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Abstract

The membrane-based photo biofilm reactor (MB-PBR) is a novel reactor that uses gas-
permeable membranes to deliver carbon dioxide (COz) directly to the base of phototrophic
biofilms. The COx supply increases growth rates by reducing carbon limitation and pH
increases, but the counter-gradient supply of CO> and light makes its behavior more complex.
We developed a mathematical model to explore its behavior, and used a lab-scale MB-PBR to
compare growth rates with and without CO> supply (control). After seven days, the MB-PBR
biofilm grew to 186+10um, compared to 10110 pm for the control. The biomass productivity
was 1.91+0.27 g/(m? d), compared to 0.49+0.06 g/(m? d) for the control. Using data fitting, the
experimental light attenuation coefficient (ke) and the half-saturation coefficient of light

irradiance (K;) were 80,000 1/m and 5 W/m?, respectively. Modeling showed that, for a well-
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buffered system, increasing the CO> fraction in the gas supply increased the growth rate, but with
diminishing returns: adding 5% CO> doubled the amount of growth, relative to the control, while
adding 99% CO; only quadrupled the growth relative to the control. The beneficial effect of
CO2 supply was smaller for thicker biofilms and lower light intensities. With a weak buffer, CO»
supply tended to acidify the biofilm interior, slowing growth rates at higher CO, concentrations.
The model showed that, for the same light intensity and biofilm thickness, the maximum growth
rate for the MB-PBR was higher, 0.141 g/(m?s), and was located closer to the CO2 supply from
the membrane. The conventional reactor had a maximum growth rate of 0.086 g/(m?s), located
at the outer biofilm. The model is a practical tool that could be used, for example, to determine,
for a given incident light intensity, water buffering, and CO; in the liquid and membrane supply,
the optimal biofilm thickness at which to initiate harvesting. The model provides a fundamental
understanding of membrane carbonated algal biofilms, as well as a tool to use the MB-PBR most

effectively in practice.

Keywords: Membrane-biofilm photobioreactor (MB-PBR), CO- supply, counter-diffusion,

microalgae, biofilm

1. INTRODUCTION

Phototrophic microorganisms, such as microalgae and cyanobacteria, are a promising resource
for atmospheric CO> sequestration, wastewater treatment, and production of biofuels and high-
value products such as antioxidants and pigments (e.g., phycocyanin, phycoerythrin, etc.) 2. The
engineered use of phototrophic organisms is based on photobioreactors, which may use
planktonic growth or biofilm growth. While planktonic systems have historically been more

common, biofilm photobioreactors have received increasing interest in recent years **.
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Advantages of biofilm photobioreactors include high cell densities, allowing for easier cell

collection °, and smaller reactor footprints &’

Carbon supply, pH control and O inhibition are important considerations for all
photobioreactors, but especially for those based on biofilms. Carbon can become limiting in the
deeper biofilm, due to consumption and the mass transfer resistance, reducing overall growth
rates. While semi-immersed biofilm reactors receive continuous CO; supply from the air,
immersed photobioreactors often require supplemental bicarbonate or carbonate addition to the
bulk liquid 8. Yet bicarbonate addition is often inefficient, as much of it is lost with the effluent.
Bubble diffusers can be used to deliver gaseous CO2. However, these systems release COz to the
atmosphere, as they have considerably low gas transfer efficiencies °. CO; can also be lost when

gas-permeable membranes are used to supply COz to the bulk liquid '*12,

Biofilm photobioreactors can pose additional challenges relative to suspended growth systems.
Phototrophic growth with nitrate or nitrite as the nitrogen source produces alkalinity, potentially
increasing pH beyond the optimum pH range of 6 to 9 . The pH shifts can be accentuated in
biofilm systems, due to mass transfer resistance. Additionally, minerals can precipitate in the

biofilm at elevated pH, which may reduce growth rates and complicate biomass harvesting '*.

