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1. Additional FT-IR spectra after 90 h and 180 h weathering treatment.

FT-IR measurements were conducted after PE sheets underwent weathering treatment of O h (main Fig.
1D), 90 h (Fig. S1A), 180 h (Fig. S1B), 300 h (main Fig. 2A). We have zoomed in on region

1300 - 1850 cm ™!

and plotted them as insets in each spectrum. After 90 h treatment, the areas between

1650 — 1850 cm ™! (C=0 stretching) are much larger for PE particles and sheets in water than in air (Fig.
S1A). In contrast, after 180 h treatment, the same area has a similar magnitude for all 4 conditions (Fig.
S1B). The CI were calculated from these spectra and plotted in the main text Fig 1B. Methods for

calculating CI varies, and literature comparison! showed the specified area under bands worked best for a

large range of polymer samples. To ensure an effective comparison, spectra were scaled by peak around
2914 cm ™" and baselines were adjusted to be the same for 1550 - 1630 cm ™" across all spectra. Then an

integration algorithm using Simpson’s rule from scipy library was implemented for the designated region
and used here for calculating CI according to:

Carbonylindex (CI) =

Integration of C = 0 peak (1650 — 1850 cm "~ 1)
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Fig. S1. FT-IR spectra for particles and sheets after (A) 90 h and (B) 180 h weathering treatment either in water

or in air, with the region of 1850 - 1300 cm ™ ! zoomed in.

2. Weathering reaction schemes

a.

UV weathering reaction scheme in air
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In air the reaction will be dominated by B-scission and H-abstraction. Literature data shows lower
molecular weight and a small amount of either ozone or 0, generated from UV radiation:?

[-CH,-CH,-], fi[ ~CH,-],CHy+ [-CHy-],CH,+2H"- #(S2)
[-CH,-],CH,+ 0,~[-CH,-],COOH + H- #(S3)
2H- + 0,~H,0, #(54)

b. UV weathering reaction scheme in water

Samples weathered in water should undergo the same scission and abstraction as the in-air schemes,
but also an additional pathway might exist based on literature evidence® regarding a small amount of
radicals generated from water under UV. We hypothesize the PE in water undergoes reactions in this
sequence:

hv
H,0—H -+ - OH##(S5)
OH + - OHoH,0, #(S6)
[-CH,-CH,-],+ *OH-[-CH,-CH,~],_,~OH+ [-CH,-CH,~],* #(57)

[-CH,-CH,-],- + *OH+0,5R-COOH + R - OH + CO, + H,0 #(58)

3. Particle number density calculation using Mie theory

In the Mie scattering regime, we can calculate concentration of particles using a series of equations with
calculated Mie scattering cross section and measured absorbance from UV-vis.** The Mie cross section

Csea is calculated as:

217
Coea = FZ @n+ 1)(|a,|* + |b,[?) #(59)

n=1

~ xj, () [mx jn(mx)]' - mzx[x jn(x)]'jn(mx)

a #(S10)

" xh, (0)[maxj, ()] - m2x[xh, ()], (max)

mxj,(x)[mx jn(mx)]' - mx[x jn(x)]jn(mx)
= #(S11)

" i, (0 [ma ()] - mPx[xh, (0] i, (m)

Here, Jnis the spherical Bessel function of the first kind, and M is the spherical Hankel function of the first

2nn
_ k=——
kind. The other parameters are M= Nyaricle/ Mmedium | A , X=ka_ The number density of

particles is calculated using Beer Lambert Law and Lorentz-Mie theory* as:

medium

2.303 4
ny=— Y u(s12)
Csca
Here, 4450 i the absorbance measured at a relatively large wavelength 450 nm using UV-vis. The resulting

number density is in unit of # particles/volume.
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4. Aggregation rate constant and stability ratio calculation

According to Rayleigh-Gans-Debye theory,’® in an aggregation process one can consider a doublet as a
sphere with the same volume and apply Mie theory to this sphere if the primary particles are relatively small
compared to the incident wavelength. This theory is used in combination with experimental techniques
using scattering to evaluate the singlet to doublet aggregation kinetics. In addition, this approach is only

2nd  Mparticl
kdx|m 1] === x| P 11«1

valid if the colloid system satisfies medium , with n being the refractive index
of the corresponding species.

