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for pH mediated
electroflocculation in saltwater systems

Galen Dennis, * Devin A. J. Karns and Matthew C. Posewitz

Microalgae represent an untapped resource for novel biomass production and the subsequent production of

feed, food and fuels. Harvesting micro-algal cultures is a technical challenge due to the relatively low

concentration of biomass of even dense algal cultures. Flocculating the cells in culture before these steps

can simplify harvesting by increasing filterability and settling velocity. Electroflocculation has the advantages

of technical simplicity, and potential for integration into a continuous treatment process. In seawater, it is

possible to flocculate cells using a non-sacrificial anode such as graphite or titanium, however, this method

is complicated by the production of Cl2 gas and oxidative chloride compounds at the anode. The diffusion

of these products into solution causes damage to cells. This study shows that cells can be protected from

these oxidative products and flocculated by integrating a regenerated cellulose membrane into the

electrolysis system between the culture and anode solution. The viability of this technique is demonstrated

by flocculation tests on the productive saltwater microalga Picochlorum celeri TG2, which is difficult to

harvest due to slow settling and small cell sizes. By using non-sacrificial electrodes with membrane

protection, the settling efficiency of the strain was increased, with an ∼95% clarification and a compaction

factor below 0.2 (after treatment and settling for one hour). The added power requirements across a range

of current densities and biomass concentrations are also reported. The best volumetric energy

consumption tested was at 0.86 A/L requiring an average of 3.1 kWh m3 (±0.1 kWh m3). Settling efficiency

and energy requirement on a biomass basis was found to be independent of biomass in the 0.5–1.6 g L−1

range tested, with the lowest biomass energy requirement achieved at 3.0 kWh kg (±0.2 kWh kg).
1. Introduction
1.1 Flocculation as a pretreatment step before harvesting
microalgae

Microalgae are single-celled photosynthetic organisms
composing an underutilized source of biomass that can be
produced in non-arable and saline environments. Some strains
produce unique metabolites such as poly-unsaturated fatty acids
and pigments which have demonstrated useful antioxidant and/
or photoprotective properties.1 Themarine alga Picochlorum celeri
TG2 is a strain capable of achieving exceptional productivity (∼40
gm−2day) in outdoor raceway ponds.2–4 A critical aspect of this
cultivation is that it is photoautotrophic and is grown in seawater
as a sustainable method of biomass production. Current bottle-
necks to industrial microalgal cultivation include the energy
efficiency of photosynthesis,5 the intrinsic biomass value,6 and
biomass harvesting and processing.4

Harvesting photoautotrophically grown microalgal cultures is
complicated by several factors. First the small cell size and single-
celled nature of these organisms mean that the cells can stay
uniformly distributed through the liquid medium, and settling
f Mines, 1500 Illinois Street, Golden, CO,

the Royal Society of Chemistry
takes a relatively long time depending on the respective densities
of the cells and medium.7 Second, even those cultures that ach-
ieve high biomass concentrations (1–10 g L−1) are still 99.9–
99.0%H2O, and only 0.1–1.0% dry mass. Before this biomass can
be processed, it must be dewatered as a means of reducing cost
and simplifying downstream extraction and/or renement.8

There are a variety of options available for dewatering (har-
vesting) microalgae, including dead end or cross ow ltration,
centrifugation, and occulation with otation/settling.9 Floccu-
lation is an effective method for concentrating cells before these
harvesting approaches. One approach utilizes electric current to
induce cell-cell adhesion by overcoming the repulsion of nega-
tively charged cell walls.10 The energy requirement to harvest cells
through ltration and/or time required for settling can be
reduced by occulating the cells into larger clusters. Moreover,
this improvement is potent, as both properties are proportional
to the second power of the particle radius. While occulation
refers generally to aggregation of suspended cell by chemical, pH-
mediated, or biological means, electroocculation specically
uses electrical current to induce the aggregation.

Electrically induced occulation is also referred to as
electrocoagulation-otation (ECF).11 This term encompasses the
use of both sacricial and inert electrodes. There are a variety of
mechanisms that may occur depending on the electrode
RSC Adv., 2026, 16, 2449–2461 | 2449
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material and electrolyte composition of the liquid. One
commonly explored method is the use of a sacricial metal
anode (typically a relatively inexpensive metal such as iron or
aluminum) that dissolves during electrolysis, dispersing cations
into the culture which act as bridges to overcome negatively
charged cell-cell repulsion. This method works in fresh and
saline water, and is efficient in terms of speed, simplicity, and
energy return on investment. However it has two major draw-
backs: the contamination of biomass with metal ions, and the
steady degradation of the anode over time.12

By comparison, inert (non-sacricial) electrodes bypass the
issues presented by sacricial electrodes by using a stable
electrode material (usually titanium oxide or graphite) while
still inducing occulation. In the freshwater case, this is
proposed to occur by migration of cells along the ion gradient
until the negative cell charge is neutralized by cations near the
cathode.9,13 In the saltwater case, occulation is also induced by
the formation of magnesium hydroxide (Mg(OH)2) and calcium
carbonate (CaCO3).14 Magnesium hydroxide precipitate retains
a partial positive electronegative character that bridges nega-
tively charged cell walls, and the precipitation of calcium salts
entraps cells as it settles or oats in the culture.15 This method
is used for both clarication in wastewater treatment, and is
referred to as sweep coagulation.16 The relatively high concen-
tration of ions (∼4%) in seawater leads to reduced resistance
and improved energy efficiency compared to freshwater.17

