Bioresource Technology 203 (2016) 112-117

journal homepage: www.elsevier.com/locate/biortech

=

Contents lists available at ScienceDirect

BIORESOURCE
TECHNOLOGY

Bioresource Technology

Effects of anodic oxidation of a substoichiometric titanium dioxide
reactive electrochemical membrane on algal cell destabilization

and lipid extraction

@ CrossMark

Likun Hua?, Lun Guo®, Megha Thakkar ¢, Dequan Wei“, Michael Agbakpe ¢, Liyuan Kuang?,
Maraha Magpile ¢, Brian P. Chaplin®, Yi Tao Y, Danmeng Shuai ¢, Xihui Zhang ¢, Somenath Mitra ¢,

Wen Zhang **

2 John A. Reif, Jr. Department of Civil & Environmental Engineering, New Jersey Institute of Technology, Newark, NJ 07102, United States

b Department of Chemical Engineering, University of Illinois at Chicago, Chicago, IL 60607, United States

¢ Department of Chemistry and Environmental Science, New Jersey Institute of Technology, Newark, NJ 07102, United States

dResearch Center of Environmental Engineering & Management, Graduate School at Shenzhen, Tsinghua University, Shenzhen 518055, PR China
€ Department of Civil and Environmental Engineering, The George Washington University, Washington, DC 20052, United States

HIGHLIGHTS

« Ti4O; REM could oxidize algal cells
under anodic polarization.

« The anodic oxidation led to algal cell
destabilization and damage.

« The lipid extraction efficiency was
enhanced with the destabilized algal
cells.

« REM filtration may potentially
incorporate cell pretreatment for
enhancing lipid extraction.
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ABSTRACT

Efficient algal harvesting, cell pretreatment and lipid extraction are the major steps challenging the algal
biofuel industrialization. To develop sustainable solutions for economically viable algal biofuels, our
research aims at devising innovative reactive electrochemical membrane (REM) filtration systems for
simultaneous algal harvesting and pretreatment for lipid extraction. The results in this work particularly
demonstrated the use of the Ti;O;-based REM in algal pretreatment and the positive impacts on lipid
extraction. After REM treatment, algal cells exhibited significant disruption in morphology and photosyn-
thetic activity due to the anodic oxidation. Cell lysis was evidenced by the changes of fluorescent patterns
of dissolved organic matter (DOM) in the treated algal suspension. The lipid extraction efficiency
increased from 15.2 + 0.6 g-lipid g-algae™! for untreated algae to 23.4 + 0.7 g-lipid g-algae ™! for treated
algae (p < 0.05), which highlights the potential to couple algal harvesting with cell pretreatment in an
integrated REM filtration process.

© 2015 Elsevier Ltd. All rights reserved.

* Corresponding author. Tel.: +1 973 596 5520; fax: +1 973 596 5790.

1. Introduction

Algal biomass is the third generation feedstock for biodiesel or
biofuel production. However, expensive algal harvesting, biomass
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pretreatment, and lipid extraction represent the major hurdles for
producing cheap biofuels at industrial scales. Typical structures of
algal cell walls contain uronic acids, glucosamine, and polysaccha-
rides that provide cells with formidable defense against environ-
mental conditions (Scholz et al., 2014). Extraction of biolipid that
is usually located in globules or bound to cell membranes often
involves the use of organic solvents such as n-hexane, chloroform
and methanol because of their high selectivity and solubility
towards lipids (Cheng et al., 2011; Lee et al., 2010). An efficient
extraction requires that the solvent penetrates completely into
the biomass and physically contacts the lipid (e.g., triglycerides-
esters) located in the photosynthetically active membranes. There-
fore, cell disruption is a necessary pretreatment step prior to lipid
extraction.