2nd

A

nparticle

-1/=0.25<1

For our system, we have , meaning that it is reasonable to use this
approximation. RGD has been used routinely to calculate an optical factor in combination with DLS data
to quantify aggregation kinetics with a stability ratio (W) or attachment efficiency frameworks.” This
sin (27yq)

2ryq

Nmedium

Thi
optical factor is usually expressed as o= "h2) Using this approximation with size change
over time obtained from DLS, we can calculate an aggregation constant for each experiment.

+1

The main equation is now:

1 rdr(o)

k =
slow ™ % (0) * ny dt

10 #(513)

With the variables defined in the main text. Our evaluation of the applicability of RGD is consistent with
the range used in the literature. For example, Holthoff H. et al (1997) used RGD approximation to calculate

an optical parameter I2/@2 1)) for similar sized (200 nm diameter) PS particles and compared it to the SLS
result, showing the values are similar. We obtain the exact same function as the calculated result in Holthoff,

confirming that the approximation is valid for our parameters and that we can either measure or calculate
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Figure S2. [Left] Our calculation of I/ @21) using radius and wavelength from Holthoff 1997, [right]
calculations (lines) and SLS result (dots) comparison from Holthoff 1997

Note: The attachment efficiency @ is the inverse stability ratio,” and our conclusions regarding the
stability trend remain the same regardless of whether @ or W is used in the discussion:
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1 _ kslow

a=

#(S14)

fast

5. Quantification of PFOA adsorption using interfacial tension measurements.

We rely on interfacial tension (IFT) measurements to capture the depletion of PFOA in the bulk
caused by adsorption to PE particles. IFT offer the sensitivity needed to effectively monitor the depletion
of bulk PFOA due to its adsorption onto PE particles. Below the critical micelle concentration, the extent
of PFOA adsorption to the air-water interface increases with the concentration of PFOA in the bulk aqueous
phase. As PFOA adsorbs to PE particles, the bulk PFOA concentration decreases and the interfacial tension
increases. A mass balance allows us to calculate the PFOA adsorbed on particles from the PFOA depleted
in the bulk aqueous phase.

To evaluate the amount of PFOA adsorbed onto surface of PE NPs, 700 nm diameter PE NPs with

- 16 _ 16 3 ) _ ) _ _
np~>5x10 7X107#/m oo incubated under various PFOA concentrations (same incubation

conditions as 200 nm PE-PFOA studied). We selected larger particles to characterize adsorption because
their diffusion timescale to the air-water interface is significantly longer such that particle attachment to the
air-water interface do not occur at comparable time scales than PFOA adsorption. After incubation and
before IFT measurement, the dispersions were centrifuged at 14000 rpm for 40 minutes and the particle-
free bottom liquid was extracted for tensiometry. The equilibrium IFT values were recorded for both PFOA-
only (Y1) and PE-PFOA leftover liquid (¥2) versus different initial concentrations. Representative IFT

dynamics data are shown in Fig. S3A for V1 () and ¥2(O)_ The resulting interfacial tension isotherm is shown
in Fig. S3B. The bulk concentration in Fig. S3B is corrected for loss due to adsorption to PE.

We fit the interfacial tension isotherm for PFOA-only yl(Cb,Bq), to a Szyszkowski-Langmuir
equation (Equation (S9)) and obtain two fitting parameters for PFOA adsorbing to air-water interface:

Tawmax and Kawad, Here Cbeq is the bulk PFOA concentration, Y0 is the surface tension of DI water, and
Ch,i™ Cheq for PFOA-only solutions (Cb,i being the initial PFOA bulk concentration at the start
of incubation). For this and following equation we use N/m for ¥ and mM for Cheq;

W€ assume

Y1 ="~ RT Tgymandn (1 + K gy 0Ceq) #(515)

aw,max

_ -6 2
The best fit for this function using our experimental data is: Fawmax = 3:06 X 107" mol/m ,

Kawaa= 2515 e can rewrite Equation (S9) to be:

Yo— V1
exp -1
RTT

aw,max,

and

1
 #(516)