Another potential complication in biofilm systems is the accumulation of high levels of dissolved
02, a product of photosynthesis. O» competes with CO; for reduction at the RuBisCO enzyme,
and Oz can become inhibitory at concentrations of around 1 mM (32 mg/L) '°. Dissolved O can

accumulate to high levels in thick biofilms exposed to high light intensities, due to O> production
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in the deeper biofilm and the biofilm mass transfer resistance. An ideal photobioreactor reduces
or avoids CO; limitation, O inhibition, and pH inhibition. It supplies CO; while minimizing its

loss with the effluent, and allows using CO» from waste sources.

The membrane-biofilm photobioreactor (MB-PBR), a novel photobioreactor based on gas-
permeable membranes, provides many of the benefits described above. The membranes deliver
COgz directly to the base of a phototrophic biofilm forming on the membrane outer surface. The
supply of COz directly to the biofilm interior allows up to 100% transfer efficiency, unlike
conventional sparging systems, where gas is lost through bubbles escaping the bulk liquid 6. It
also minimizes CO: losses by precisely controlling gas pressure based on biofilm thickness. In
addition, it can mitigate pH increases normally associated with phototrophic growth. It also can
strip excess Oz from the biofilm and can provide higher CO; concentrations at the base of the

biofilm than conventional systems saturated with air.

Previous research has addressed photobioreactor configurations similar to the MB-PBR reactors.
For example, Kumar et al. ? studied Spirulina biofilms growing on a hollow fiber membrane
photo-bioreactor based on CO;-supplying hollow-fiber membranes. They studied biomass
growth rates and COz and nitrate removal efficiencies for different CO> concentrations in the gas
phase. However, it appeared most of the algal growth was in the planktonic phase, not on the
membranes. The membrane’s relatively high packing density (200 m?*/m?) likely limited growth
directly on the membranes by restricting light penetration and limiting the available area for
biofilm expansion. Biihler et al. 7 studied Synechocystis biofilms growing on a “segmented

flow” capillary reactor, consisting of alternating liquid and gas segments, which enhances
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performance by improving CO> mass transfer and providing hydrodynamic shear to stabilize
biofilm thickness and prevent clogging. . They found the “segmented flow” reactor grew faster
than the “single-phase” (conventional) biofilm. Li, et al '®!° used experiments and modeling to
explore the performance and behavior of a “porous substrate bioreactors” where the base of the

biofilm was attached to a porous membrane exposed to liquid media, while the outer biofilm was

1-20 1.21

exposed to air and light. Furthermore, Guo et al.”” and Ding et al.” demonstrated the efficacy of

gas-permeable membranes in enhancing CO; fixation and lipid productivity.

Modeling of biofilms on gas-permeable supports was pioneered by Semmens and Essila ?2. Most
recently, researchers have modeled counter-diffusional biofilms and noted distinct behavior
relative to conventional co-diffusional biofilms, e.g., Pérez-Calleja et al.; Wang et al.; Martin et
al. 2013 22%_ Several studies have developed mathematical models for phototrophic processes,
e.g., Aparicio et al. and Wolf et al. 26?7, as well as Liu and Liao 28, a work that focused on the
practical aspects of optimizing CO: and nutrient fluxes in a carbonated membrane. The main
novelty of our work is the development of a computational model of a photobioreactor with
counter-diffusional supply of CO and light. While others have previously published on CO»-
supplying photobioreactors, a model providing quantitative insights is lacking. We
experimentally tested the MB-PBR and developed a biofilm model to explore its unique

behavior, as compared to conventional phototrophic biofilms.

