregation rate, which was reflected in the increase of
adhesion efficiency. In this process, the adhesion efficiency
is positively correlated with the amount of NaCl dosed, and
this aggregation process is called reaction-limited aggrega-
tion (a < 1). When the NaCl concentration is greater than
0.05 mM, the charge of SA-NZVI is completely shielded and
the potential barrier disappears. The particles undergo dif-
fusion-limited aggregation (o = 1) in this process, and the
aggregation rate reaches the maximum. The critical con-
centrations of S-NZVI with different coating ratios of ionic
strength were all around 0.05-0.06 mM. The coating ratio
has little effect on the adhesion efficiency under different
ionic strength conditions.

4.4. Characteristics of the polyelectrolyte coating layer

The magnitude and range of action of the intrapar-
ticle spatial repulsion are related to the concentration of
polymer adsorbed on the surface, and the thickness of the
polyelectrolyte layer [33]. The variation of electrophoretic
mobility with ionic strength for S-NZVI with different
polyelectrolyte ratios is shown in Fig. 6, where the curves
were obtained by fitting the measured average electropho-
retic mobility Egs. (9), (10) and (13), and the parameters are
shown in Table 1.

1.0 ]
[ | [ ]
3z
&
208
k5
2
=
o [ ]
5
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2 B 0.1%SA-S-NZVI
< 0.2%SA-S-NZVI
. 0.3%SA-S-NZVI
04
1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10

lon strength (mM)

Fig. 5. Effect of ionic strength on the attachment efficiency of
S-NZVI with different coating ratios.
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Due to the presence of the polyelectrolyte layer, the dif-
fusion layer around SA-S-NZVI was compressed, and its
electrophoretic mobility varied less with the ionic strength
than that of bare S-NZVI. The electrophoretic mobility of
bare S-NZVI gradually tends to zero with increasing ionic
strength, while the electrophoretic mobility of SA-S-NZVI
with different coating ratios (0.1%, 0.2%, 0.3%) tends to
-2.8,-2.2and 2.3 um st em V.

Since the electrophoretic mobility of soft particles is not
sensitive to the position of the slipping plane [34], the zeta
potential cannot approximate the surface potential of soft
particles, and the zeta potential loses its meaning. Therefore,
soft particles do not apply to the conventional DLVO theory
of the double layer equation to calculate the electrostatic
repulsion.

The volume fraction of polyelectrolyte adsorbed onto
the NZVI surface was estimated from the calculated aver-
age polyelectrolyte layer thickness of the particles and the
adsorption concentration.

I-4na® 3.Ta?

P, %n[(cha)a —aa} i Pp[(ﬂ“'ﬂ)a —ﬂa}

o, = (15)

where, p (1.59 x 10° g m”) is the polyelectrolyte density;
d is the thickness of the polyelectrolyte layer; a is the par-
ticle radius; and the adsorption amount per unit area is
expressed by I' (unit: g m™).

4.5. Particle interaction energy calculation based on DLVO theory

The stability of bare S-NZVI particles in solution can
be explained by the DLVO theory [35,36]. According to
the classical DLVO theory, the primary attraction energy
between particles comes from the van der Waals force

Table 1
Calculation of the properties of adsorbed polyelectrolyte layer at
pH 8.0 £ 0.1 using Ohshima soft particle theory

Sample ZN/N,

(mol m)

d (nm) /A (nm) ¢

0.1% SA-S-NZVI
0.2% SA-S-NZVI
0.3% SA-S-NZVI

328+1.08 797+411 6.63+058 113
1.47+1.25 10.94+4.68 851+1.06 80
1.50+£1.39 16.62+4.58 957+197 54

26

ug (pms” Temv- 1y
U (ums lemVy 1y

— 0.1%SA- S- NZVI

36t L2sh
68% confidence bands ’

22

U, (ums lemv- 1y

— 0.2%SA- 8- NZVI 2.6} — (.3%SA- 8- NZVI

68% confidence bands 68% conlidence bands

0 2 4 6 8 0 2

Lletrolte concentration (mM)
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4 6 8 o 2 4 [ 8

Eletrolte concentration (mM)

Fig. 6. Effect of ionic strength on the electrophoretic mobility of SA-S-NZVI.
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(V) and the repulsion energy depends mainly on the
electrostatic double-layer interaction. The magnitude of the
potential energy of van der Waals forces between spherical
particles is [36]:

s(4a+s)
(2a+s)2

A 22 . 24a°
6 |s(4a+s) (2a+5)2

Viw(s)= +1In (16)

where A is Hamaker’s constant, which is taken as 107°J; s is
the distance between particle surfaces, and a is the particle
radius. In the electrolyte solution, when two charged parti-
cles approach each other, their diffuse double layers overlap.
If the particles are similarly charged, they will be repelled
during the approach. Depending on the particle size and the
thickness of the double layer, the equation for the double
layer interaction (V) is calculated as follows [36-39]:

4y -ln[l + exp(—Ks)J,

a] 2

2
4neY,Y,a,a ("J] exp(x)
(4

1-2"%1"%2 ’
0 a,+a,+s

4ney® -
(17)

Vi (s) =

ka<b

v 8tanh| e,y / (4k,T)]

1
1+ \/1—2K”li+;ztanh2[eow/(4kg)]

(18)

Ka, +1

o 1,000¢N ,Iz?
gk, T

where ¢ is the dielectric constant of water, 1 is the surface
potential, bare S-NZVI is replaced by zeta potential [40—42].
k, (unit: ] K™') is the Boltzmann constant, T (unit: K) is the
absolute temperature, x (unit: m™) is the reciprocal of the
Debye length, I is the ionic strength (unit: M), e, is the charge
of a single electron (unit: C), N, is Avogadro’s constant, and
since there are only S-NZVI particles in the system, a, = a,,
Y, =Y,

Since S-NZVI is magnetic, the measured hysteresis line
(VSM, Lake Shore Cryotrons’ Incorporation) of S-NZVI is
shown in Fig. 7 with a saturation magnetization strength
of 1,410.62 kA m™, a coercivity magnitude of 20.49 A m?,
and a residual magnetization strength of 120.08 kA m™.
Therefore, the stability of S-NZVI stability in the aqueous
phase is influenced by the interaction between its intrin-
sic magnetic moments, which attract each other due to the
NZVI’'s magnetic moments even without external magnetic
field interference [43]. The effect of the magnetic proper-
ties of S-NZVI on its aggregation behavior is expressed in
terms of the magnetic potential energy V, :

19)

_ 8mu M*a’

20
9(s/a+2)3 20

Vi (s)

where , (47 x 107 H m™) is the magnetic permeability in
vacuum; M (unit: A m™) is the magnetization strength.

The interaction of uncoated S-NZVI is shown in Fig. 8,
where V is the sum of interaction potentials. Assuming an
average particle radius is 50 nm. The interaction force is
dominated by magnetic force, and there is no energy bar-
rier to prevent the particles from aggregating, and the par-
ticles agglomerate rapidly, which is consistent with the
observed experimental phenomenon.

When the sodium alginate layer coats S-NZVI, the ions
in the solution can penetrate the coating layer and disperse
inside, suppose the polyelectrolyte layer is uniformly char-
ged and let Z and N be the valence and concentration of
charged groups in the polyelectrolyte layer, respectively, then
the electrostatic potential between SA-S-NZVTI is [19,33,44].

_2map, . sinh? (Kd) 1
Vis(5) = g,k n 1—exp(—xs)

21
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Fig. 7. Hysteresis line of S-NZVI at 298.0 K.
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Fig. 8. XDLVO interaction energy curve of S-NZVL
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p.. =Ze,N 22)
Meanwhile, according to Donnan equilibrium, the poly-
mer segments in the polyelectrolyte layer are adsorbed and
fixed on the particle surface. At the same time, the ions in the
solution are free to move, so there is an additional osmotic
pressure near the polyelectrolyte layer. When the particle
spacing decreases, the polyelectrolyte layers gradually over-
lap each other increasing the local electrolyte concentration,
which increases the osmotic pressure generating osmotic
repulsion (V) [45,46]. In addition, when the distance
between particles is less than d, part of the polymer seg-
ment is compressed, leading to a decrease in conformational
entropy, which generates elastic repulsion (V) [46,47]:

a,a
4drey® - —2 .In|1+exp(—xs)|, xka=5
o 881
Vee(s)= (23)
4dneY\Y,a,a, (kT] M, ka<b
e, a,+a,+s
0 2d<s
47511 1 S ’
V. ..5)= == |ld-= d<s<2d
ol e e
47‘“.4)2(1_)(],12 S—l—ln[sj s<d
v, 72 2d 4 d
(24)
0, d<s
iln s(3—s/d}2
Velas(s): 2Tfa 2 d d 2
—~¢pdpp ,s<d
M, 3-s/d s
—6In +3|1+—
2
(25)

where y (0.45) is the Flory-Huggins constant; ¢, is the vol-
ume fraction of the poly-electrolyte layer; d is the thick-
ness of the polyelectrolyte layer; v, is the volume of the
solvent molecules (in this paper, water molecules in m?®);
M, (1.40 x 107 g mol™) is the molecular weight of the poly-
electrolyte p, (1.59 x 10° g m™) is the density of the polye-
lectrolyte. In' summary, the total interaction energy of the
encapsulated S-NZVI is:

wt VetV +V, +V,

V=V clas (26)