Cell disruption and lipid extraction processes can be energy-
intensive, time-consuming and costly. Current cell disruption
methods include mechanical and non-mechanical techniques.
Mechanical techniques destroy the cell wall using non-specific
solid and liquid shear forces or energy transfer through heating
and waves (Giinerken et al., 2015), which include compression,
high-pressure homogenization (HPH) (Park et al., 2015), ultrasonic
bath (Greenly and Tester, 2015), autoclave (Lee et al., 2010), bead
mill, microwave and magnetic stirring (Cravotto et al., 2008;
Virot et al, 2008); while non-mechanical techniques include
chemical lysing using enzymes or chemical agents and osmotic
shock (Demuez et al., 2015; Harun et al., 2011). Selective interac-
tions between chemical agents (enzymes, antibiotics, chelating
agents, chaotropes, detergents, hypochlorite, acids and alkali) and
the cell wall or membrane are designed to facilitate biolipid leach-
ing (Gilinerken et al., 2015). Life-cycle assessment (LCA) of biofuel
production from microalgae feedstock determined that cultivation,
harvesting and lipid extraction accounted for up to 90% of the total
process energy (Brentner et al., 2011). Further decreasing solvent
consumption, preventing pollution, and enhancing lipid produc-
tion (efficiency) are the major challenges in this field.

Reactive electrochemical membranes (REMs) based on electro-
chemical advanced oxidation processes (EAOPs) are a cutting-
edge class of membranes that hold great promise in revolutioniz-
ing water/wastewater treatment and bioseparation processes
(Zaky and Chaplin, 2013). REMs are porous three-dimensional elec-
trodes that can provide anodic oxidation in addition to physical
separation (Liu and Vecitis, 2011; Zaky and Chaplin, 2013). Hydro-
xyl radicals (OH") form via water oxidation when the REM is anod-
ically polarized (Zaky and Chaplin, 2013). Recent work has shown
that porous substoichiometric TiO, (e.g., Ti;O-) anodes were oper-
ated in a cross-flow filtration mode, leading to a combination of
microfiltration and electrochemical oxidation (Zaky and Chaplin,
2014, 2013). By converting TiO, to Ti4O7 (usually at temperatures
above 900 °C under a H, atmosphere) (Chen et al., 2002), electrical
conductivity can be increased from 107° Q! cm™! (TiO,) as high
as 166 Q~'cm™! (Ti40,). Thus, the REM has shown promising
antifouling properties, as adsorbed organic foulants were shown
to be removed via the anodic oxidation process (Zaky and
Chaplin, 2014). The micrometer-sized pores of the REM produced
a high electroactive surface area and advection-enhanced mass
transfer rates approximately 10-fold higher than those obtained
in traditional flow-by mode. Past research with REMs has focused
largely on dissolved compound oxidation, but their ability to sep-
arate or pretreat microbial cells such as algae is unexplored. Mean-
while, it is also important to compare the cost effectiveness with
traditional membranes or other separation techniques.

Our overall research aim is to explore substoichiometric TiO,
REMs for efficient algal harvesting and pretreatment while main-
taining high flux during filtration and excellent stability under ano-
dic and cathodic polarization. In this work we specifically explored
the effect of REM anodic potential on algal cell integrity and the

effect of algal disruption on lipid extraction efficiency. Our hypoth-
esis is that algal cells, upon exposure to polarized REM surfaces,
could be oxidized and destabilized, which may positively increase
the downstream lipid extraction efficiency if properly controlled in
terms of exposure time and REM polarization. The produced OH
and other oxidative species will likely contribute to the algal cell
oxidation. The oxidative disruption of cell integrity was evaluated
using various characterization techniques (e.g., optical and elec-
tron microscopes, atomic force microscope, measurements of pho-
tosynthetic activity and oxygen production), and the influence of
cell disruption on the biolipid extraction efficiency is assessed in
order to shed new insights into the potential synergistic benefits
of the REM in algal harvesting and pretreatment.

