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• Anionic polyacrylamides (APAM) are
used for enhanced oil recovery.

• APAM polymers may be released from
produced water at marine conditions.

• Released APAM showed poor attach-
ment to the mineral particles in seawa-
ter.

• The data indicated different APAM at-
tachment properties to two types
of MPs.

• A small APAM fraction attached to large
particles at environmentally relevant
concentrations

• The results indicate seawater dilution
rather than sedimentation of
released APAM.
⁎ Corresponding author at: SINTEF Ocean AS, Postboks
E-mail address: odd.g.brakstad@sintef.no (O.G. Braksta

https://doi.org/10.1016/j.scitotenv.2020.143888
0048-9697/© 2020 The Author(s). Published by Elsevier B
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 6 October 2020
Received in revised form 18 November 2020
Accepted 18 November 2020
Available online 3 December 2020

Editor: Frederic Coulon

Keywords:
Polymer
APAM
Diatomaceous earth
Kaolin, attachment
Flocculation
Polymer injection is used in enhanced oil recovery (EOR)when an oil field ages and the pressure in the reservoir
decreases, or for oil fields with heavy oil. By polymer injection, the viscosity of the water injected for pressure
support is increased bymixingwith a high concentration of a polymer solution. Polymers used in EOR operations
are often high molecular weight polyacrylamides, including anionic polyacrylamide (APAM), which may subse-
quently enter themarine environmentwith producedwater releases. Since seawater (SW) containsmineral par-
ticles (MPs) in low concentrations, and polymers like APAM are known to flocculate MPs, we investigated if
APAM at different concentrations (0.5–10 mg/L) would attach and flocculate MPs, when these occurred in con-
centrations relevant for oceanic SW(1mg/L). Two types ofMPs, diatomaceous earth and kaolin, were exposed to
fluorescence-tagged APAM (APAM-TAG). A low-energy carousel system with natural seawater (SW) was used
for incubation of MPs and APAM-TAG at a temperature relevant for the Norwegian Continental Shelf (13 °C). At-
tachment to MPs and aggregates of these were analysed by fluorometry and fluorescence microscopy. Particle
analyses showed that only minor fractions of the MPs aggregated. When samples were separated in steel filter
with a mesh size of 20 μm, APAM-TAGwas mainly measured in the flow-through fraction (<20 μm), and the re-
sults therefore showed that the polymer mainly remained in the water-phase, or was attached to small particles
(<20 μm). For the small fraction of APAM attaching to aggregated MPs, attraction to kaolin was higher than to
diatomaceous earth, and fluorescence microscopy analyses confirmed the presence of fluorescent particles at
the higher APAM concentrations. MPs at concentrations relevant for oceanic SW are therefore not expected to
significantly contribute to sedimentation of APAM dissolved in the water column.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

High molecular weight polyacrylamides (PAMs) are widely used in
many industrial processes, for instance inflocculation and complexation
of particulatematter. These polymers, including anionic polyacrylamide
(APAM), have also been introduced for polymer flooding in enhanced
oil recovery (EOR) operations. APAM increases the viscosity of the dis-
placement/flooding water, resulting in effects on fractional flow, de-
crease of water/oil mobility ratio, and diversion of injected water from
zones that have been swept (Needham and Doe, 1987). Polymer
flooding with APAM has been implemented in full-scale in the Daqing
reservoir in China in 1996 (Wang et al., 2009) and have also been tested
for offshore reservoirs in a pilot study at the Dalia field located off-shore
Angola (Morel et al., 2015). Reliable analytical methods for APAMmea-
surements have high detection limits, and data on environmental con-
centrations are therefore rare. A report from the Shengli Oilfield in
China reported 170 mg/L polymer (named residual hydrolysed PAM)
in raw produced water (Zhang et al., 2010), but in the marine water
column, polymer concentrations will be rapidly decreased after release.