As in freshwater, current is generated through H2O split-
ting.18 In addition, when running current through H2O con-
taining NaCl with non-sacricial electrodes Cl2 gas is produced
at the anode. Hydrogen gas is produced at the cathode and
forms bubbles which carry cells to the top of the culture
(otation). If the oated biomass is mixed and the H2 is allowed
to outgas, the occulated cells will also settle. In addition to H2,
OH− is produced and raises the pH around the cathode.
Magnesium and calcium salt formation and precipitation occur
by a seawater pH increase. This process is reversible by titrating
harvested cultures to a lower pH with acid.14
1.2 Microalgal electroocculation with non-sacricial
electrodes

A major issue with non-sacricial electrode occulation is the
toxic effects of chlorine and ClOx ion production in the micro-
algal culture. Because of this problem, there is minimal litera-
ture on using inert electrodes for electroocculation in
seawater. One publication described electrode solution sepa-
ration using a technique called salt bridge electroocculation.19

This approach relies on a porous ceramic container lled with
a saline agar mix to separate the anode and cathode and the use
of non-sacricial carbon electrodes. Nannochloropsis oculata
was grown to 1.4 g L−1 and tested in 350 mL batches using this
technique, reporting a best energy consumption of 1.5 kWh kg
with a recovery efficiency of 90.4%, measured on an OD basis
aer treating for 45 min at 300 mA.19

In contrast, another study explored non-sacricial electrode
occulation of Dunaliella salina without anode–cathode sepa-
ration. The generation of Cl2 was mentioned, but its culture
2450 | RSC Adv., 2026, 16, 2449–2461
toxicity was not addressed. Despite this, under optimized
conditions only 20% of cells were estimated to remain intact
aer occulation. The algal cultures were tested in 500 mL
batches grown in hypersaline 120 g L−1 NaCl articial saltwater
medium. A current of 0.7 A for 6min showed the best harvesting
efficiency with a power consumption of 0.63 kWh m3.20 The
results of this study show that protection is needed for cells
being electroocculated in saline systems. Other non-sacricial
electrode studies focus only on freshwater algae when using
inert electrodes, and these studies require no protection against
chloride oxidation products. As the mechanism for occulation
is fundamentally different for freshwater cultures, a compar-
ison between freshwater and saltwater non-sacricial ECF is
difficult.

Guldhe et al. published work on non-sacricial electrode
occulation of the freshwater algae Ankistrodesmus falcatus and
Scenedesmus obliquus in BG-11 medium using carbon elec-
trodes.21 Tests were conducted on 1 L cultures at 2.88 g L−1 for A.
falcatus and 2.76 g L−1 for S. obliquus. An optimum treatment
time was reported to be 30 min at 1 A leading to a total power
consumption of 1.76 kWh kg and ∼90% recovery efficiency. In
a similar study, Misra et al. cultivated and tested non-sacricial
electrode harvesting of 2.4 g L−1 cultures of Scenedesmus obli-
quus. A maximum recovery of 83% at 1.5 A, with 6 g L−1 NaCl in
BG-11 medium was found, with a power consumption of 3.84
kWh kg.15 Finally, Li et al. harvested Chlorella vulgaris by using
a stainless steel cathode and a platinum-plated titanium alloy
anode.22 A 90% harvesting efficiency was reported with 30 kWh
kg energy consumption at 3 A current for 50 min. In summary,
freshwater electroocculation with inert electrodes has gener-
ally been reported to achieve a harvesting efficiency of >90%
under the best conditions found and the best requirement re-
ported was 1.76 kWh kg. These values, and the energy
requirements found by Hou et al. represent benchmark values
for other electroocculation studies to improve upon.19

To make non-sacricial electrode occulation viable in
seawater, scalable methods must be developed that protect the
algal culture from oxidative species produced at the anode
during electrolysis. This study describes a novel approach for
protecting microalgae from oxidative species formation during
electroocculation with inert electrodes using a dialysis
membrane is sufficient to protect algal cells in the cathode
compartment from oxidative products of the anode. Pico-
chlorum celeri TG2 is used as a model strain as it has shown
impressive growth in saline media over the past decade,3,4 and
has also emerged as a promising chassis for genetic engi-
neering.23,24 However, for P. celeri TG2, challenges with har-
vesting are exacerbated by the small cell size (2–3 mm)
increasing settling time and/or requiring smaller pore lters to
fully separate algal cells from the media. Small increases in the
effective size of P. celeri TG2 would have potent impacts on the
harvestability of this strain. A previous study has explored
occulation in the closely related strain Picochlorum oklaho-
mensis using a variety of approaches including biopolymer, pH,
and sacricial anode electroocculation.25 However, there is no
work with non-sacricial electrodes, and this study provides
complementary data. In addition, despite its excellent outdoor
© 2026 The Author(s). Published by the Royal Society of Chemistry
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productivities, the intrinsic biomass value of P. celeri is low
compared to other candidate strains for outdoor growth.6 In
combination, these traits make P. celeri TG2 a relevant strain for
testing new approaches for occulation.
2. Materials and methods
2.1 Biomass cultivation and measurements