Cb =
K aw,ad

We use this equation to fit the bulk PFOA as well as the depleted bulk PFOA after adsorption to PE (¥2)

using the same parameters. The total amount (in mol) lost from the bulk solution is (Ch,V = Cheqd) We then

estimate the surface excess |» of PFOA on the surface of PE NPs by using a mass balance assuming that
all PFOA depleted from the bulk is due to adsorption onto the surface of the PE particles:

CpV = ChegV =T, A, #(517)

Here, V is the volume of total particle solutions in a vial after incubation (usually about 6 mL), and 4p is
the total surface area of all particles in that volume (calculated using known diameter 700 nm and number

ny~5x 10~ 7 x 10'® #/m?

density ). In main text, Fig. 3 shows the calculated and modeled Ty vs. Cheq
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using the Langmuir adsorption isotherm (written in terms of surface excess) assuming the PFOA molecules
are limited to a monolayer on PE surface:

F N K d . C
r,= b DA% 4(518)
1+ K, 4 Ceg

T» is in unit of mollarea on the PE surface, and the two parameters we used are

— -6 2 —
r =3.21%x10" " mol/m and Ky ad = 1.46‘

p,max
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Fig. S3. (A) Interfacial tension (IFT) dynamics data obtained for only PFOA solution and PE-PFOA solution
after incubation with PE particles removed, with respective initial [PFOA] of 0.12 mM, 0.48 mM, 1 mM. (B)
equilibrium IFT obtained from a series of experiments including the ones shown in (A) over different initial
concentration, with a fit to Szyszkowski-Langmuir equation.

6. DLVO and XDLVO theory calculations

The net interaction potential between two particles ((Dnet) is calculated as the sum of van der Waals (q)vdW)

and electrostatic double layer ((bDL) interactions potentials for a separation distance 50 based on DLVO
theory:

D :(50) =P (Sy) + Ppy (Sp)-#(519)

We calculate the van der Waals interaction potential for two identical spheres of radius r using:!°

A-r
q)UdW == 125
0

#(520)

where, 7" is the sphere radius, S0is the separation distance between the two sphere surfaces at the closest

point, such that the center-to-center distance between two spheres is (So+27) , and 4 is the Hamaker
constant calculated using an approximation of Lifshitz theory for the case of two identical spheres
interacting across a medium:!!

(51 - 53)2 3hv, (n% - ng)z

A= kT + : #(521)
€1t & 162 (ni + ng)2
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=2.25

We use &1 and €3 = 784 for the dielectric constants of polyethylene and water, respectively, and use

n1 =150 nd "3 =133 for the refractive index of polyethylene and water, respectively.!! The value for

~ 15 -1
absorption frequency employed is Ve ™ 3x107s

: -20
constant is then 4 =1.02 X 10~ "]

selected for hydrocarbon. The calculated Hamaker

The electrostatic double layer (DL) interaction energy is obtained by numerically solving the Poisson-
Boltzmann equation for the surface potential distribution between two flat plates in 1-dimension for a 1:1
symmetric electrolyte, and given by:'?

dx?

2, (2
Y _ ( Zenoo)sinh (%) #(522)

Ep€

Here, ¥(%) is the local electrostatic potential at position X between the plates, " is the ionic number density

. 19 . .
in the bulk, € =1.602X 107" C i5 the elementary charge, Z=1 for a monovalent electrolyte, € is the
permittivity of vacuum, k is Boltzmann constant, and T is the temperature. Then we also set the boundary
conditions to be either constant charge (S23) or constant potential (524):

dy 99
(—)x — g =—— = constant #(523)
dx £)€

Y(x =0) =y, = constant .#(524)

(@),

Symmetry also requires that T . The system of equations is then solved using python function
“solve_bvp” from the scipy library to obtain the potential at any location between the plates, and especially

the midplane potential ¥m for each separation distance S0, An analytical result for 1:1 electrolyte obtained
by Verwey and Overbeek for the force/area (pressure) between two charged plates with separation distance

So jg:13
ey
cosh [——| -1
kT

The pressure between the plates is the derivative of the interaction energy per unit area, therefore
do

P (So) =-—— -
i S, Along with the boundary condition that Py () =0

the interaction energy between the two flat plates such as:'?