2. Methods
2.1. Substoichiometric TiO, REM

The REM used in this study is a 10-cm long Ebonex® one-
channel tubular electrode with the outer and inner diameters of
10 mm and 6 mm, respectively (Vector Corrosion Technologies,
Inc.). Ebonex is a Magneli phase suboxide of TiO,, which consists
primarily of TisOg and TizO;. Synthesis and characterization of
the REM was reported previously (Zaky and Chaplin, 2013), which
showed an average pore diameter of 1.70 £ 0.02 pm, a porosity of
30.7+2.8% and a specific surface area of 2.8+0.7m?g . As
received Ebonex electrodes were subjected to a high temperature
reduction treatment (1 atm Hy, 1050 °C, 4 h) to produce high purity
Ti4O,. The X-ray Diffraction pattern and scanning electron micro-
scope (SEM) data were acquired to analyze crystallinity and mor-
phology of the prepared REM.

2.2. Algal cultivation and preparation

Oleaginous algae (Scenedesmus dimorphus or S. dimorphus) were
cultivated in the modified Bold’s Basal Medium (MBBM) with
details reported in our previous works (Agbakpe et al., 2014; Ge
et al., 2014, 2015). Briefly, S. dimorphus was cultivated in 2-L Erlen-
meyer flasks and at the room temperature (25 + 1 °C), with CO, fed
at a rate of 8.5 x 107* L-CO, min~!-(L-medium)~. The light-dark
cycle (12 h/12 h) was maintained at a photon flux of approximately
4200 mW m~2 as measured by a spectroradiometer (Spectral Evo-
lution, SR-1100). The algal concentration (g L~') was characterized
by the dry cell weight (DCW). The steady-state algal concentration
after 14-day incubation was around 1.4 g L~!, which was then used
for algal harvesting experiments and other tests.

2.3. REM exposure experiments

To study the cell damage as a function of the charge passed
through the REM, a batch electrochemical reaction cell was used
to simulate the algal cell exposure with REM during the cross-
flow filtration process. The reaction cell was filled with the algal
suspension, and the REM was positioned in the middle of the reac-
tor (anode) and was surrounded by a stainless steel circular mesh
(cathode) with a spacing of 2.5 cm. The REM was operated at a con-
stant current (100-500 mA) using a DC power supply (Proteck
P6035, Tempe, AZ) corresponding to cell voltages between 10
and 20V and for different times (30-120 min) to achieve different
algal disruption. The effective exposure surface area of the REM
was 25.4 cm? The conductivity of the pure algal medium was
1040 + 5 uS cm™', whereas the conductivity of the algal medium
with growing algal cells ranged from 158020 to 252010
puScm~! for newly inoculated algal cultures and cultures after
14 days of incubation, respectively.
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2.4. Cell disruption characterization

2.4.1. Morphology and surface composition

Cell morphology was examined by a fluorescent microscope
(3012 Series, Miller Microscopes, Feasterville, PA), a Keysight
8500B scanning electron microscope (SEM), and an atomic force
microscope (AFM) on a NTEGRA Prima AFM (NT-MDT Inc., Tempe,
AZ). Briefly, The algal cells were inoculated with 2.5% (v/v) glu-
taraldehyde for 30 min and washed with phosphate buffer solution
(PBS, 10 mM, pH 7.4) for 3 times. 100 puL of the algal suspension
was dropped onto the clean silicon wafer and air dried for
10 min, followed by the SEM or AFM observation. The surface com-
positions of untreated and treated algal cells, after air drying, were
assessed by a Fourier Transform Infrared (FTIR) Spectrometer on a
Nicolet ThermoElectron FTIR spectrometer.

2.4.2. Algal photosynthetic activity

Algal growth activity or photochemical function was evaluated
with photochemical parameters of phohtosystem II (PSII). PSII pho-
tochemical parameters were recorded by subjecting aliquots of the
cultures to dark-adaption (10-min) followed by fluorescence
induction and relaxation characterization using Satlantic FIRe Sys-
tem (Satlantic, Inc) under single turnover flash protocol. The proto-
col generates PSII maximum quantum yield (Fv/Fm) that could
serve as an indicator of algal growth activity. Briefly, 25 pL of algal
suspension was taken and stabilized in the dark for 10 min. Then,
2 mL of media was added to the algal suspension, which was then
subjected to the fluorescence measurement immediately. More-
over, the specific oxygen production rate (SOPR) was monitored
to determine phototrophic activity of algae.

