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Fe” Content Determination via Acid Digestion and Atomic Absorption Specbmetry

The F& content of RNIP can be determined (separately from itota) by acid digestion in a
closed container with headspace as described in our previous (&tu@y H, produced from the
oxidation of F8 in RNIP by H is used to quantify the Beontent of the particles (Eq. S@). The
RNIP concentration was calculated assuming ¥cBee)/FeO4(shell) morphology, and using the
measured Pecontent, ' (Egs. S2 and S3). The factor 1.38 in Eq. S3 is to convert the maes ¢Fe)

to magnetite (F©,).
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The dissolved iron concentration in the samples after acid digestsn qwantified by atomic
absorption spectrometry (AA) (GBC 908AA, Avanta) using Fe lampetvavelength of 372 nm. The
calibration curve covered an iron concentration of 1 to 50 mg/L. Tatveestandard deviation (RSD)

of triplicate measurements was less than 2, while RSD of 4 is recommendedd@C Qurpose.

Applying Ohshima’s Soft Particle Analysis to Estimate Adsorbed Polyet#rolyte Layer
Properties on NZVI

The procedure for extracting the characteristics of the polyeleetialer from electrophoretic
mobility (EM) data involves fitting Ohshima’s model, eqn. S4, witmtedefined as in egns. S5-S8 to
the experimental electrophoretic mobility vs. concentration frametrical electrolyte (NacCl in this
study) to obtain the best ¥, , andd (1, 4-9) All other parameters in equations S5 to S8 are fixed for

a given salt concentration.
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where is the electric permittivity of the liquid medium,is its viscosity, is a frictional parameter

1/2

given by (/ )74, and n, is the effective Debye-Hickel parameter of the surfaceoggdilayer, which
includes the contribution of the fixed chargeN (5). is the apparent zeta potential of the bare
particles calculated from EM measurements using Smoluchowskirsifa. The functiori(d/a) varies
between 1 for a thin adsorbed layer relative to radius of thee panticle &), to 2/3 for a thick layer.

Egn. S4 is valid whend and d > 1(4). The corresponding expressions fepbn, o, f(d/a), and , are

given in eqn S5 to S@, 5, 10, 11)
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wherekg is Boltzmann’s constant, is absolute temperature, ands the Debye-Huckel parameter of
the solution. Use of the Ohshima method requirg¢a @& the electrophoretic mobility for both the
bare particles and for the polyelectrolyte-coatedtiples as a function of the bulk solution ionic
strength.

A MATLAB (the Mathworks, Novi, MI) code employingdrative least squares minimization
was used for this fitting the EM data. Ohshima’sdelovas used to fit the meag, meanu.+ , and
meanue- as a function of ionic strength to obtain threstdi values of each fitting parameter (1N,
andd). The average and standard deviation of the ditiarameters determined for the megmean
Ut , and meam,- was calculated and reported in Table S1. It lshbe noted that this procedure is
not meant to convey the goodness of fit of the ,dedther it is used to bound the range of the

magnitude of each parame(@p-14)



Using a Constricted Tube Model to Estimate Apparent Shear &e Acting on Aggregates in
Porous Media

Assuming a constricted tube model (Figure S6) as representétihe void space between
collectors in the porous media, the apparent shear gatecfing on aggregates in a pore of a specific

diameter is given by Eq.S9
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whereQ is the total volumetric flow rate in the porous media, Blggle (Eq.S10) is the number of

pores in the column cross sectiog; (Eq.S11) is the effective pore diameter.
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dc (Eq.S12) is the equivalent diameter of the constriction,Aakghn iS the cross-sectional area of the
column.

g % (S12
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dy is the average diameter of collectors, which is 3@0n this study.

Using a Constricted Tube Model to Estimate the Shear Expenced by a Retained
Particle/Agglomerate at the Pore Wall

Assuming a constricted tube model as representative of the voidisgaaen collectors in the porous
media, the shear experienced by a retained particle/agglomeratee gbare wall v/ r, can be

expressed as EqQ. (S1B).
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d; is the diameter of pore in the constricted tube model used tdatalc.q0ig, the fluid velocity at the
location of the attached colloid5) . Figure S6 illustrated, as a function of z from the center of a

collector used in this study.
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dmax (EQ.S16) is the maximum pore diameter.
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Deposition of Agglomerates formed in Porous media.