Algal cultures were grown in Marine Dense medium formulated
as previously described.2,26 Cultivation was done under 1% CO2

and 500 mmol photosynthetically active radiation (PAR) at 33 °C
constant temperature. Cultures were grown to an optical density
at 750 nm > 3.0 and then diluted to the approximate desired
biomass density based on initial ash-free dry weight (AFDW)
measurements as indicated. Prior to dilution, cultures were kept
at 4 °C in the dark to minimize biomass loss. During electrolysis,
10 mL culture samples were taken at 0, 5, 20, 30, 40, and 60 min
from the culture for analysis. For each sample, the order of
measurements was as follows: (1) Samples were mixed and an
optical density measurement taken, (2) a second optical density
measurement was taken aer an hour of settling, (3) pH values
were recorded for each sample, (4) the samples were re-suspended
andmassmeasurements were taken at the 0.7 mmand 10 mmpore
size level. In addition to this, 1 mL samples were taken from the
anode solution for pH measurements at each timepoint, and
100mL of volumewas taken at the nal timepoint (60min) for pH
and cell count measurements before and aer neutralization.

Optical density measurements were taken at 750 nm using
a P4 UV-visible spectrophotometer (VWR, U.S.A). Samples were
diluted to an optical density <1.0 before recording measure-
ments. Cell counts were performed on the same samples using
an Attune NxT ow cytometer (Life Technologies, U.S.A). Counts
were gated based on chlorophyll autouorescence.

Dry weight and AFDW measurements at 0.7 mm pore size were
measured using berglass lters (Part number – 66258, Pall
Corporation, U.S.A). Filters were pre-treated by washing with 10mL
of 0.5 M ammonium bicarbonate and pre-ashing at 550 °C for
Fig. 1 Illustration of benchtop system used, with current provided throu
and logged by computer.

© 2026 The Author(s). Published by the Royal Society of Chemistry
20 min. Samples were ltered under vacuum and washed with 3
sample volume equivalents of 0.5 M ammonium formate. AFDW
samples were ashed for at least 2 h at 550 °C andmeasured for ash
weight aer cooling to room temperature. Dry weights at 10 mm
pore size were measured using the same technique with poly-
carbonate membrane lters (Part number – TCTPO4700, Sigma-
Aldrich, U.S.A). AFDW could not be measured with polycarbonate
lters as they are combustible at 550 °C. All ltered samples were
dried overnight at 105 °C then measured for dry weight.

2.2 pH measurement

Samples were allowed to equilibrate with air before initial (pre-
treatment) pH measurements. For seawater only samples the
liquid was stirred at room temperature for at least 1 h prior to
measurement, whereas algal cultures were bubbled with air for
at least 30 min to overcome any effects from respiration or
photosynthetic activity. A pH probe (UltraBASIC, Denver
Instrument, U.S.A.) was calibrated using standards for pH 4, 7
and 10 (Part numbers – BDH5018, BDH0194, and BDH5072,
respectively, VWR Chemicals, U.S.A.). Samples of at least 1 mL
collected in 10 mL glass test tubes were measured while
continuously mixed by vigorous swirling.

2.3 Benchtop scale occulation tests

Fig. 1 shows the general experimental conguration used for
this study and Fig. 2 provides a detailed representation of the
treatment system, including dimension and volumes. Culture
(cathode) volume was kept at 500 mL, and the anode solution
volume at 100 mL. At these volumes, the submerged surface
area of the cathode was 65 cm2, while the submerged surface
area of the anode was 98 cm2. The submerged membrane
surface area for the cathode and anode solutions were 30 cm2

and 48 cm2 respectively. A vacuum snorkel was kept above the
solution to safely remove gasses generated during the test.

Electrodes were kept 12 cm apart, and the anode was
centered in the anode chamber with a 0.5 cm distance from the
membrane for the graphite electrode. At each time point, 1 mL
gh 1 × 10 × 10 cm graphite electrodes from a power supply controlled

RSC Adv., 2026, 16, 2449–2461 | 2451
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Fig. 2 A detailed sketch of the electrolysis system including volumes used. Note that the electrodes length is 10 cm. Sketch is not to scale with
dimensions adjusted for ease of viewing.

Fig. 3 (A) Dimensions of the anode chamber are used to isolate the
electrode solutions with a membrane. (B) Photograph of the physical
chamber filled with 100 mL seawater.
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was removed from the anode solution and 10 mL removed from
the cathode solution with the difference in volume being
accounted for in all calculations with a volume dependance.
These samples were used for pH and biomass measurements as
described in section 3.1 and 3.2. Current, voltage, and treat-
ment time were recorded at 3 s intervals by a BK Precision®
power source (Product number – 1687B, B&K Precision Corpo-
ration, U.S.A.) using the manufacturer's soware. If a buildup of
occulated cells was observed behind the cathode or anode
chamber, then the electrode and chamber were moved forward
and back by one or two centimeters before sampling to allow the
culture to homogenize. Electrodes were rinsed with DI water
between tests, and the cathode was wiped down with a paper
towel to remove excess cell and salt buildup at the culture
surface height. To verify previous study results20 electrodes were
periodically dried overnight at 105 °C and weighed to ensure
that mass was not lost (data not shown).
Biomass flocculation cost ¼
AFDW

�
g L�1�

2452 | RSC Adv., 2026, 16, 2449–2461
Anode chambers weremade by folding a regenerated cellulose
membrane (12–14 kDa molecular weight cutoff, Part number –
1385200, School Specialty, U.S.A.) over the polycarbonate casing
(Fig. 3). The membrane was taped into place, and the inner
membrane seam and the outer tape seams sealed by a layer of
plastic adhesive (Part number – PR40, HongKong Guoelephant
Group, U.S.A). The adhesive was allowed to dry for a minimum of
2 h before testing. Membranes were reused between tests unless
a tear developed, in which case it was replaced. Between tests the
anode chamber was cleaned with deionized H2O and gently dried
with a paper towel, aer which it was kept submerged in deion-
ized H2O to prevent dehydration of the membrane.