2.4.3. Changes of dissolved organic matter (DOM) in algal medium

DOM in algal suspension could originate from the released
extracellular polymeric substances (EPS) from algae. Particularly
for the damaged or lysed algae, cytoplasm could be released, lead-
ing to changes of the DOM types and concentrations. DOM was
characterized by a Thermo scientific Evolution 201PC UV-vis spec-
trophotometer and a Hitachi FL4500 fluorescent spectrophotome-
ter. The algal suspension was first centrifuged at 10,000g for
15 min to remove suspended algae or other large debris. The
supernatant was then tested in a quartz cuvette by the UV-vis
and florescence spectrophotometer. The UV-vis and fluorescent
spectra as well as the 3D excitation/emission matrix (EEM) spectra
were all obtained. Deionized (DI) water blanks were run to monitor
the instrument stability.

2.4.4. Molecular weight (MW) distribution of DOM

The MW distribution of DOM was analyzed by high perfor-
mance liquid chromatography (HPLC). HPLC used an HPSEC (LC-
20AT, Shimadzu, Japan) system with the combination of a TSK
gel G3000PWXL column (0.78cm x 30cm) and a TSK gel
G2500PWXL column (0.78 cm x 30 cm) in series. The HPSEC was
coupled to a photodiode array detector (SPD-M20A, Shimadzu,
Japan) and an on-line TOC detector (TOC, Sievers 900 Turbo TOC,
GE, USA). The mobile phase was a phosphate buffer (2.4 mmol L™!
NaH,PO4 and 1.6 mmol L™! Na,HPO,4) and 25 mmol L™! Na,SO,.
The flow rate was 0.5 mLmin~!. Sodium polystyrene sulfonate
standards (34,700, 10,600, 6800, 4300 and 1670 Da, PSS Polymer
Standards Service GmbH, Germany) were used to calibrate the
MW distribution. The supernatant of the algal suspension was fil-
tered through 0.45-pm polyethersulfone membranes prior to
injection into the HPLC.

2.5. Lipid extraction

The untreated and treated algal biomass was vacuum dried at
room temperature prior to the solvent extraction (Pragya et al.,

2013). To extract lipid, aliquots (ca. 0.5 g) of dried algal biomass
were extracted with 40 mL of 2:1 dichloromethane:methanol with
400-W microwave irradiation for 45 min, and then centrifuged at
1000g for 15 min. The supernatant was transferred into a pre-
weighed test tube while the pellet was successively reextracted
with a 1:1 and then a 1:2 dichloromethane: methanol solution.
The supernatant from each step was transferred to the same test
tube. DI water (50 mL) was added to the test tube and incubated
at 4 °C overnight. The lower organic layer was collected and evap-
orated using a Thermo Savant AES1010 Automatic Environmental
Speedvac system (Thermo Fisher Scientific, Waltham, MA). Dry
weights of the samples were determined. Lipid content was calcu-
lated by dividing the dry weight of the extracted lipid by the dry
weight of the samples used for lipid extraction (g-lipid g-algae™!).

2.6. Statistical analysis

Algal treatment experiments were carried out in duplicate for
each condition. Filtration and lipid extraction were performed in
duplicate or higher. The presented results are mean values + stan-
dard deviation from three independent experiments. The differ-
ences between experimental groups and control groups were
tested for significance using one-way analysis of variance (ANOVA)
at a 5% significance level (p = 0.05).