2. MATERIALS AND METHODS

2.1 Bench scale experiments
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Mixed phototrophic inoculum.

The reactor inoculum was a mixed phototrophic culture collected from St. Joseph Lake in Notre
Dame, Indiana, USA. A mixed culture was selected to ensure non-axenic conditions found in
practical applications such as wastewater treatment and large-scale biomass production. Several
mL of lake water was added to 500 mL of BG-11 * growth medium. The suspended culture was
grown and maintained under semi-sterile conditions in BG-11 media 2° in a 500 mL bottle with
constant mixing, aeration and continuous cold fluorescent LED light. The BG-11 media
composition was 17.6 mM NaNO3, 0.23 mM K>;HPO4, 0.3 mM MgS0O4:7H>0, 0.24 mM
CaCly-2H»0, 0.031 mM citric acid-2H>0O, 0.021 mM ferric ammonium citrate, 0.0027 mM
Naz'EDTA-2H;0, 0.19 mM Na>CO3, 46 mM H3zBO3, 9 mM MnCl,-4H>0, 0.77 mM

ZnS04-7H20, 1.6 mM Na;MoO4:2H>0, 0.3 mM CuSO4-5H>0, and 0.17 mM Co(NO3)>:6H-0.

Membrane biofilm photobioreactor (MB-PBR) configuration.

Two reactors were custom-built using clear acrylic rectangular flow cells with a 25-cm length
and an internal square cross-section of 1.2x1.2 cm (Figure 1). The working volume of both
reactors was 35 mL. Each flow cell had two ports at the bottom wall, where four silicone hollow-
fiber membranes (Braintree Scientific, US) of 0.08 in (~2 mm) outer diameter and 0.04 in (~1
mm) inner diameter were inserted. On the top wall, there was a 2-cm long removable glass
window to access the biofilm, although this was not removed in this research, and it was
hermetically sealed with silicone and glue. The effective length of each membrane was 19 cm,
measured as the length of the membrane that was suitable for biofilm growth in terms of light
availability. In both the reactors, one end of the fiber was glued into a gas-supply manifold,

which was connected to a gas tank using Norprene tubing (Cole Parmer, USA).
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Figure 1. Experimental set up of MB-PBR. In the control, the membranes were closed.

Reactor 1 (MB-PBR) was supplied with a mixture of 5% CO; and 95% N> gases through the
membrane in an open-end configuration **. Reactor 2 (control) had the membranes, but they

were sealed at both ends.

Experimental set-up.

The reactor inoculum was prepared by growing a suspended phototrophic culture to exponential
phase, then diluting it to achieve an optical density (OD7s0) of 0.2-0.3. The reactors were filled
with start-up medium and were operated in batch mode with recirculation (for mixing) to
establish a biofilm on the membrane surfaces. Both reactors were maintained under well mixing
by providing a high recirculation rate of 29 mL/min. One peristaltic pump (Masterflex L/S, Cole
Parmer, USA) was used for recirculation. Upon inoculation, gases were supplied to the lumen of
the fibers at 1 psi (6.9 kPa). The reactors were operated in batch mode for seven days before
switching to continuous flow. A separate peristaltic pump (Rainin Dynamax RP-1, USA)
provided influent to the reactors. The feed was prepared in a 20-L medium bottle under semi-

sterile conditions. The continuous flow rate was 0.6 mL/min, providing an HRT of 58 minutes.
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Both reactors were continuously illuminated by a cold white light LED screen (VT43WW3,

Verilux, USA). The average light intensity at the top of the reactor was 85 pmol/(m? s).

The feed media for both reactors were exposed to atmospheric air, included bicarbonate (present
in BG-11 media) and additional 16 mM phosphate buffer for pH control (pH was adjusted to
7.5). R1 (MB-PBR) was additionally supplied with 5% CO- through the hollow membranes, as

described previously.

Biofilm imaging and biomass dry weight.

Biofilm images were collected periodically using optical coherence tomography (OCT)
(Ganymede II Spectral Domain OCT System, THORLABS, Inc., Liibeck, Germany). OCT was
used to obtain 2-D biofilm profiles since it is an in-situ and non-destructive imaging technique
with high-resolution. The objective scan lens was a Thorlabs LSMO03 with a center white light
beam wavelength of 930 nm. It provided 4.1 pm axial resolution and 4.5 mm imaging depth in
water. The image collection software was Thorlmage OCT Version 4.3 (ThorLabs Inc.). The

software settings included a 1.33 refractive index, 30 kHz image frequency, and 101 dB sensitivity.