Calculations for the compaction factor, settling efficiency,
volumetric occulation cost, and biomass occulation cost were
done as shown in eqn (1)–(4), respectively. Measurements for
settling efficiency and compaction factor were both taken one
hour aer settling. The claried supernatant was sampled at the
top of the test tube used for settling.

Compaction factor ¼ settled biomass height

total sample height
(1)

Settling efficiency ¼ settled sample supernatant OD750

mixed sample OD750

� 100

(2)

Volumetric treatment cost ¼ electricity use ðkWhÞ
culture volume ðLÞ (3)
electricity use ðkWhÞ
� 1 kg

1000 g
� settling efficiency

100
� volume ðLÞ

(4)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1 Electricity requirement at various current setpoints

A series of tests across three current setpoints were conducted
to assess the effect of current on algal occulation. The data
points represented in Fig. 4–7 are the average of three inde-
pendent tests with a single replicate for each current setpoint
being collected during each test. For these tests, the average
AFDW and standard deviations were 0.29 (±0.02), 0.38 (±0.02),
and 0.68 (±0.06) g L−1. Average current and voltages across
40 min of treatment for the setpoints of 1 A/L, 2 A/L, and 4 A/L
are shown in Fig. 4. The average (+/− standard deviation) volt-
ages across the treatment time course at these respective set-
points were 7.2 (±0.2), 11.6 (±0.3), and 18.6 (±0.5) V
respectively, while the corresponding average current densities
were 0.86 (±0.02), 1.94 (±0.08), and 4.08 (±0.12) A/L. N = 800
for each of these data. Note that the hardware consistently re-
ported a lower measured current than the set point, leading to
slightly lower current densities than the setpoint (also
Fig. 4 A summary of the average current densities and voltages
recorded during the set current treatments. A = amperage, V =

voltage, L = liters. Values are the average of 3 tests, and the error bars
represent standard deviations.

Fig. 5 (A) Representative photographs of the treated culture samples
influences the speed of flocculation and compaction factor. (B) Shows th
show the measured values of settling efficiency and compaction factor

© 2026 The Author(s). Published by the Royal Society of Chemistry
accounting for the 10 mL (2%) decrease in culture volume aer
sampling at each time point). While the setpoint and their
actual current densities differ slightly, they are referred to
together as the setpoint values of 1 A/L, 2 A/L, and 4 A/L
throughout the rest of this manuscript. The small spikes
observed in the voltage traces correspond to the electrodes
being shied to allow cell build up to re-homogenize before
sampling as described in the materials and methods section.
Fig. 5A provides a visual representation of the effects of current
density on occulation. To conrm that membrane separated
electroocculation does protect the algal culture from bleach-
ing a single test was run with carbon electrodes at 1 A/L treat-
ment without a membrane. The unprotected culture was
observed to bleach completely aer 10 min of treatment.

Fig. 5A and C show that higher current densities achieve
a 90% settling efficiency considerably faster than lower set
points when settling for one hour (5 and 10 min for 4 and 2 A/L
respectively compared to 30 min for 1 A/L). This corresponds to
the rapid increases in pH observed in Fig. 6A, with culture
reaching a pH of∼10, and subsequent OH− generation going to
Mg(OH)2 salt precipitation.27 However, Fig. 5–7 show that the
current density set point of 1 A/L has several critical advantages
compared to higher setpoints. First, the linear volumetric
energy requirement trends summarized in Fig. 5B show
approximately two-fold and 4-fold higher slopes for 2 A/L and 4
A/L respectively. Even at 5 min and 10 min for the higher set-
points, the required energy is still well above the 1 A/L energy
requirements at either 30 or 40 min of treatment. This is rele-
vant as the 1 A/L setpoint power requirement for >90% settling
efficiency is below the corresponding 2 A/L and 4 A/L values.
This settling efficiency is shown in Fig. 5C, and the time
required to reach above 90% settling efficiency for 4 A/L, 2 A/L
and 1 A/L was measured to be 5, 10, and 30 min respectively.
after settling one hour. Visually it can be seen that current density
e corresponding energy requirements on a volumetric basis. (C) and (D)
across the time course, respectivelly.

RSC Adv., 2026, 16, 2449–2461 | 2453
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Fig. 6 A summary of the biomass measurements made at various current densities. 0.7 mm filtration was used to measure the total DW, and
AFDW, whereas 10 mm filters were used to assess mass retention at a higher average pore size to demonstrate improved harvestability. (A) Dry
weights and (B) AFDWmeasurements of samples filtered at 0.7 mm. (C) Dry weights at 10 mm. Values are the average of three tests and error bars
represent standard deviation. Note that the y-axis scale varies in each panel.
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Variability is high before settling efficiency plateaus at these
time points. Compaction factors are shown in Fig. 5D. The 2 A/L
and 4 A/L setpoints reach minimums of 0.08 (±0.001) and 0.16
(±0.04) at 5 min, followed by an increase to 0.2 and 0.4. The 1 A/
L setpoint reached a compaction factor of 0.12 at 30 min. Based
on these values, the average compaction layer AFDW was
calculated to increase to 2.8, 5.6, and 3.8 g L−1 at the respective
setpoints of 4 A/L, 2 A/L and 1 A/L.