3. Results and discussion

3.1. Algal morphological changes and possible algal disruption
mechanisms

Cell disruption was revealed by both SEM and AFM images.
Untreated algae remained intact and in normal shapes, whereas
treated algae cells deformed and had rough surfaces. Some cell
debris or intracellular substances were released, which was previ-
ously observed during algal lysis after ozonation treatment (Hung
and Liu, 2006). Algal suspension shifted from dark green to lighter
green over the time of REM treatment. The color of the dried algal
biomass also shifted from dark black to light black. Optical micro-
scope images did not indicate any major changes to the morphol-
ogy of algal cells. However, white-colored dots were found on the
treated algae, which could be the pits (cavitation) on the damaged
algal cell wall (Giinerken et al., 2015).

The observed cell damage, disruption, and decolorization of
algal suspensions were likely due to the anodic oxidation of algae
and algogenic organic matters (AOM) either by reactive oxygen
species (e.g., ‘OH) or direct oxidation at the REM. However, other
potential oxidant sources in our batch reactor include the forma-
tion of H,0, on the stainless steel cathode and Cl, at the REM
anode. The H,0, concentration at an applied current of 500 mA
for 2 h (1 Ah) was determined to be 8 + 2 uM, which should have
negligible effects on algal cell oxidation in our case. A recent study
showed only small increases in lipid extraction due to Chlorella vul-
garis cell oxidation with H,0, concentrations of 0.2-1.5 M. The
total chloride concentration in algal medium was 0.8 mM so that
a maximum level of 0.4 mM Cl, could be produced at the anode
surface, and therefore may contribute to algal cell oxidation
(Steriti et al., 2014).

3.2. Algal surface functional groups

Surface disruption may also lead to the disintegration of extra-
cellular organic matter (EOM) from the algal surface. FTIR was uti-
lized to examine the effect of REM treatment on algal surface
functional groups. Typical components on algal surfaces are
polysaccharides, proteins, lipids, and phosphate groups. The char-
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acteristic peaks at 3550-3200, 2925, 1260-1000 cm ™' are associ-
ated with polysaccharide or polysaccharide-like substances, such
as N-H stretching occurred at 3300 cm™!, aliphatic (—CH,) peak
at 2930 cm™!, carboxylic (C-0) at 1250cm~! and 1000 cm™!
(Hung and Liu, 2006). The absorption peaks at 1650 cm~! and
1550 cm™! are related to the peptide carbonyls (C=0, amide I
band) and the N—H (amide II) bonding, respectively (Qu et al.,
2012). FTIR spectra indicated that protein and polysaccharide-
like substances were major constituents on the surface of S. dimor-
phus. All major functional groups remained with their intensities
slightly decreasing as a result of REM treatment, implying EOM
(e.g., polysaccharides) were likely released from the algal surface
due to the oxidant attack on the cell wall of algae and subsequently
algal lysis. Furthermore, similar changes in cell surface characteris-
tics and in cell viability upon addition of oxidants was observed in
previous works (Hung and Liu, 2006).

3.3. Algal photosynthetic activity changes

Fig. 1 compares four photosynthetic efficiency curves for
untreated and treated algae under three different electrochemical
treatment times (500 mA and 20 V) in 500 mL. The photosynthetic
efficiency declined from 0.5 to 0.2 fv fm~! with the increase of the
treatment time from 0 to 120 min (2.0 AhL™"). The experimental
determination of dissolved oxygen (DO) regeneration curves were
generated for untreated and treated algae under two different con-
ditions, as an indicator of algal photosynthetic activity. Clearly, the
DO curve for the untreated algae was highly linear (R? = 0.98) at a
rate of c.a. 2.7 mg L' h™!, which is the greatest among the three
samples. By applying 100 mA and 10V to the REM to treat algae
suspension of 500 mL for 60 min (0.2 AhL™"), the treated algae
maintained the similar photosynthetic activity with the untreated
algae. However, further increasing the DC level to 500 mA and 20 V
(20AhL " or 20W L"), the REM exposure significantly inhibited
DO regeneration due to the cell damage or lysis.