The biofilm thickness was estimated as described by Lewandowski, et al (2007) 3!. Briefly, a
MATLAB® script was used to convert OCT images to gray scale. Pixels were counted to quantify

biofilm thickness.

The biofilm growing on the membranes was harvested by mechanical scraping, collected in pre-
weighed 2.5 mL Eppendorf tubes with 1 mL of deionized water. The collected biomass was

harvested by centrifugation (4,500 rpm, 10 min) and the dry weight was measured after 2 h at
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T=105°C. Biomass productivities were calculated using a total surface area (scraping area) of

7.11x10* m?,

2.2 Parameter estimation

Reported values of the light attenuation coefficient (ke) and the half-saturation coefficient of light
irradiance (Kj) within the biofilm are highly variable, and our model was very sensitive to these
parameters (see Table S4). Therefore, we used two data sets to determine them by least squares
minimization. Eight combinations of ke (1/m) and K; (W/m?) were used to simulate the biofilm
thickness over time and compared to the experimental values. The experimental values for
biofilm thickness were averaged over three independent runs for both the membrane biofilm
photobioreactor (MB-PBR) and the control reactor. The least-squares values, determined by
minimizing the squared differences between experimental and model data, resulted in ke=80,000

1/m and Ki=5 W/m?. We used a third set of data to validate the calibrated model.

2.3 Model description

Two models for phototrophic biofilms were used for this study. One was a MB-PBR
configuration, and the other a “control” conventional reactor, without CO2 supply from the base

of the biofilm. Figure 2 provides a schematic representation of the model.

Bommon .
a) oo, - b) x=lb Geometry: 1-0 domain x=L;

AL Bourdary: Boumdary:
”-""E 7 "N Bulk liquid BIppon Stationary transport of diluted species ¢y liquid
u - = g fr = B G = Tir} ﬂLF R.rd.r Croe = Lo
z = Biofilm =-|— @ =
= = - E T= iy ¥ 4 ﬂt CI Fituoel conconiraiion
= . - 2 = and €1 at Hakilm- ot lmw e
ﬁ - -l £ = memhres imerinee Bate of hiafilm Net growth mrenfice

LF X ol rewshion




195
196
197
198
199
200
201

202
203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

Figure 2. Schematic representation of the MB-PBR biofilm including (a) the physical biofilm
structure with CO; coming from the membrane lumen and nutrients from bulk liquid and (b) the
computational geometry, boundary conditions, and governing equations. Jy=Mass flux of species
“Y”; K=membrane mass transfer coefficient (for the control model, K was set to zero);
Cy=concentration of species "Y"; Lr=biofilm thickness; Rx=total reaction rate, Cx=Concentration
of biomass; x=spatial coordinate for biofilm depth. Reaction products are the produced biomass
and oxygen.

The kinetics and stoichiometry of phototrophic microbial processes were adapted from the
PHOBIA photobioreactor model ?’. Key model features include: i) the supply of CO> from the
hollow fiber membrane and bicarbonate from the bulk liquid (for the MB-PBR), or only from the
bulk liquid as bicarbonate (for the control); ii) the growth of phototrophs utilizing either CO- or
HCOs" as carbon sources, leading to an increase in biofilm thickness; iii) the computation of pH
within the biofilm by considering proton production/consumption, speciation of carbonate and
phosphate buffers; iv) the bidirectional diffusive transfer of CO; and O» through the membrane
(in/out biofilm); (v) the exchange of solutes with the bulk liquid; (vi) diffusion of solutes in the
biofilm; and (vii) the attenuation of light within the biofilm. The model outputs include the
biofilm thickness over time, together with solutes concentrations, pH, light profiles and growth

rates across the biofilm.

Model geometry

Both models assume a one-dimensional (1-D) biofilm (Figure 2) with properties varying only
with biofilm depth (x direction). Planar geometry was assumed, neglecting the effect of hollow-

fiber membrane curvature due to the thin biofilm.