In offshore EOR processes, APAMwill follow the producedwater and
can thus enter the marine environment with produced water dis-
charges. During EOR operations, large quantities of polymers will be
used, and since these high molecular weight PAMs show negligible bio-
degradation (El-Mamouni et al., 2002), their environmental transport
and fate need to be better understood in order to assess potential im-
pacts of the polymer in the marine environment. The fate and impacts
of APAM on potentially exposed habitats/ecosystems will depend on
the local environmental conditions, particularly on the presence of par-
ticulate matter that can interact with dissolved polymer. The distribu-
tion of APAM in the water column between soluble and particulate
phases is largely unknown, although a recent study reported insignifi-
cant interactions between APAM and live or dead algal material
(Brakstad et al., 2020). Since APAM is highlywater-soluble, the polymer
will be rapidly diluted after release to seawater (SW), but potentialfloc-
culation with suspended particulate material (SPM) may result in sea-
bed sedimentation. APAM may flocculate mineral particles (MPs) like
kaolin. Although both APAM and kaolin have negative net charges, ad-
sorption still occurs through hydrogen bonding between the silanol
and aluminol OH groups at the particle surface and the polymer's pri-
mary amide functional groups. Electrostatic repulsions between the
negatively charged polymer and kaolinite surfaces allow extensions of
the anionic polymer molecules, forming loops and tails. Polymer bridg-
ing occurs to a greater extent with less particle adsorption. This is asso-
ciated with larger open-structure flocs with less resistance to
compression loads and subsequent production of compact sediments
(Nasser and James, 2006).

In SW, containing high concentrations of monovalent and multiva-
lent cations, negatively charged polymers like APAM will become
more compressed than in low-salinity solutions, since SW cations (e.g.
Na+ and Ca2+) will result in increased polymer packing by shielding
and crosslinking of repulsive anions (Zhang et al., 2008). Most particu-
late materials in SW have net negative charges (Neihof and Loeb,
1972), and the adsorption to the negatively charged APAM occurs
through hydrogen bonding at the particle surface, and to the polymer's
primary amide functional groups. Saline conditions have also been
shown to enhanceflocculation ofmineral tailings compared to freshwa-
ter conditions, since cations in the salts reduced electrostatic repulsions
between the negatively charged solid particles and negatively charged
polymer flocculants, resulting in more effective polymer bridging inter-
actions (Ji et al., 2013).

SPM in the marine water columnmay be of terrigenous and marine
sources,withmore than 80%of coastal-zone sediments originating from
terrestrial sources, with rivers as the predominant pathway of terrige-
nous sediment transport to the sea (Milliman and Syvitski, 1992;
Garrison, 2012). In polar regions, glaciers are an important vector for
sediment and particle transport. Particles of marine origin may include
2

marine biogenic particles and particles forming by chemical precipita-
tion (e.g. of salts during evaporation processes). Biogenic sediments
contain 30% or more grains of biological origin, mostly calcium carbon-
ate (calcite; aragonite) oozes produced by coccolithophoridae and/or
foraminifera (predominant in shallower andwarmer water) or opalline
silica from diatoms, radiolaria shells and siliceous sponges (deeper and
colder water). Despite high dissolution rates of biological carbonates,
biogenic sediments are the dominant sediment type of deep ocean
floors. While SPM in offshore waters are predominantly of organic ori-
gin (phytoplankton, biomass debris), inorganic particulate materials
(e.g. silt, clay and sand) are the dominating suspended components in
inshore waters (Bowers and Binding, 2006; Zhao et al., 2011). SPM con-
centrations in seawater may vary considerably, from 25 to 100 mg/L in
coastal seawater like the Southern North Sea (Fettweis et al., 2007), to
average 0.02 to 1 mg/L in ocean seawater, and decreasing with greater
depth (Sheldon et al., 1972). The organic content in SPM was shown
to range from 6 to 11% in coastal North Sea water (Ferrari et al., 2003),
while the organic carbon content in the particulate fractions from sam-
ples collected in the Southern Atlantic ocean ranged from 6.5 to 29%
(Albuquerque et al., 2014) in this study. The authors reported a strong
marine (autochthonous) influence.

Since APAMmay flocculate particulatematerial, more information is
needed to determine if low concentrations of the polymer, released
with produced water, may attach to SPM in the marine water column.
APAM attachment to SPMmay cause seabed sedimentation of the poly-
mer, while poor attachment may result in rapid dilution of the water-
miscible polymer in the water column. The objective of the study was
therefore to determine if APAM releasedwith produced water from off-
shore oil production can interact with SPM and form polymer-particle
aggregates. Such aggregates may increase the rate of polymer sedimen-
tation. Different environmentally realistic concentrations of APAMwere
used in combinations with SPM concentrations relevant for ocean SW.
Two types of SMP were included in the study, opaline silica from dia-
toms (diatomaceous earth) representing marine particles of biogenic
origin, and kaolin representing finely grained clay minerals originating
from granite rock.