Additionally, Fig. 5D shows that at 2 A/L and 4 A/L the
compaction factor increases aer 10 min of treatment. This is
due to an accumulation of salts that also impacts DW and
AFDW measurements (Fig. 6A and B), indicating that there is
a relatively narrow window of treatment at these setpoints time
before the culture is “over-treated”. Mass increases above
cellular biomass concentrations (time zero measurements) are
due to the accumulation of inorganic salts alongside occulated
cells. This excludes carbonates for AFDW which volatilize
during ashing. The results in Fig. 6 also indicate that some of
the precipitate is adhering to the occulated cells strongly
enough to not be washed or volatized during the ltration wash
or ashing steps, respectively. The increase in DW across the
treatment period at 2 A/L and 4 A/L and the corresponding
increase in AFDW values show that salt accumulation can more
than double the untreated biomass measurement. In contrast,
DW and AFDW measurements for the 1 A/L setpoint show little
to no increase across the treatment period. This result must be
taken into consideration when interpreting the total mass
retention at 10 mm (Fig. 6C), as an increase in retention of
samples treated at 1 A/L (up to about 65% of the total DW) is
mostly biomass and not salt. Regardless of the current setpoint,
there is a clear improvement in harvestability at 10 mm aer
treatment, as by 40 min, mass retention at 10 mm for 1 A/L, 2 A/L
and 4 A/L reached 62.5, 25.7 and 39.5% of the corresponding 0.7
mm DW value. No AFDW values could be obtained at 10 mm as
the lter material (polycarbonate) was combustible.

Also indicating better performance at 1 A/L are the corre-
sponding temperature and pH proles of the anode and
cathode solutions presented in Fig. 7. As shown in Fig. 7A and B,
2454 | RSC Adv., 2026, 16, 2449–2461
temperatures in both solutions remain slightly below room
temperature at 1 A/L, but increases steadily during treatment at
2 A/L and 4 A/L. The nal temperature at 4 A/L increases by 13 °
C, whereas the 2 A/L tests show an increase of only ∼3 °C. The
increase in cathode chamber pH is slower for the 1 A/L treat-
ment. The observed increase in the cathode solution pH
happens within 5 min at the two higher setpoints, but requires
20 min at 1 A/L. Within the anode chamber the plateau values
are reached in all cases before 5 min.

An increase in temperature indicates reduced energy effi-
ciency as current is converted to heat. Another source of heat
could be excessive exothermic salt formation, as the 2 A/L and 4
A/L current setpoints reach a pH of 10 rapidly (<5 min), and
hydroxide generated aer that point went to salt formation. In
either case, the temperature increase also leads to more evap-
oration from the system, also impacting the content of the gas
products of the system. At 1 A/L the temperature remains
constant around room temperature, showing that the lower
current density setpoint is wasting less energy as heat. There is
a small initial drop in temperature due to the action of the
snorkel hood vacuum pulling air away from the system. This
drop is less pronounced in the anode solution, likely due to the
smaller surface area/volume ratio and overall volume of the
anode chamber. It is possible that this articial cooling also
impacts the steady temperature increases at 2 A/L and 4 A/L,
with both trends underestimating the actual temperature
increase.

Taken together, these results are evidence that the 1 A/L
setpoint is advantageous over the higher current densities,
despite a longer time requirement to achieve occulation. For
this reason, additional tests were focused on using the 1 A/L
setpoint.
3.2 Mechanism of protection from bleaching by the
membrane

The evidence of culture protection from bleaching shown in
Fig. 4–7 must be explained through seawater electrochemistry
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Temperature changes in (A) the cathode (culture) solution and (B) the anode solution at various treatment setpoints. In both cases the 1 A/
L samples remain stable around room temperature in contrast to semi-linear increases at 2 A/L and 4 A/L. (C) and (D) show the pH changes in the
culture and anode solutions. In the culture, pH increases to 10, then plateaus. The anode solution begins to plateau at a pH of ∼2 within 5 min.
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and carbon speciation. The goal of contemporary seawater
electrolysis work is producing H2 by splitting H2O, and Cl2 is an
undesirable by-product.17 On the other hand, wastewater elec-
trolysis is used extensively for de-chlorination.28 Beyond this,
carbon partitioning and calcium carbonate precipitation have
been thoroughly studied to understand their environmental
and geological impact.29,30 All three of these elds contribute
important context for this work. Seawater in equilibrium with
air is primarily speciated as bicarbonate, and that equilibrium
pH is approximately 8.2, with variability due to the alkalinity of
the medium. Moreover, the precipitation of calcium carbonate
begins immediately as the pH rises and carbonate becomes the
dominate carbon species at pH 12.31 It also contains a large
amount of dissolved chloride (up to 55% of the water ion
composition).17

In a seawater electrolysis system, H2 forms at the cathode
along with both O2 and Cl2 at the anode. Eqn (5), written here in
the anodic convention, shows the hydrogen evolution reaction
(HER). Eqn (6) and (7) detail two of the possible anodic half
reactions: the oxygen and chlorine evolution reactions (OER
and CER). Included are the pH-dependent reduction potentials
compared to a standard hydrogen electrode (SHE).32,33

2H2O(l) + 2e− / H2(g) + 2OH(aq)
− 0.00–0.059

× pH(V) vs. SHE (5)