10



219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239
240

State variables and constants

The state variables included concentrations of solutes: inorganic carbon species (CO2, HCOs',
COs%), 02, NO5", water ions (H', OH"), phosphate species (H.PO4", HPO4>", PO4*). The
dissolved gases O> and CO; were transported by diffusion across the MB-PBR membrane and by
diffusion through the biofilm, in both cases modeled using Fick’s first law. The biomass was
assumed to consist of phototrophs only, neglecting the potential presence of heterotrophic and
nitrifying organisms. This was reasonable for our experimental system, as there was no organic
matter or ammonium in the medium. Also, the short time between growth and harvesting likely
minimized the secondary growth of heterotrophs on decay and soluble microbial products. A
constant cell density Cx was assumed within the biofilm. Other inert particulate compounds,
formed by decaying biomass, were neglected due to the short time scale (t=7 d) between

experimental biofilm growth and harvesting.

Processes

Similar to Wolf et al. (2007) %7, the microbial processes included phototrophic growth on CO»
(r7) and on HCO3™ (r2), as well as endogenous aerobic respiration (decay) (r3) . The
stoichiometry of microbial processes is presented in Table 1, the process rates in Table 2 and
model parameters in Table 3. In order to explore the impact of light and oxygen inhibition on
growth rates, some rate limitation factors were “turned off”, as indicated in the Results and

Discussion section.

11
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Table 1. Stoichiometry of phototrophic growth and endogenous aerobic respiration. “S” denotes

the concentration of a solute species.

Solutes Biomass
Processes Su Sco2 Stcos So2 SNo3 Cx Rate
mol/m? mol/m? mol/m? mol/m? mol/m® kg COD/m®>  mol/(m?s)
Phototrophic -Yno3 -Yco2 1 -Yno3 Yx T
growth on CO,
Phototrophic -Yos - -Ycoz 1 -Yno3 Yx 72
growth on HCO3 Ycoz
Endogenous -1 r3
aerobic
respiration

Table 2. Rates of phototrophic growth and respiration. Rates are expressed in moles of biomass
per cubic meter per second (mol/m’s), where one mole of biomass is defined by the empirical
formula Cs.1Hg 502 5N. Note that the COD equivalent is 1.34 kg COD/ kg biomass.

Rate3 Rate expression
mol/(m°s)
Scoz Snos
ri qOZmax,Ph S S I K 12 O-low(pH)Cx
Scoz + Kscoz (1 + %) NO3 T TSNOSINT+ K + 5~
| 1,02 LI
SHco3 Snos 1
r2 qo2max,Ph S S TK 12 ahigh(pH)Cx
Shcos t Ksncos (1 + Kﬁ) NOS T TSNOSINT+ K + 54—
| 1,02 LI
So2 ) K;
- [y
ﬁresp (KI,OZ + 502 I + KI *

The rates (mol/(m? s)) depend on the availability of dissolved chemical compounds in

concentrations S (mol/m?) and light with intensity I (W/m?), with variou

coefficients Ks (mol/m?), light saturation coefficients Kj, and maximum

s half-saturation

specific rates qo2max,ph

(mol/kg s) for growth and resp for endogenous respiration. Endogenous aerobic respiration, also

known as phototrophic respiration, is the consumption of oxygen and organic matter in the

absence of light. It's generally assumed to be about 10% of the maximum rate of oxygen

production (Bresp=0.1qo2max.ph) >’. The terms ciow(pH) and chigh(pH) are step functions

12



256  implemented in the model with a second order continuous smoothing at the beginning and end.
257  The functions affect growth on CO> at pH values less than 5.5 and on HCOs™ at pH values above
258 8.5, consistent with past research 2. The availability of inorganic carbon species is determined
259 by the carbonate system equilibrium, with pKa, values of pKa.1=6.35 and pKa.>=10.33 (Table S2).
260  The uptake of specific carbon species is regulated by the step functions that account for

261  physiological inhibition (Figure S1). The function ciow(pH) regulates CO» uptake under acidic
262  conditions; it transitions from 1 (full activity) to O (total inhibition) as pH drops from 5.0 to 4.0,
263  reflecting acidic stress. Similarly, onigh(pH) regulates HCOs3™ uptake under alkaline conditions,
264  transitioning from 1 to 0 between pH 8.0 and 9.0 to account for inhibition at higher pH values

265  where CO3> begins to predominate and uptake of HCOs" is typically decreased.