3.4. Characterization of DOM in algal suspension

Polysaccharide-like and protein-like substances found on the
algal surfaces were likely the major components of AOM released
from algae due to surface oxidation. In addition, cell lysis by oxida-
tion may also cause a release of intracellular organic matter (IOM)
that is considered as hydrophilic substances with high SUVA;s,,
the ratio of UV,s4 to dissolved organic carbon (DOC). To evaluate
the possible algal surface oxidation by the REM treatment, the
UV-vis spectra for the supernatant collected from untreated and
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Fig. 1. Photosynthetic activity for the untreated and treated algal cells under the
condition: 500 mA (current density ~ 20 mAcm2) and 20V for 500 ml of algal
suspension at the initial concentration of 1.4 g L™!. *denotes significant differences
(p < 0.05) between the values of treatment groups and the initial value.

treated algal suspensions were obtained. The data shows little dif-
ference between the samples, which is likely due to the low con-
centrations of AOM in the algal suspensions.

However, the EEM spectra obtained by the fluorescent spec-
trophotometer shown in Fig. 2 were able to resolve the changes
in protein and humic- or fulvic-like substances in algal suspen-
sions. There were two major peaks at Ex/Em of 245/400 nm and
340/400 nm. After the treatment, a peak at (EX/Em of
350 nm/400 nm) emerged, which is likely ascribed to humic sub-
stances. This may indicate that the production or release of AOM
from algae was due to anodic oxidation. It was previously reported
that DOC in the algal suspension increased as contact time of
ozonation increased (Hung and Liu, 2006). Ozone exposure further
reduced the algal mass and the size of algal cells due to the release
of AOM from algal surfaces. Consequently, the fluorescent intensity
of the observed peaks in EEM also decreased, which agreed with
the FTIR results.

The MW distribution of DOM usually exhibits a significant
heterogeneity (high polydispersity) due to an array of different
components such as carbohydrates, polysaccharides, amino acids,
peptides, and enzymes (Her et al., 2004). Carbohydrates or proteins
have high MW (>20 kDa), while humic like substances have med-
ium MW of a few kDa with some building blocks of 350-500 Da
or less. The MW distribution ranged from 1.8 kDa to 2.6 kDa and
did not reveal any high MW biopolymers probably due to the lim-
ited resolving power of HPLC detectors for DOM. There were two
peaks at 2.6 kDa and 1.8 kDa for the untreated algal medium,
which both decreased likely due to the decomposition of typical
AOM. The smaller peak at 2.1 kDa increased for the treated algal
medium implying a possible conversion of larger organic com-
pounds to smaller ones as a result of oxidation. This shift can be
verified by the UV absorbance ratio index (URI) and S;59.365. URI
is the ratio of UV absorbance at 210 nm to that at 254 nm
(UVA,10/UVA;s4), which indicates the relative proportions between
UV-absorbing functional groups and unsaturated compounds in
DOM (a higher URI means a smaller MW of DOM) (Uyguner and
Bekbolet, 2005). The S,50.365 is a spectral absorption index equal
to the spectral slope coefficient in the spectral range of 250-
365 nm as shown in Eq. (S1), which indicates the MW range of
DOM (a higher S»so.365 indicates a lower MW) (Helms et al,,
2008). Based on the UV-vis spectral data, URI and S,50.365 Were cal-
culated and found to increase after the REM treatment, indicating
that new DOM of low-range MW emerged in treated algal suspen-
sions due to the cell lysis and the release of AOM.

3.5. Lipid extraction efficiency

The specific extracted lipid increased from 15.2+0.6 to
23.4+0.7 g-lipid g-cells~! (p < 0.05) as the REM treatment inten-
sity increased from 0 to 0.75 A h by increasing the exposure time
at 500 mA. Clearly, the REM treated cells allowed greater lipid
extraction efficiencies presumably due to the oxidative cell dam-
age. Similar improvement in lipid extraction was previously
reported when other algal pretreatment such as pressure-
assisted ozonation (PAO), Fenton oxidation, and peroxone treat-
ment were applied (Huang et al., 2014; Nguyen et al., 2013).