This section summarizes a modified model that ssmantitatively supports the effect of
hydrodynamic shear in porous media on the depasdfgarticles/agglomerates. The original model
was recently reported by Torkzaban and coworkes3 When a particle or agglomerate collides with
a collector in a flow field an adhesive fordés) between the particle and the collector promotes
attachment while a drag forc€g) due to the fluid flow promotes detachment. FOISHENIP the
adhesive forceHy) is estimated from the absolute value of the sgapnminimum ( min) predicted by
extended DLVO theory which takes into account tleeteosteric repulsions and the van der Waals
attraction between PSS-RNIP and sand (Figure 85Table S2 in Supporting Information). Using

egn S17, the adhesive force is approximated as

) min
F. ' (S17)
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where ki, is the separation distance at the secondary minimum betweeallihid and the collector

surface (Figure S2). The drag ford&)) acting on attached particles or aggregates can be calculated

using eqn S1816),
F, 10205* (—‘r’)a2 (S18)

where is the fluid viscosity, v/ r is the shear experienced by a retained particle at theyadireand
a is the radius of the retained particle or the radius of gyratidheofetained agglomeratev/ r is
calculated assuming that a constricted tube model represents dhepace between collectors in the

porous media (Figure S6, Supporting information) such(fitgt

v QINy. 4(d, /2 a)
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whered, is the diameter of pore in the constricted tube model used to calcuiatethe fluid velocity
experienced by the attached coll¢i®) . Figure S6 illustrated, as a function of z from the center of a
collector used in this studid,ore is the number of pores in the column cross section. The calculation of
Npore andd, assuming a constricted tube model is discussed previously.

The drag force results in an applied torqligdies €qn S20) and the adhesive force results in
an adhesive torqué {ghesive €9N S21)16).

Tapplied 1'4aFD (820)

T
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Ix represents the radius of the colloid-surface airgeea and is estimated using the theory of Jahinso

Kendall, and Robertél 6). K is the composite Young’s modulus. For depositibR8S-RNIP on silica



sand in this study we assume a valu&®sf4.014 x 18 N m? reported for glass bead collectors and
polystyrene particleg17). Particle/aggregate deposition is only favorable and irrdatersvhen
Tadnesive Tapplies  The magnitude Of agnesive@Nd Tappiied @S @ function of particle/aggregate sizes for PSS-
modified nanoparticles with the measured adsorbed layer propdidiele (1) under the hydrodynamic
and geochemical conditions used in this study were calculatedréF&y/). For a fixed pore water
velocity and geochemistry, a greater particle (or aggregsit®) increases the probability for
irreversible attachment (i.@adnesive>> Tappiied- TadnesiveiNCreases with increasing radius of the retained
particle/agglomerate to the 1'8power (see Supporting Information). In contrashypied decreases
with increasing size of the retained particle/agglomeratéhrange of particle/aggregate sizes used

becauseV/ r is inversely proportional ta (Supporting Information Figure S7 and eqn S19).

Scaling Argument that Taghesive iNCreases with increasing radius of the retained

particle/agglomerate to the 1.6% power

From Eq.S21
F a 1/3
Tadhesive I:Alx I:A 4/|_\< (822)
Therefore,
Tadhesive+ I:A4/3al/3 (823)
From Eq.S17
F ) min (824)
A h

min IS governed by the magnitude of van der Waalaciton between a particle and a
collector. \{qw for sphere-wall interaction is

Ha
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Viaw (S25)

Where H is the Hamaker constant, and s is the agpardistance between particle and wall.

Therefore,



F,+a (S26)
For this reason, from Eqs. S23 and S26

TAdhesive+ 85/3 (827)

Arguments to Support the Effect of Particle Concentratiors on Time to Attain a Steady
State Agglomerate Size and to Support the Assumption that ¢ Steady State
Agglomerate Size is Reached Relatively Quickly Compared to ¢hRetention Time in
Column Experiments
Particle concentration can affect the time lag)(for attainment of the steady state based on

the study by Spicer et al (1996)is a dimensionless time which can be expressed as:

- Gt (S28)

Where G is a shear rate’]s for porous media, G can be calculated from Eq. S9 (in Supporting
Information). is the volume fraction of particle in solution (i.e. a function atipi@ concentration),
and t is time in second. The steady state time la for the number ¢s9 and for the volume (s9

distributions are a function of Coagulation-Fragmentation Group (CF) (when 0.003<CF<0.07 ):