266  The pH profiles were determined by modeling the acid-base equilibria of the carbonate and

267  phosphate systems, as well as the dissociation of water (Tables S2 and S3). These reactions

268  were implemented as reversible processes with a very fast but finite rate coefficient (ka=10"/s).
269  This kinetic approach approximates instantaneous equilibrium. All chemical species in the

270  system were assumed to have equal diffusion coefficients, allowing the pH computation via mass

271  balance equations.

272 Light attenuation intensity within the biofilm was represented by the Beer-Lambert expression

273 function of depth within the biofilm:
274 I(x) = Iye kellr=2) (1)

275  where “I” is the incident attenuated light (W/m?) across the biofilm depth (x), “Iy” is the initial
276  incident light (W/m?), “ke” is the light attenuation coefficient (1/m) and “Lg  is the biofilm
277  thickness (m). The cell density was assumed constant throughout the biofilm, even in the deeper

278  inactive zones. A light inhibition term (/*/K.;) was included in the microbial rates. The “ke” was

13



279  estimated by fitting the model to experimental data. A conversion factor of 0.218 was used to

280  convert light units from pmol/m?/s to W/m? .

281
282 Table 3. Model parameters
Parameter Symbol Value Units Reference
Diffusion coefficients

CO, diffusion coefficient in water at 20°C Dw.coz 1.1x107° m2/s 34
NO;" diffusion coefficient in water at 20°C Dw.xo3 1.72x10°  m?s 35
O diffusion coefficient in water at 20°C Dw.o2 2x107° m?/s 35
N, diffusion coefficient in water at 20° C Dwx2 1.8x107° m?/s 36
HCOs" diffusion coefficient in water at 20°C  Dwncos  1.1x107° m?/s 34
CO;* diffusion coefficient in water at 20°C  Dw.cos 1.1x107° m?/s 4
H,POy diffusion coefficient in water at 20°C  Dwopos  1x107° m?/s 37
HPO4? diffusion coefficient in water at 20° C  Dw.xpo4 1x107° m?/s 37
PO4* diffusion coefficient in water at 20° C Dw.po4 1x107° m?/s 37
H* diffusion coefficient in water at 20° C Dwn 8.42x107°  m?%s 37
OH- diffusion coefficient in water at 20° C Dw.on 4.8x107° m?/s 37
O, diffusion coefficient in membrane Doz 3x107 m?/s 38
CO; diffusion coefficient in membrane D02 1.65x107 m?/s Calculated*
N diffusion coefficient in membrane D2 2.7x107 m?/s Calculated*

Equilibrium constants

Henry coefficient O, Ho 0.033 mol/mol 40
Henry coefficient CO Hcoz 0.944 mol/mol 40
Henry coefficient N, Hno 0.017 mol/mol 40
Kinetics and stoichiometry
Maximum specific rate of oxygen production  qoomaxpn  8.58x10™*  mol/(kg s) z
by phototrophs
Specific rate of oxygen consumption during ~ Bresp 8.58x107°  mol/(kg s) z
phototrophic respiration (decay)
CO; half saturation coefficient Kscoz 0.1 mol/m? 2
HCOs half saturation coefficient Ksncos 0.1 mol/m? 2
NOs™ half saturation coefficient Ksnos 0.0012 mol/m? 2
O, inhibition constant K102 0.3 mol/m?3 2
Yield for biomass Y 0.023881 kg/mol 2
Yield for NOs’ Ynos 0.12687 mol/mol 2
Yield for CO; Ycoz 0.74627 mol/mol 2
Half-saturation coefficient of light irradiance  K; 5 W/m? Estimated