2. Materials and methods

2.1. Seawater, chemicals and mineral particles

The SW used in the study was collected from a depth of 80 m (close
to the seabed) in the local fjord outside the harbour area of Trondheim,
Norway (63°26′N, 10°24′E). The SW is transported to the laboratory of
SINTEF Ocean though a pipeline system made from polyethylene. The
depth of the pipeline inlet is well below the thermocline, securing a sta-
ble temperature all the year around. The SW has a salinity of 34‰, and
thewater source is considered to be non-polluted and not heavily influ-
enced by seasonal variations. The SWpasses a sandfilter before entering
our laboratories, to remove coarse particles. Recent studies showed con-
centrations of mineral nutrients to be 19 μg/L total-P, 16 μg/L PO4-P,
130 μg/L NO2 + NO3-N, and 3 μg/L NH4-N, and <0.05 mg/L Fe
(Brakstad et al., 2015).

Two types of commercially availableMPswere included in the study,
diatomaceous earth with a reported median volumetric size of 16.2 (±
11.6) μm (Celite 512; Fe2O3), and kaolin (Al2Si2O5(OH)4) with a re-
ported median volumetric size of 18.9 (±15.3) μm, both purchased
from Sigma-Aldrich. The densities of Celite 512 and kaolin were
2.3 g/cm3 and 2.65 g/cm3, respectively, according to information from
the supplier.

A fluorescent APAM (200 kDa; lot no. EFO2109-A, hereafter denoted
as ‘APAM-TAG’) was provided by the polymer producer SNF (SNF,
Andrézieux, France), synthesized from acrylamide, acrylamido tertiary
butyl sulfonate and a fluorescent monomer as recently described
(Brakstad et al., 2020), and with an excitation/emission wavelengths
of 396 nm/511 nm. An APAM-TAG stock solution of 5000 mg/L was
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prepared in sterile-filtered SW (0.2 μm) by applying 1.0 g APAM-TAG to
200 mL SW by a procedure described by SNF (https://snf.com.au/
downloads/Preparation_of_Organic_Polymers_E.pdf). An external cali-
bration curve of APAM-TAGwas prepared in sterile-filtered SW. An ex-
ternal fluorometric calibration curve with or without MPs included
(1 mg/L Celite 512) showed linearity within the concentration range
0.2 to 10 mg/L of APAM-TAG and negligible interference byMPs at con-
centrations of 1 mg/L (Supplementary Material 1, Fig. S1).

2.2. Experimental setup

The experiments were conducted in screw-capped polyethylene
terephthalate (PET) bottles (1.1 L volume) mounted on a slowly rotat-
ing a carousel system (0.75 rpm) (Brakstad et al., 2015; Brakstad et al.,
2020). The PET bottles were completely filled with natural SW contain-
ing 1 mg/L MPs (Celite 512 or kaolin) and pre-incubated at 13 °C for
10 days on the carousel. The pre-incubation was performed to establish
a natural environment of bacterial biofilms on MPs, since bacteria are
known to produce extracellular polymeric substances (EPS) when
they settle on small particle surfaces as part of biofilm generation
(Wang et al., 2002; Chomiak et al., 2014). After 10 days of MP incuba-
tion, APAM-TAG was applied from the sterile-filtered stock solution
(5000 mg/L) to reach final nominal concentrations (triplicate) of
10 mg/L, 5 mg/L, 2 mg/L, 0.5 mg/L, or without APAM (0 mg/L) (bottles
1 to 15, Table S1, Supplementary Material 2). Bottles without MPs
(APAM-TAG in natural SW) were also included (triplicate) to compare
with SW without particles (bottles 16–18 in Table S1). Sterilized con-
trols included filtered SW (0.2 μm) pre-incubated for 10 days with
MPs, and with subsequent application of 2 mg/L APAM-TAG from a
sterile-filtered stock solution (bottles 19–21, Table S1). Additional
bottles were incubated for 2 days with fresh MPs (1 mg/L, no pre-
incubations) in natural SWwithAPAM-TAG (2mg/L) to compare aggre-
gation and polymer attachment when no bacterial biofilms could be
established before APAM application (bottle 22–24, Table S1), and as
controls without APAM (flasks 25–27, Table S1). Finally, some bottles
representing the different treatments (fresh natural SW with 1 mg/L
MP and 2mg/L APAM, pre-incubated SWwithMP and subsequent incu-
bation with or without APAM, or pre-incubated SW without MP with
subsequent application of APAM) were included for measurements of
dissolved oxygen (DO) and for particle analyses by Coulter Counter
measurements (bottles 28–31, Table S1). After application of APAM
(day 10), all sampleswere incubated at 13 °C for 2 days on the carousels
(0.75 rpm). During incubation with APAM-TAG, the bottles were left
with a small headspace (10 mL) to secure turbulence during rotation.
Separate and identical experiments were conducted with Celite 512
and kaolin.