The interaction potentials of SA-S-NZVI are shown in
Fig. 9. The main repulsive forces in the system are spatial
repulsion (V___, V) when viewed at a short distance from
0 to 2d. In contrast, the surface potential of SA-S-NZVI
particles (V) is slightly larger than the electrostatic inter-
action of uncoated S-NZVI (V,) due to the presence of the

polyelectrolyte layer but still cannot resist the attraction of

S-NZVT’s magnetic moment. When the SA-S5-NZVI approach
distance is less than 2d, the permeability repulsion gen-
erates a great energy barrier, which prevents the further
approach of SA-S-NZVI. Let dV /ds = 0 to find the poten-
tial energy trap of 0.3% SA-S-NZVI located at 31.10 nm,
which is -79.93 k,T. In summary, the electrostatic repulsion
in 1.0 mM electrolyte solution cannot resist the magnetic
attraction, and the main repulsion of particles comes from
the spatial force. The depth of the potential energy trap can
be significantly reduced by increasing the layer thickness.
In contrast to the uncoated S-NZVI, SA-S-NZVI with differ-
ent polyelectrolyte ratios should form loose agglomerates
with particle spacing of about 31 nm instead of the dense
agglomerates of bare S-NZVIL

Since the adhesion efficiency of SA-S-NZVI increased
with the ionic strength, the particle interaction was strongly
influenced by the ionic strength. Taking 0.3% SA-S-NZVI
as an example, the interaction force between SA-S-NZVI at
0.0~1.0 mM is shown in Fig. 10. The magnitude and range
of action of electrostatic repulsion at 0.0~0.5 mM decreases
with the increase of ionic strength (Fig. 11), which is
reflected in the rapid decay of potential energy trap from
-85.13 k,T (100.00 mM) to —0.07 (0.01 mM) almost disap-
pears. As the electrolyte concentration increases (<0.5 mM),
the change in the depth of the potential energy trap is
smaller (purple region). The effect of electrostatic repulsion
on the total potential energy becomes minimal. The total
potential energy of the particles is dominated by perme-
ation repulsion and magnetic force. The minimum poten-
tial energy trap is maintained at about —85.13 k,T, and the
effect of ionic strength is negligible. Meanwhile, the phys-
ical meaning of the adhesion efficiency is the chance of
effective collision between particles, so the critical coag-
ulation concentration (CCC) of particle aggregation can
be expressed by DLVO theory as the depth of potential
energy trap is greater than the energy of Brownian motion
(1.5 k,T). For the attachment efficiency (o) to reach 100%
the total potential energy equation is given by

(s) (27)

The critical aggregation concentration of SA-S-NZVI with
different coating ratios was 4.53 x 102 mM, 3.68 x 102 mM,
and 4.47 x 102 mM, respectively. The particle-size distri-
bution of the samples at the moment of ¢, was measured
by the dynamic light scattering method, and the change
of the average particle size with time was calculated by
taking into Eq. (14).

The initial particle-size distribution of SA-S-NZVI with
different cladding ratios, such as the mean particle size as
a function of time, is shown in Fig. 12, where the scatter
points are the experimentally measured values. The mean
particle size of SA-S-NZVI increased by about 133, 114 and
110 nm for the three cladding ratios, respectively, and the
curves were calculated by Smoluchowski aggregation model
with the coefficients of determination of 0.82, 0.72 and 0.84,
respectively, which could predict the experimental results
better.
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Fig. 9. Particle interaction energy curves for (a) 0.1% SA-S-NZVI, (b) 0.2% SA-S-NZVI and (c) 0.3% SA-S-NZVL

To further investigate the aggregation mechanism of
SA-5-NZV], the long-range attraction of S-NZVI was con-
sidered to be mainly magnetic. In contrast, the magnetic
potential energy calculated by Eq. (20) was positively cor-
related with the sixth power of particle size, and the S-NZVI
samples were widely distributed. Therefore, the total poten-
tial energy of particles with different particle sizes is sig-
nificantly different. The variation of particle size and par-
ticle spacing on the total potential energy (V,) is shown in
Fig. 13. Since the magnetism is sensitive to particle size, the
depth of the potential energy trap slips rapidly with increas-
ing particle size between 30 and 50 nm, and the position of
the potential energy trap varies less with particle size. The
depth of the potential energy trap for SA-S5-NZVI particles
below 30 nm is below —0.82 k,T, which is smaller than the
energy of colloidal Brownian motion (1.5 k,T). Therefore,
the aggregates formed by SA-S-NZVI under this condition
are unstable. Thus suspended particles smaller than 30 nm
are more likely to remain dispersed in solution, which is
consistent with the phenomenon observed in Fig. 4.