O2(g) + 4H(aq)
+ + 4e− / 2H2O(l) 1.23–0.059

× pH(V) vs. SHE (6)
© 2026 The Author(s). Published by the Royal Society of Chemistry
Cl2(g) + 2e− / 2Cl(aq)
− 1.36 V vs. SHE (7)

In general, the OER and CER require higher overpotentials
due to sluggish kinetics and mass transport compared to the
HER.34 As seen by comparing the potentials for OER and CER,
O2 formation should be favored over Cl2 generation during
electrolysis. However, OER requires larger overpotentials,
making CER kinetically favorable. In addition, acidication of
the anode compartment compared to the cathode compartment
shis the reaction potential of the anode to higher values,
further favoring pH-independent CER. The alternate reactions
by Cl− to form oxidative species are complicated by sensitivity to
a variety of factors, including pH and the concentration of other
ion species in the solution. However, the unadjusted redox
potentials for these reactions are generally below 2 V,35 so the
formation of these products is inevitable with the high poten-
tials required to achieve occulation in this study.

Despite the presence of these oxidative species, Fig. 8
summarizes evidence that the algal cells remain viable aer
electrolysis treatment and neutralization with 350 mL of 3 M
hydrochloric acid. The acid was added dropwise to 100 mL of
culture drawn off at the nal timepoint (Aer the 20 min of
mixing with no current shown in Fig. 9). The data corresponds
to the 0.92 g L−1 culture test reported in Fig. 10. Upon treatment
the cell count decreased from 49.9 (±1.3) to 4.5 (±0.1) and aer
neutralization returned to 49.9 (±0.7). Fig. 8C shows that
forward scatter – as a representation of cell size – increased by
RSC Adv., 2026, 16, 2449–2461 | 2455
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Fig. 8 (A) Representative flow cytometry scatterplots show a shift between the untreated, treated, and neutralized culture. The x-axes report the
height of the forward scatter peak, and the y-axis indicates the height of the chlorophyll signal peak. (B) Cell counts using flow cytometry before
electroflocculation treatment, after treatment, and after neutralization with 3 M HCl. (C) The average size and chlorophyll fluorescence of the
cells increases after treatment but reverts fully after neutralization.
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2.2-fold, and the chlorophyll uorescence of measured particles
also increased by 5.0-fold. Aer neutralization, the original cell
size and chlorophyll content were restored. The ow cytometer
collection parameters (voltage, gain, etc.) were not changed
between the treated and untreated measurements. The low
standard deviation of the cell size and chlorophyll content of
the treated samples is likely the result of the treated signal
Fig. 9 Change in pH of the cathode (culture) and anode solutions
during treatment. The culture pH increases to ∼pH 10 and then
plateaus, while the anode solution pH drops to∼2.5. When the current
is switched off at 40 min the pH difference between the two solutions
remains. Values are the average of N = 9 tests corresponding to the
variable biomass tests presented in Fig. 10. Error bars represent stan-
dard deviation.

2456 | RSC Adv., 2026, 16, 2449–2461
increasing to the limit of the instrument detection range rather
than a uniform size of occulated cell clumps. The data pre-
sented in Fig. 8 both conrm the reversibility of the occulation
process by pH neutralization and provide evidence that the cells
remain intact aer neutralization. This was conrmed by
microscopic observation (data not shown). While the retention
of cell count, size, and chlorophyll content indicates little to no
cell lysis during occulation and neutralization, additional
work is needed to determine if the cells remain viable for
growth aer this stage, and what effect this treatment has on
the biomass composition.

A lack of culture bleaching (Fig. 5A and 8) shows that the
membrane is protecting the culture from oxidative products
generated at the anode. Solution pH was also used as an indi-
cator of effective separation by the membrane between the
acidic anode solution and basic culture, and as a clue about the
potential mechanism of protection by the membrane. Fig. 9
shows the pH change of the membrane-separated cathode and
anode solutions over time. Cathode solution pH increases to
∼10 over 10 min while the anode solution pH rapidly drops to
∼2.5. Aer the current was switched off the membrane-
separated culture and anode solution were le in the mixing
chamber for an additional 20 min and the pH was again
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 A) Cost and efficiency of biomass treatment. Across three representative biomass densities (0.51, 0.92, and 1.68 g L−1), the power
requirement for treatment per unit biomass decreased whereas settling efficiency remained consistent at around 95%. (B) The cost of treatment
per unit biomass over a range of electricity costs as calculated from the values shown in panel A. For comparison, the previously reported nutrient
replete and nutrient deplete biomass values of P. celeri TG2 are shown as flat lines at 0.56 $ per kg and 0.81 $ per kg respectively.6
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measured to test for an increase in anode pH or drop in cathode
pH that could indicate diffusion across the membrane.
However, anode solution and culture pH remained stable
despite steady mixing. It is worth noting that the anode solution
liquid height was 1.5 cm above the cathode solution during
these tests (Fig. 2). This allowed greater potential for the anode
solution to permeate to the cathode due to pressure, which
further enforces the protective capability of the membrane in
the system.