2.3. Sampling

After application of APAM-TAG to pre-incubated or fresh SW (see
Table S1), samples from incubated bottles were collected for analyses
after incubation of 2 days (13 °C). The complete content of each bottle
was carefully filtered through steel filters with 20 μm square mesh
size (Teichhansel Teichshop/Siebgewebeshop; Bockhorn, Germany) by
gravimetric force, as previously described (Netzer et al., 2018;
Brakstad et al., 2020). The use of steel filters eliminated the risk of at-
tachment of soluble APAM-TAG to any filter material. The steel filters
with particulate materials were placed in EM flasks with 100 mL
sterile-filtered (0.2 μm) SW and subjected to orbital shaking for 3 days
for detachment of trapped material (>20 μm) from the filters. The de-
tachedmaterial was then analysed by fluorometry. Flow-throughmate-
rial (filtrate) passing the steel filter mesh (<20 μm) was measured
directly in a fluorometer.

Detached material (10 mL) from some of the steel filters
representing different APAM-TAG treatments (0, 0.5, 2, 5 and
3

10 mg/L) with kaolin, and treatment without MP (2 mg/L APAM-TAG)
were used for fluorescence microscopy analyses.

DO, MP concentrations and size distributions were determined in
PET-bottles 28–31 (see Table S1) in fresh SW (bottle 28), after 10 days
pre-incubation (bottles 29–31), and after 12 days incubation, i.e.
2 days with APAM-TAG (bottles 28–31).

2.4. Analyses

Samples of detached and flow-throughmaterials were analysed in a
filter fluorometer (Model TD700, Turner Designs, San Jose, CA, USA)
fitted with AT350/50× (Chroma Tech. Corp., Bellows Falls, VT, US) exci-
tation and 450DP65 (Omega Optical, Brattleboro, VT, US) emission fil-
ters. The fluorometer was calibrated with a solution of 15 mg/L
APAM-TAG to a value of 1000 FSU (arbitrary Fluorescent Signal Units)
and corrected for a background fluorescence in sterile-filtered SW. The
external calibration curve (Supplementary Material 1, Fig. S1) showed
a linear relationship between FSU and APAM-TAG concentration in the
range 0.2 to 10 mg/L and negligible interferences of MPs at the concen-
tration used in the experiment (1 mg/L).

Microscopical analyses of detached materials from steel filters were
performed under white light or fluorescence microscopy with 20× and
40× objectives in an upright microscope (Nikon Eclipse 90i, Nikon
Corp., Japan), as recently described (Brakstad et al., 2020). For white
light microscopy, differential interference contrast (DIC) was used,
while fluorescence microscopy was performed with a XF10 filter
(Omega Optical, Brattleboro, VT, USA), following excitation with a
mercury-halide lamp (HPX R 120w/45c, Osram GmbH, Munich,
Germany) mounted in an external light source (EL6000, Leica
Microsystems, Wetzlar, Germany).

DO was measured to determine SW oxygen saturation during the
flocculation experiments with a BOD-probe connected to a dissolved
oxygen meter (probe 5905/model 59 m, YSI Inc., Yellow Springs, OH,
US) in all samples before filtration through the steel filters.