14



Density of biomass Cx 20 kg Chosen

COD/m?
Light attenuation coefficients ke 80,000 I/m Estimated
Light inhibition coefficient Kt 50 W/m? Chosen
Operational conditions
Initial biofilm thickness Lro 3x1073 m Experiment
Membrane thickness dm 5.08x104 m Experiment
Temperature T 293.15 K Experiment
Bulk concentrations*
Bulk nitrate concentration Ci,NO3 1.76 mol/m? 10% BG-11
media
Bulk phosphate concentration in influent* Cip T 16.023 mol/m? 10% BG-11
media + buffer
system
Bulk total inorganic carbon (Ci) Ci,co2_T 0.035 mol/m? Atmospheric
concentration (in equilibrium with air) CO; +10% BG-
11 media
(bicarbonate)
Influent pH pH; 7.5 Experiment
Light intensity at outer biofilm** Io 18.5 W/m? Experiment
Total gas pressure in membrane Prot 1.21x10° Pa Experiment
Bulk O concentration Ci,02 0.291 mol/m3 Chosen
Bulk N3 concentration CiN2 0.549 mol/m3 Chosen

283 * Derived from O diffusivity in silicone, using scaling ratios based on water diffusivities.
284 **Default values unless otherwise indicated.

285

286  Bulk liquid, biofilm and membrane

287  For both systems (MB-PBR and control) the concentrations of all the solutes in the bulk liquid
288  were assumed constant over time. This was modeled by a fixed-concentration boundary (Figure
289  2). Initial concentrations (t=0) in the biofilm for all soluble species were assumed the same in
290 the bulk liquid. The mass transfer resistance in the diffusion boundary layer of the biofilm was

291  neglected.

292
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Each solute i (e.g., CO2, HCO3", NO3") diffuses and reacts (as appropriate) in the 1-D biofilm.
The concentration of each solute over time is calculated from the Eq. 2, which includes the effect
of diffusion and reaction, where C; is concentration of solute i, D; is diffusion coefficient and

r g the net reaction rate. The net rate r; g is determined by the sum of all the reaction rates
derived from microbial processes and acid-base reactions (Tables 2 and S2) multiplied by their

respective stoichiometric coefficients (Tables 1 and S3).
aC; 0%¢;
5 = Dil g2 ) s (2)

The biofilm advective velocity, ur (m/s), is driven by growth of phototrophic biomass and
represents the physical expansion of the biofilm matrix. Assuming a constant biomass density Cx
(kg COD/m?), the biofilm advective velocity is calculated as the integration of all the microbial
rates from x=0 to x=Lr, where Lk is the final biofilm thickness (m) *!. The total growth rate for
phototrophs 7y 5 (mol/ (m?>s)) results from the addition of microbial rates r; and > (Table 2), e.g.,
growth on COz and on HCOs', respectively. At the biofilm base, x=0, the advective velocity is
zero, so Urx—0y=0. Since this study considers relatively short growth cycles resulting in thin
biofilms and low-shear conditions, detachment was assumed to be zero. While there probably

was some degree of detachment, most likely it was negligible.

Lp

1
ur () = - f nede 3

0
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The variation in biofilm thickness (Lr) over time is determined by solving the differential
equation (Eq. 4). This equation determines the biomass velocity (ur) at the boundary (x=Lk),

resulting from biomass growth:

dLy

v UF(x=1p) (4)

For the MB-PBR model, the gases (CO> and O>) diffuse through the membrane into the biofilm,
allowing it to grow on the membrane surface, while in the conventional system, the attachment
surface is impermeability to gases. In the MB-PBR, the concentration gradient across the
membrane wall serves as the driving force for gas transfer. The fluxes through the MB-PBR
membrane are determined by Fick’s law; they were implemented by transport of diluted species
equations in COMSOL. In the MB-PBR model, the mass transfer coefficients were determined
by the membrane's thickness and specific diffusion coefficients. Specifically, the kn values for
each gas species were calculated as the ratio of the diffusivity to the membrane thickness
(Dm_v/dm), where "Y" represents the gas species (CO:z or O2). In the control system, there is no
membrane permeability to allow the transfer of gases. Boundary conditions included a resistive
flux at the membrane interface (x=0) to account for gas permeability and fixed bulk

concentrations at the liquid interface (x=Lr).