With no current, electro-osmotic ow across the membrane
is zero, and the membrane material molecular weight cutoff
(12–14 kDa) is far larger than the small ions or oxidative species
that will diffuse across it following concentration gradients.
Therefore, the observed lack of pH equilibration over 20 min
indicates diffusion-limited transport through the membrane
despite the thermodynamic driving force of the pH differential,
likely diffusion is still occurring as current can run through the
system, so charged species can cross the membrane, but the
diffusion timescale is long (minutes to hours). A reduction in
diffusion of H+ or OH− across the membrane could be due to
competitive ion diffusion of chloride (into the anode solution)
and divalent metals (into the cathode solution) as these ions are
removed during electrolysis through outgas and precipitation,
respectively. Membrane polarization can also reduce the diffu-
sion of ions across the membrane.36,37 However, polarization
also increases resistance, so the membrane would need to have
been polarized early in the process as current and voltage do not
increase noticeably across the treatment period (Fig. 4). Finally,
the relatively small volume of the anode solution (20% of the
culture) and mixing in the cathode helps quickly dilute any
products moving from the anode solution to the culture. It is
possible that several of these effects are contributing to the
protective capability of the membrane simultaneously. One
effect that can be ruled out is membrane fouling due to organic
product adhesion as the differential pH result was also observed
in tests using seawater without microalgae (data not shown).
© 2026 The Author(s). Published by the Royal Society of Chemistry
With respect to the diffusion of oxidative species from the
anode, another effect is likely contributing to limit culture
damage. Previous literature shows that as a solution pH
decreases to below 4, Cl2 is formed in competition with hypo-
chlorous acid, and becomes the dominant product at pH 2 or
below.35,38,39 As the anode headspace was continuously removed
by the action of the vacuum snorkel, Cl2 outgassing from the
anode solution le the system. This resulted in less opportunity
for cross reaction to form ClOx products, and additional Cl2
formation as the system shis toward equilibrium. However,
measurements of Cl2 gas production or oxidative species
formation were not performed in this study, so additional
experiments are needed to provide direct evidence supporting
this effect and the overall mechanism of protection within this
system.
3.3 Integration of electroocculation into a microalgal
biomass pipeline

While testing across a range of biomass concentrations at 1 A/L
(shown in Fig. 10) the settling efficiency remained at an average
of 95.9%. Conversely, estimated biomass occulation cost
decreased in a near linear trend. The corresponding average
power consumption and standard deviation at 0.51, 0.92 and
1.68 g L−1 densities were 6.5 kWh kg (±0.2), 5.9 kWh kg (±0.4),
and 3.0 kWh kg (±0.2). The corresponding cost of treatment
overcomes the intrinsic value of nutrient-replete P. celeri TG2
biomass at electricity prices of 0.9, 0.10, and 0.18 $/kWh. Both
settling efficiency and power requirement are based on 1 h of
settling time with 30 min of treatment time.

The range of biomass densities tested in Fig. 10 was chosen
to be relevant to pond cultures.40–42 Two conclusions arise from
the results shown in Fig. 10A: rst, a settling efficiency of >90%
is achieved by 30 min regardless of concentration, and second,
the power required for treating the biomass decreases in a near-
linear trend, indicating that power requirement remains rela-
tively constant across the biomass range tested. Based on the
RSC Adv., 2026, 16, 2449–2461 | 2457
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costs presented in Fig. 10B, the cost of treatment is less for
thicker cultures. A major drawback indicated by these results is
that the occulation cost can exceed the intrinsic biomass value
of P. celeri TG2 as the price of electricity increases. The elec-
tricity cost will have a major impact on the viability of this
technology in any harvesting scenario, so for this technique to
be a useful addition to the harvesting pipeline for pond
biomass, the power requirement of the system must be
improved.

This may be accomplished by reducing the resistance in the
system through variables such as reactor geometry, electrode
material, membrane composition, and anode solution makeup.
Even at the 1 A/L setpoint, the voltage required for hydrolysis
remained at 7.2 V (Fig. 4), which is well above the potentials
required for the OER and CER reactions (with the HER
requiring even less potential). This indicates ohmic resistance
throughout the cell is being increased.37 There are several
sources of added resistance within this system design (Fig. 2)
that also represent possible ways to reduce treatment cost. First,
the 1 A/L current setpoint is still likely not the optimal current
density to achieve occulation without loss to heat, and lower
setpoints can be tested with the trade-off of increasing required
treatment time. Second, the membrane and electrode material
can be altered to reduce resistance, such as an ion exchange
membrane. Similarly, the carbon cathode can be replaced with
a more catalytically efficient material such as copper, and the
anode with an inert alternative such as titanium. However,
replacing the electrodes or membrane with more expensive
material will increase the initial cost of building the system.
Third, the system geometry can be altered to reduce distance
between the electrodes, and/or increase the surface area to
volume ratio of the electrodes. Fourth, the anode solution can
be altered to an even more conductive composition, such as
saturated sodium chloride. Together these options represent
possible avenues of exploration for future studies.