Particle concentrations and size distributions were determined by
Coulter Counter measurements (Beckman Multisizer 4; Beckman
Coulter Inc., Brea, CA, U.S.A.),fittedwith a 280 μmaperture formeasure-
ments of particles with a diameter range of 5.6–100 μm, using sterile-
filtered (0.2 μm) SW as electrolyte. Volumetric size distributions and
total particle volumes were determined. Total concentrations of MPs
by weight (mg/L) were calculated based on the density of the particles
(2.3 g/cm3 for Celite 512 and 2.65 g/cm3 for kaolin).

Comparison between treatments was determined by ANOVA analy-
ses (GraphPad Prism version 6.0, GraphPad Software, San Diego,
CA, USA).

2.5. Other tests

A qualitative flocculation pre-testwas performed to determine if the
APAM-TAG would settle kaolin in SW. Kaolin (3 g) was applied to a
screw-capped Erlenmeyer flasks and wetted with 7 mL CaCl2 from a
1% (wt/vol) solution. APAM-TAG (2 mg/L) in 45 mL SW was applied
and the suspension carefully mixed by inverting the closed flasks 3
times. The flasks were left for up to 15 min and settling recorded visu-
ally. Controls included a) kaolin without CaCl2 and APAM-TAG in SW,
and b) kaolin and CaCl2 in SW without APAM-TAG.

3. Results and discussion

3.1. Particle concentrations and size distributions

Nominal concentrations of MP suspensions (both Celite and kaolin)
were approximately 1 mg/L, which is relevant for the particle concen-
trations in oceanic SW (Sheldon et al., 1972).Measured particle concen-
trations and median size distributions by Coulter Counter analyses are
shown in Table 1. The measured concentrations in the samples were
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Table 1
Particle concentrations (mg/L) andmedian particle sizes (μm) at the start of the pre-incubation (d0), after 10 days of pre-incubation (d10), and after additional 2 days of incubation with
2 mg/L APAM (d12), determined by Coulter Counter analyses. Median sizes are shown with standard deviations of three replicates.

d0 d10 d12

Conc. (mg/L) Median size (μm) Conc. (mg/L) Median size (μm) Conc. (mg/L) Median size (μm)

Celite without APAM 1.05 16.2 ± 11.6 0.98 16.5 ± 9.9 1.04 20.5 ± 10.2
Celite with APAM naA naA naA naA 1.05 19.5 ± 11.4
Kaolin without APAM 1.26 18.9 ± 15.3 0.46 21.9 ± 13.9 0.02 27.7 ± 9.6
Kaolin with APAM naA naA naA naA 0.05 27.7 ± 8.9

A na, not analysed.
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Fig. 1. APAM-TAG concentrations (with standard deviations of three replicates shown as
error bars) in material trapped on steel filters and filtrates in experiments with mineral
particles (1 mg/L) of Celite 512 (A) or kaolin (B). Experiments were performed with
four nominal APAM concentrations (0.5 to 10 mg/L) and MP, with APAM in SW without
MP (no Celite or no kaolin), with sterilized APAM and MP suspensions (Sterilized) and
with APAM and MPs in fresh SWwithout previous 10 days pre-incubations (Fresh Celite
or kaolin). The concentrations were determined after correcting for fluorescence in
samples without APAM-TAG and were calculated by linear regression analyses from the
external calibration curve (Supplementary Material 3, Fig. S4). The broken lines
represent nominal APAM-TAG concentrations (10 mg/L, 5 mg/L, 2 mg/L and 0.5 mg/L).
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close to the nominal concentrations of 1 mg/L at the start of the exper-
iments, and the particle concentrations remained close to 1 mg/L in the
Celite suspensions, with slightly increasedmedian particle size distribu-
tion throughout the incubation period. The kaolin concentrations were
reduced by more than 90% during the experiment, both in suspensions
with and without APAM, and an increasing median particle size distri-
bution of kaolin was measured. However, the particle size distributions
of Celite and kaolin did not change significantly during the incubation
periods (P > 0.05, one-way ANOVA analyses). If kaolin aggregation
occurred, large aggregates with sizes outside the Coulter Counter
measurement range (>100 μm) may have been formed, explaining
the reduced kaolin concentration. Small kaolin particles may therefore
aggregate easier than Celite. However, this aggregationwas not affected
by APAM and may therefore be the result of small surface charge
differences between the two types of particles, affecting the electro-
static repulsions between individual particles in the saline environment
(Ji et al., 2013). Consequently, APAM concentrations at 10 mg/L and
below had no significant impact on MP aggregation.