P(S,) - P () = kTn,, #(525)

e e
exp - -1+exp -1 = 2kT n,,
kT kT

we can integrate the pressure to obtain

D
Pp fiae plate(S0) =~ fo(So)dso #(526)

[ee]

We then use the Derjaguin approximation to obtain the interaction potential between spheres (identical radii
in our case):'*

RlRZ
FR, sph—sph — Zn(M)q)R, flat plate(SO) H#(S2 7)
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In Equation (S27), Ry and Rz are the radii for sphere 1 and 2, and 50 is the same separation of distance for
the closest points between two spheres. We then obtain the electrostatic interaction potential between
spheres by integrating the force between two identical spheres:

0,

(DR,sph—sph = fFR,Sph—sph(SO)dSO #(528)

So

The electrostatic interaction potential between two spheres Ppsph-sph(S0) is written as PoL in the main

text. From the superposition of Pyaw and Poi using Equation (S19) we obtain a series of total interaction
potential energy as a function of separation distance for two spheres across all salt concentrations
investigated, as shown in Fig. S4.
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Fig S4. DLVO potential energy prediction for different NaCl salt concentration using zeta potential as measured

-20
in experiments, and A=1.02x 10" ], diameter of 200 nm. (A): constant charge BC; (B): constant potential
BC.

The stability ratio W is calculated for each net interaction potential Pyee(W) following:!2

(W)
o €X
kfast P kT
w = =2r f —————du #(529)
kslow 2 u

In Equation (S29), Pret is the total DLVO interaction potential, and u is the center-to-center separation

distance where % =50 1 27

Incorporating hydrophobic interactions using XDLVO theory

In the case of the extended DLVO or XDLVO theory that incorporates with hydrophobic interactions, the
interaction potential becomes:

cI:‘net = chdW + CDDL + CI)hydrophobic #(530)

Hydrophobic interaction is a short-ranged attractive non-DLVO force and often takes the form of an
exponential related to separation distance for a sphere-flat plate geometry:!>16
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F
(E)ﬂ‘”—szah = —Aexp (- qSy) #(S31)

Based on literature reports for other hydrophobic polymers interacting in water the magnitude of A is
approximated as 100 mN/m and decay length 4~ as 1 nm.!S Although the exact values might vary for PE,
the formulation and signs should remain similar. Thus, the hydrophobic force between two spheres of radius
Ry and Rz will be:

RiR,
R;+R,

Foph—spn = Repp * (‘ Aexp (- qSO)) = * (— Aexp (- qSO)) #(532)

Integrating the sphere-sphere interaction force, we can obtain the interaction potential energy Psph - sph:
s

R R [ 1
D(S,) = -fg*(-Aexp(—qSo))dSo =A*E*(—E)eXp(—qSO)—O#(S%)
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Fig S5. An example of XDLVO with different interactions plotted here for PE-Pristine 200 nm diameter at 30

mM NaCl concentration with ¢ == 42 MV showing a decrease in total interaction energy with hydrophobic
interaction addition compared with DLVO under constant potential (CP) boundary condition.

7. Error analysis of stability data

Starting from:

k

fast
W= =k 0,9 —— 0 ,#(534

kslow fastnOrh( q) drh(t) Y ( )

dt t—0
dr,(t)
. : . a7 v=mO

we simplify Equation (S34) by defining: , A and

_ ~ -18y .3 14 3
b=kpasngo ~ (62X 107°7) m*/s (4 x 10°%) #/m (0.24) and rewrite Equation (S34) to be:
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v
W =b x — #(535)
u

The error propagation is then:

2 2 2
g, g g
= 2 P u(s36)
w?  uW? v

2 _ 2 2 _ o2
Here, we have %v = PDI'xmean” 4 0, = SE™ * M. The gtandard error (SE) in %u will be from the linear

regression error when we fit a linear function to r(t) vs. time, and 7 is the number of particles sampled in
each measurement using "0 times the volume the laser passes through in the DLS cuvette. With propagation
we arrive at the final variance in W:

SE*xn S

0
+PDI * —
u Tg

#(S37)

and then we use °w as the standard deviation to of W.

8. Autocorrelation functions for DLS results
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Fig S6. Autocorrelation functions for Fig 1C.
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