5. Conclusion

In this paper, the effect of the polyelectrolyte coating
on the electrostatic repulsive force on the particle surface is
considered in conjunction with Oshima’s theory of soft par-
ticles. The role of different coating ratios and ionic strength
on the stability of bare and coated S-NZVI was investigated.
The results showed that the higher the concentration of
sodium alginate, the slower the settling rate. The higher the
ionic strength, the higher the adhesion efficiency, and the
ionic strength had a more negligible effect on the different
coating ratios. And a model was established based on the
experimental results to calculate the agglomeration rate of
SA-5-NZVI, which was in good agreement with the agglom-
eration experiment results. In addition, the thickness of the
polyelectrolyte layer was 7.97, 10.94 and 16.62 nm for dif-
ferent coating ratios calculated by the soft particle theory.
The higher the concentration of sodium alginate, the greater
the thickness of the polyelectrolyte layer. Further study
with XDLVO theory revealed that the particles always tend
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to agglomerate due to the magnetic effect of S-NZVI. Bare
S-NZVI has no repulsive potential barriers present, so irre-
versible aggregation occurs, and dense agglomerates should
be formed.
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Fig. 13. Total XDLVO interaction energy of SA-5-NZVI at differ-
ent particle sizes.

In contrast, SA-S-NZVI forms loose agglomerates of
31 nm instead of dense agglomerates of bare S-NZVIL In
addition, although the small particles below 30 nm tend
to agglomerate, the magnitude of the attraction potential
energy is much smaller than the Brownian motion energy,
which makes it difficult to form stable agglomerates. The
magnetic effect of S-NZVI decays slowly with the increase
of particle spacing, and the increase of electrostatic repul-
sion and spatial force can only achieve the repulsion at short
distances. However, it cannot avoid the tendency of parti-
cles to approach each other at long distances. The magnetic
interaction of S-NZVI decays slowly with increasing particle
spacing. The magnetic properties of S-NZVI can be further
improved by weakening the magnetic properties of S-NZVI
or adding repulsive long-range forces to the system to match
the magnetic range. This study has a great significance effect
on the sedimentation process of water treatment, the prob-
lem of filter clogging of drinking water, and the problem of
aquifer blockage in the infiltration process of surface water.
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NZVI) with the selected magnification of 500,000-100,000
times. The synthesized SA-5-NZVI appeared spherical with
about 50-100 nm diameter. The surface was wrapped by
sodium alginate and well dispersed. The particles were stuck
together in a chain-like arrangement by sodium alginate.

S2. Specific surface area determination

The specific surface area (SSA) of S-NZVI was deter-
mined using a fully automated specific surface area and pore
size distribution analyzer (Nova Station C, Quantachrome
Instruments). About 0.1 g of S-NZVI was weighed and
degassed at 110°C for 3 h to remove water and other impu-
rities and measured by nitrogen adsorption. The adsorption
and desorption curves are shown in Fig. S2, and the specific
surface area of S-NZVI was measured to be 36.248 m*/g.
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S3. Mathematical calculation
53.1. Calculation of collision frequency

The collision frequency function reflects the number of
particle collisions per unit time in the dispersed system. In
the aqueous environment, there are three main mechanisms
of particle collisions: Brownian motion, fluid shear, and dif-
ferential sedimentation [S1]. Using the Coalesced Fractal
Sphere (CFS) model [S2]: (1) All flocs consist of a single type
of primary particles, which are dense spheres. (2) All flocs
have a fixed fractal dimension and are independent of the
floc particle size. (3) When two flocs collide and combine,
the newly formed flocs have the same fractal dimension
as the pre-collision flocs, and the solid volume of the new
flocs is the sum of the solid volumes of the pre-collision
flocs. The three collision frequency functions By, Bey PBps
for Brownian motion, fluid shear and differential sedimen-
tation are calculated by the following equation [S2].
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Fig. S1. Scanning electron microscopy images of (a) S-NZVI, (b) 0.1% SA-S-NZVI, (c) 0.2% SA-S-NZVI and (d) 0.3% SA-S-NZVI.
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the monomer density; p_ (unit: kg m?) is the water density;
D, is the fractal dimension [3].
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Fig. S3. Size distribution of particles in suspensions of 0.015 g L™ (a) 0.1% SA-S-NZVI, (b) 0.2% SA-S-NZVI and (c) 0.3%

SA-S-NZVI at different times.
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53.2. Determination of initial values

As shown in Fig. S3, the particle-size distribution at the
moment of T = 0 was determined experimentally, and the
Smoluchowski aggregation model was solved using this
data as the initial condition. The scatter points were con-
nected with Bessel curves for easy viewing. It can be seen
that the initial hydraulic particle sizes of SA-S-NZVI with
three cladding ratios were produced in the range of 200-
500 nm for widely distributed samples. It should be noted
that since the particle size of fresh solutions is mainly above
200 nm, the range during DLS testing of fresh solutions
needs to be set to greater than 200 nm, ignoring the small
amount of particles below 200 nm.
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