3.2. APAM distribution between SW and potential MP aggregates

MPaggregation potentials of APAMwere observed in a pre-test with
high concentrations (58 g/L) of kaolin (Supplemental Material 3,
Fig. S2). This qualitative test showed better particle sedimentation in
thepresence of APAM thanwithout polymer, even at the lowconcentra-
tion of approximately 2 mg/L APAM used in the test. APAM was there-
fore able to flocculate negatively charged particles in SW at a high
particle concentration. The sedimentation was improved by including
CaCl2 (Fig. S2), which is a common coagulant used in flocculation tests
to reduce repulsive forces between particles by neutralizing surface
charges (Gan and Liu, 2008). Despite theoretical charge-related
APAM-kaolin repulsion, APAM has been suggested to flocculate kaolin
more efficiently than cationic polyacrylamides (Nasser and James,
2006).

According to Stokes Law, sinking velocities decrease with porosity
and increase with density. Although Stokes Law is applicable for spher-
ical particles, mesocosm studies of MPs with heterogeneous morphol-
ogies have revealed relations between MP size and sinking velocity
(Bressac et al., 2012). Aggregates ofMPs andAPAMmay therefore result
in polymer sedimentation. Partitioning of APAM between a soluble SW
phase and particles >20 μm was determined over a 2-days incubation
period following a 10-day pre-incubation period, using steel filters
with a 20 μm mesh size for the partitioning. The filter mesh size
would result in a flow-through filtrate of mainly soluble APAM and
small single particles, while the trapped material included larger parti-
cles and aggregates (>20 μm), and presumably with higher densities
than particles in the filtrates. The pre-incubation period was included
to adapt the Celite and kaolin particles to SW conditions, for instance
to accumulate sessile microorganisms on the particle surfaces (Hoppe,
1984). Although a small (8,5%) reduction in SW DO was measured in
the experiment with Celite during the 12 days incubation period, DO
consumption determined during the experiments was insignificant, in-
dicating no or negligible microbial respiration (SupplementaryMaterial
4, Table S2).
4

APAM-TAG concentrations in filter-trapped materials with particle
size >20 μm and in the filtrates were determined by fluorometry after
correcting for the background fluorescence in the SW samples without
APAM-TAG. More than 99% of the APAM-TAG was quantified in the fil-
trates at all APAM-TAG concentrations with Celite, and ≥ 95% with kao-
lin (Fig. 1). Limited to negligible attachments/interactions of APAM to
the large MPs/aggregates were therefore determined. Comparison of
fluorescence between treatments with APAM-TAG concentrations of
2 mg/L (pre-treated SW, no MPs, sterilized SW and fresh SW) did not
show significant differences (P > 0.05; two-way ANOVA analyses).
The total calculated APAM-TAG concentrations in the filtrates with nat-
ural SW with MPs and APAM were generally slightly lower than the
nominal total concentrations (79.3 ± 9.7% of the nominal concentra-
tions, as shown in Fig. 1). However, measured APAM concentrations
with both MPs in sterilized SW were close to 2 mg/L APAM (95% to
102% of nominal concentrations). Our findings suggest that the APAM-
TAG was associated with the SW soluble phase or with small particles
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Fig. 2. Relative fraction of APAM-TAG trapped on steel filters, determined as % of total in
experiments with Celite (A) and kaolin (B). For further explanation, see Fig. 1.
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(<20 μm) present in the seawater. Since the particle analyses showed
median sizes close to 20 μm (Table 1), and visual observations only in-
dicated minor to moderate aggregation, a part of the MPs probably
ended up in the filtrates. However, since particle analyses implied
someaggregation at the endof the experiments, particularlywith kaolin
(median particle size 28 μm after 12 days of incubation; Table 1), con-
siderable portions of theMPs should be trapped on thefilters. Closer ex-
amination showed that low fractions of APAM-TAGwere trapped on the
steel filters, although the results differed between the experiment with
Fig. 3.DIC-enhanceswhite light and blue fluorescencemicroscopy of desorbedmaterial from st
(0.5 to 10 mg/L), as well as a control sample without APAM-TAG (0 mg/L) and 1 mg/L kaolin.