-« 2235logCF 2069

-ss 560l0gCF 0496
(S29)

When CF is

cF 2o

(S30)



Where \4 is the volume of particles at time zero (before agglomerati®ny the fragmentation rate

for initial particles (\y) and g is the collision frequency for initial particles Vv

S, 0.0047G*v,)" (S31)

.o 031G(2v,®)® (S32)

According to S29 to S32, the higher the particle concentration, th#esrthe time (t; in second)
required to reach the steady state. Based on the pore watetywaluatithe porous media used in this
study, G can be calculated from Eq. S9 (Supporting Information)vdlkes calculated based on
Eq.R3 for PSS-RNIP-F1 particles of 1 to 6 g/L range from 2.%xt04.7 x18, indicating that ss
should be on the order of seconds once subjected to the flow conditionscoium. This is much
smaller than the retention time of particles in the colum@5-ninutes). Therefore, the assumption

that agglomeration reaches the steady during the transport in the columssinsibba



Table S1 Characteristics of the adsorbed polyelectrolyte laysrat pH 8.0+0.1 as

estimated by Ohshima’s soft particle analysis.

ZNINAZ | d® | 12 | ] oon® | | of®
Particle Fraction (mole/m?) | (nm) | (nm) (mV) (mV)

F1 2.0£0.2 | 63+15| 13+0.6{ 2.4+0.2 | 1.7+0.1

PgsNTSK F2 2.9+0.3 | 75+24| 11+0.6/ 3.3+0.3 | 1.7+0.2
F3 1.7£0.9 | 75+12] 15+0.5| 2.0+1.0 | 1.0+0.4
F1 1.0+0.0 | 41+2 | 18+0.0| 1.2+0.0 | 0.6+0.0

PSS70K-

Hematite

F2 1.0+0.0 |46+3 | 18+0.6|1.2+0.0 | 0.6+0.0

@ Errors are + 1 standard deviation as described in the experimental section.

P The sign of pon and o is negative, and the data is for 10 mM'Na



Table S2 ,n and hnin betweenPSS-RNIP particles or agglomerates and a flat plate (i.e. a
representative of a collector in porous media) using extended DLVO callaiion by taking into

account electrosteric repulsions and van der Waals attractions.

Particle/agglomerate min Pmin
size (hm) (10%° N'm) (nm)
25 1.0x10° 190
45 4.1x10" 170
367 1.5x10 170
1000 1.0 170
2000 2.9 170
5000 9.4 170
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Figure S1 Volume-averaged patrticle size distributions of diéirent fractions of (a) PSS-
modified RNIP and (b) PSS-modified hematite. Number averged particles size
distribution of different fractions of (c) PSS-modified RNIP and (d) PSS-modified

hematite. The symbols for (c) and (d) are similar to (a) and (b), respecgly
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Figure S2 Sedimentation curves of (a) PSS-RNIP-F2 and —F3 and (b) PS3radite-F1

and-F2 at the initial particle concentration of 30 mg/L and 1 g/L.



100
80 -
60 -
40 -
20 -

PSS-RNIP-F2
(a=25 nm)

V(KgT)
o

204 200 250
-40 -
_60 N <—VM
_80 !

-100

S (nm)
b ¢

PSS-hematite-F2
(a=66 nm)

<+ VT and Vosm

= —

0 L — |

T T T T = -

V/(kgT)

19 7 80 100 150

S (nm)

Figure S3. Potential energy of particle-particle interaction calculatedy extended DLVO
for (a) PSS-RNIP-F2 and (b) PSS-hematite-F2 using the physical praties according to

the ™ peak in Table 1.
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Figure S4 Normalized breakthrough curves for (a) PSS-modifiedRNIP and hematite
at particle concentration of 30 mg/L and (b) PSS-modified heatite at particle

concentrations from 1 to 6 g/L.
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Figure S5. A representative potential energy of particle-collector imraction calculated by

extended DLVO for a cluster with a =328 representing in PSS-RNIP-F1 digpsion.
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Figure S6 Diameter of pore ¢,) as a function of distance from the center
of a collector (z) used in this study assuming the congtted tube model as

a representation of the void space between collectors in the porous need
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Figure S7 The calculated Tppied and Tadnesive fOr different sizes of PSS-modified
RNIP (as individual particles and aggregates) for the transpdrconditions used in
this study assuming the constricted tube model (Figure $4s a representation of the

void space between collectors in the porous media.
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