In the context of current literature, this work is a comple-
ment to a publication by Zhu et al. who reported on occulation
data for Picochlorum oklahomensis. They measured a occula-
tion efficiency better than 95% aer 5–20 minutes of treatment
with aluminum electrodes operated in a range of 0.8–3.2 A/L
and settling times ranging from 0.5–12 h.25 A direct cost
comparison is not possible as the study did not report voltage or
power requirement, however the sacricial aluminum elec-
trodes are more efficient than those in this study particularly in
terms of the required treatment time. Another relevant
comparison for the results of this study is the salt bridge
electroocculation technique recently published by Hou et al.19

The electrical energy consumptions are similar, with a reported
energy requirement of 3.61 kWh kg for 30 min of treatment
at a current density of 1.2 A/L and a biomass concentration of
1.4 g L−1 and a recovery (settling) efficiency of 96%. However,
they also report that reducing the treatment current to 0.85 A/L
for 45 min reduced the energy consumption to 1.5 kWh kg, with
a corresponding recovery efficiency of 90%. Based on this, lower
current setpoints than those tested in this study should be
explored to nd the optimal energy requirement for occulating
P. celeri.
2458 | RSC Adv., 2026, 16, 2449–2461
The results presented here should also be considered within
context of treating a large algal culture within a reasonable
period. Optimizing parameters such as treatment time, settling
time, and current setpoint is also a strategy to reduce power
consumption. Current density should be selected to balance
required treatment time and energy efficiency, and a setpoint at
or below 1 A/L was shown to accomplish this. Also, while this
study focuses on a relatively short settling period (1 hour),
a longer period will increase settling efficiency and compaction
factor. Depending on the requirements of a larger system, this
parameter can be adjusted to balance time and the effectiveness
of settling. Finally, mixing is a critical consideration in these
experiments. A larger scale harvesting system will mix in
a signicantly different manner depending on the system
conguration, and the change in occulation behavior if salt
precipitates do not form uniformly throughout the system will
need to be understood and accounted for.

The membrane material used for this treatment should also
be carefully considered in future work. Regenerated cellulose
was used in this study as it is relatively cheap, easily available,
and physically exible enough to be integrated into the anode
chamber used (Fig. 3). However, regenerated cellulose is not
hydrolytically stable, especially at high or low pH,43 so the next
step in this work is to utilize pH stable membrane materials
such as polyethersulfone. Although this membrane is less
hydrophilic than regenerated cellulose,44 the relatively large
molecular weight cutoffs available (>10 kDa, as demonstrated in
this work) still allows for diffusion and electroosmosis. Inte-
grating a hydrolytically stable anion exchange membrane may
be evenmore useful, as it would improve conductivity across the
membrane, and selectively block positively charged compounds
from diffusing to cathode solution from the anode solution.45

The inspiration for this study came from the chlor-alkali
process. A method for generating industrial quantities of Cl2
and NaOH that has been well established for more than
a century. In membrane-based operation, the chlor-alkali
process utilizes ion exchange membranes,46 and these may
provide better efficiency than the regenerated cellulose material
used in this study. Also, the chlor-alkali process utilizes
a prepared brine of approximately 25% w/v NaCl with no
impurities such as divalent cations, trace metals, and sulfur-
based ions to maximize the efficiency of current transfer and
prevent precipitates that can take up active sites on the cathode.
As applied in this case, a clean brine solution is not practical for
the cathode solution but could be used in the anode. Alongside
this, the seawater used to cultivate microalgae may eventually
be depleted of calcium and magnesium if the medium is recy-
cled. However, the removal of these divalent metals opens the
possibility of high bicarbonate cultivation in the recycled saline
medium, as the carbonate will not be lost as a precipitate.47 This
is one potential use of the claried growth medium, which is
already at pH 10. Other methods and recycling should be
considered over neutralizing the medium as it would likely be
cost-prohibitive. The handling of the acidied anode solution is
another hurdle in this process. The total volume can be much
less than that used for culturing, so recombination with the
basic treated solution may be the simplest approach to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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neutralization. Another important consideration is that Cl2 and
H2 will need to be safely removed and repurposed from the
system. One partial solution is a sealed continuous ow anode
solution which can capture the Cl2 and prevent outgassing.

Looking beyond occulation to biomass renement,
a potential advantage of this technique is also apparent.
Because of the addition of OH− and CO3

− to biomass during
this process, it is possible that treatment will integrate favorably
with hydrothermal liquefaction (HTL) to produce biocrude.
HTL is done at elevated temperature and pressure, and can be
improved by the addition of a homogenous alkaline catalyst
such as KOH or Na2CO3.48 However, it was previously stated that
this catalyst must be recovered to make the addition economi-
cally viable. By the precipitation of catalyst during non-
sacricial electrode occulation, it is possible that this tech-
noeconomic hurdle could be mitigated.49
4. Conclusions

This study demonstrates the feasibility of membrane-separated
non-sacricial electrode occulation as a method for harvesting
P. celeri TG2 grown in seawater. Throughmembrane separation,
the harmful effects of Cl2 gas generation were mitigated while
achieving effective occulation through pH-mediated salt
precipitation. The results indicate that this method protects the
algal culture andmaintains a settling efficiency of$ 95% across
a biomass concentration range of 0.51–1.68 g L−1. A current
density setpoint of 1 A/L was found to provide a reasonable
balance of energy efficiency and required treatment time.
However, this is not an optimized setpoint, and the total cost of
treatment is sensitive to the price of electricity so care must be
taken that the occulation cost is well below the biomass value
of the algae.

Membrane integration represents new possibilities for
successfully occulating microalgae, particularly small cells
that may require pre-occulation to improve settling and/or
lterability. The power consumption data reported here are
lower than literature reports for inert electrode occulation in
freshwater15,21,22 and similar to results reported in saltwater.19 A
remaining challenge of using non-sacricial electrodes in
seawater is the production of Cl2 gas during the process. This
work has opened a variety of experimental avenues that can be
pursued to better understand how a system utilizing non-
sacricial electrodes can be constructed to minimize elec-
tricity input, maximize occulation, and effectively reuse the
products of electrolysis.
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