5

Celite and kaolin (Fig. 2). While APAM-TAG in filter-trapped material
with Celite was negligible (<1% of total; Fig. 2A), the fraction of trapped
APAM-TAGwashigherwith kaolin (≤5%; Fig. 2B). Further, thephasedis-
tribution in the kaolin experiments differed between normal and filter-
sterilized SW, since trapped APAM-TAG in sterilized SWwas lower than
the analytical detection limit. Our data indicated that any APAM attach-
ment to Celite is mainly caused by physical processes, since results in
normal and sterilized SWdid not differ. In contrast, attachment in kaolin
suspensions differed between the particulate phase from sterilized and
normal SW exposures, as well as between pre-incubated and fresh SW
exposures, indicating that adaption of kaolin to SW increased fluores-
cence in the particulate phase. This could be explained by a) more
APAM-TAG is trapped in kaolin than in Celite suspensions, due to the
larger median kaolin particle sizes (Table 1); b) SW microbes attached
to kaolin during pre-incubation aided in APAM-TAG attachment; or
c) fluorescence with kaolin suspensions was the result of attached bac-
teria during pre-incubations producing extracellular polymeric sub-
stances (EPS). We recently showed that algal transparent exopolymer
particles (TEP) caused fluorescence interfering with the APAM-TAG
fluorescence (Brakstad et al., 2020), and bacterial EPS materials may
also be expected to interfere. Bacteria are known to produce EPS when
they settle on small particle surfaces as part of biofilm generation
(Wang et al., 2002; Chomiak et al., 2014).

To further investigate the fluorescence of trapped material from the
steel filters, desorbedmaterials from thefilterswere examined bywhite
light and fluorescence microscopy. Comparison of images from DIC-
enhanced white light and blue fluorescence microscopy showed that
fluorescent particleswere observed at thehigher APAM-TAG concentra-
tions (10 mg/L and 5 mg/L), and the fluorescence was associated the
particles observed by white light microscopy (Fig. 3). No fluorescence
was observed in control images without APAM-TAG and at the lower
APAM-TAG observations, with the latter probably due to too low con-
centrations for visual detection. These results therefore indicate that
the blue fluorescence derived from the APAM-TAG and not from EPS
produced by microbes attached to the kaolin particles.
eel filters after incubation with kaolin (1mg/L) and different concentrations of APAM-TAG
A scalebar is included.
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4. Conclusions

The results of our study showed that APAMwas associated with the
filtrate SW phase, representing the soluble polymer and small particles
(<20 μm), rather than the filter-trapped phase consisting of large parti-
cles or aggregates. However, a small fraction of the polymer (≤5%)
attached to kaolin particles >20 μm, particularly at the more environ-
mentally relevant lower APAM concentrations, in which the polymer
concentration was not in quantitative excess compared to MP concen-
trations. While APAM attachment to large MPs and aggregates may re-
sult in sedimentation, attachment to smaller MPs will to a greater
extent be entrained in ocean current systems. The results also indicated
different attachment properties of two types of MPs. While APAM at-
tachment to diatomaceous earth (Celite 512) seemed to be associated
with the inherent surface properties of the particles, attachment to ka-
olin seemed to bemore related tomicrobial colonization of the particles
prior to contact with APAM, as shown by comparison of experiments in
normal and sterilized SW. We therefore suggest that APAM released to
themarine environment with produced water will primarily be diluted
in the water column as water-miscible polymer. Thus, since the SPMs
showed poor aggregation properties, any potential sedimentation of
APAM will probably be related to particles like marine snow involving
TEP/EPS-producing marine organisms like phytoplankton and bacteria.
However, recent studies showed that APAM attached poorly also to
phytoplankton aggregates > 20 μm. (Brakstad et al., 2020).

The results from analyses by fluorometry and microscopical obser-
vations further showed that a combination of low MP concentration in
oceanic SW, and rapid dilution of APAM after release, will not result in
extensive MP flocculation and sedimentation. Fractions of MPs
<20 μm could still be present in the filtrates, and possible polymer
attachment to small-size MPs may therefore occur. However, these
small-size particles are probably too small for rapid sedimentation
and will mainly the dispersed in the water-column by prevailing
currents.
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