3.6. Comparison of energy consumption with other algal pretreatment
techniques

Algal pretreatment by anodic oxidation of REM is comparable to
the above-mentioned techniques such as ultrasonication, micro-
wave, or pulsed electric field (PEF) charging, which employ oxida-
tive stress or an electrical field to induce membrane compression
or cavity formation to facilitate lipid extraction. Mechanical tech-
niques, such as bead mill, high-pressure homogenization (HPH)
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Fig. 2. EEM spectra for the supernatant from untreated and treated algal suspension under the condition: 500 mA (current density ~ 20 mA cm~2), 20 V and 60 min for
500 mL of algal suspension at the initial concentration of 1.4 g L~'. The intensity of EEM is represented by contour lines.

and high speed homogenizer (HSH), consume nearly the same
amount of energy to process a unit of volume, independent on
whether the feed is diluted or concentrated (Zbinden et al.,
2013). Thus, for these methods, processing higher DCW concentra-
tions per unit of time is more cost effective. Energy consumption
not only varies with processes but also design parameters. For
example, Doucha and Livansky reported that the specific energy
consumption (kW h/kg-disrupted cells) of bead milling can be
reduced from 10.3 to 0.86 kW hkg ! by changing the process
parameters (Doucha and Livansky, 2008). Energy consumption also
does not scale with algal cell numbers, as a recent study on the dis-
ruption of Tetraselmis suecica through AFM measured an energy
consumption of 0.000187 kW hkg~! to break up a single cell on
the analytical scale. Several authors compared different methods
at low DCW concentrations, i.e., ultrasonication, HPH, bead milling
and microwave treatment (Halim et al., 2012; Lee et al., 2012,
2010). Generally, HPH has the highest specific energy consump-
tion, followed by microwave treatment and ultrasonication. Ultra-
sonication has a specific energy consumption ranging from
36.67 kW h kg™ ! (inefficient disruption) to 100 kW h kg~! (efficient
disruption) (Halim et al., 2012; Lee et al., 2010). For continuous PEF
treatment processes, the specific energy consumption almost lin-
early decreases with the biomass treatment rate (kg h™!), i.e., bio-
mass disrupted per unit of time (Coustets et al., 2013). In other
words, specific energy demand strongly depends on the concentra-
tion of the suspension and ranges from 0.42 kW hkg~! for 10%
DCW to 239 kW h kg~ for 0.03% DCW (Sheng et al., 2012, 2011).
A recent literature review suggested that algal biomass pre-
processing should not exceed a threshold level of energy consump-
tion (5.8 kW h kg™!) in order to be cost effective (Giinerken et al.,
2015). Our current bench scale algal treatment by REM had a rela-
tively high-energy consumption of approximately 14-
28.6 kW h kg ! to achieve improved lipid extraction from approx-
imately 15-23%. However, it is worth mentioning that the REM
treatment can further be optimized (e.g., reducing the electrode
spacing from 2.5 cm to 0.5 cm), which may reduce the needed cell
voltages from 20 V to 4 V while maintaining the same current den-
sity. Moreover, one should keep in mind that the use of REM filtra-
tion is primarily for efficient algal harvesting with potential to
reduce membrane fouling under anodic polarization and to enable
the reuse of permeate water and nutrients. Thus, it may not be nec-
essary to directly compare energy consumption or cost between
REM and other algal cell pretreatment techniques.

4. Conclusion

Algal cells underwent significant disruption in morphology
under anodic oxidation by a Ti4O; REM. The REM-treated algae

had reduced photosynthetic activity and oxygen production rates
compared to untreated algal cells. Algal lysis was evidenced by
the release of AOM that was characterized by EEM, HPLC, and
UV-vis spectrometry. This work demonstrated for the first time
the use of a novel REM to oxidize algal cells, which resulted in
an increase in the lipid extraction efficiency. Overall, the results
offered new insights into the design of innovative REM systems
for integrated algal biomass separation and cell treatment for bio-
fuel production.
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