2.4 Model solution

The two models (MB-PBR and control) were implemented in the COMSOL Multiphysics
platform (V5.1, Comsol Inc., Burlington, MA). A system of time-dependent equations, with
mass balances for solutes (Eq. 2), advective velocity of particulates (Eq. 3) which defines the

internal advective velocity of the solid biomass matrix, and biofilm thickness (Eq. 4) which is
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332  the rate of change of the total biofilm thickness as the biomass increases, was implemented along
333  with corresponding boundary and initial conditions. For the MB-PBR, a mass balance for gases
334  was included. A discretized mesh with 100 elements was used for both models. The output of the

335  simulations included the biofilm thickness over time and profiles of concentration solutes “S”,

336  light intensity /, pH and total growth rates across the biofilm.

337

338 3. RESULTS AND DISCUSSION

339 3.1 Experimental results

340  In order to experimentally determine the MB-PBR behavior and determine key parameters, an
341  MB-PBR and a control without CO supply were operated. Once grown, three sequential,

342  seven-day cycles of growth and biofilm harvesting were carried out. The pH was maintained by
343  using a strong phosphate buffer in the media.

344

345  The MB-PBR biofilm grew significantly faster than the control, with increased biofilm

346  thickness and productivity for three seven-day cycles (Figure 3). For the MB-PBR, the average
347  biofilm thickness in the MB-PBR after seven days was 186+10 um, compared to 101+10 um
348  for the control. The biomass productivity in the MB-PBR was 1.91+0.27 g/(m* d), compared to
349 0.49+0.06 g/(m? d) for the control. The increase of biomass is nearly 4-fold, while the increase
350 in biofilm thickness is approximately 2. This discrepancy can be explained by the cylindrical
351  geometry of the membranes. As the biofilm expands radially outward and the surface area

352  increases, the biomass volume required to increase the thickness increases quadratically.

353  Notably, the productivity obtained in our experiments for the MB-PBR aligns with the range of

354  values reported in literature for phototrophic biofilms, ranging from 1 to 5 g/(m?d) *.
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Figure 3. Biofilm behavior in three cycles of growth and harvesting for the MB-PBR and
control. (a) Biofilm thickness vs. time, b) average biofilm productivities for the three cycles.
Note that the initial biofilm thicknesses are approximately the same in both cases. Error bars
represent the standard deviation of the three replicates.
Studies often report algal biofilm productivity in units of biomass per unit support area per unit
time, e.g., g/(m? d). Higher productivities can be achieved in biofilm systems by minimizing
inorganic carbon limitation within the biofilms, and also by preventing excessive increases in
pH #. The MB-PBR increases growth rates by delivering inorganic carbon directly to the
biofilm interior, as shown by the modeling studies. The membranes could also serve to strip
dissolved oxygen from the biofilm, enhancing the growth rates by avoiding oxygen
accumulation. Previous studies have used membranes for carbonation of the media, as support

carrier, and to separate algae from the liquid ***°. However, the COx delivery is still from the

bulk liquid to the biofilm.

Prior research has shown that a buffer can increase algal uptake of dissolved inorganic carbon
4647 which supports our experimental results. Inorganic carbon speciation profiles across the

biofilm are dynamic and pH-dependent . Thus, maintaining a stable pH is important for
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inorganic carbon delivery. Large increases in pH can potentially decrease the growth rates,
since it reduces inorganic carbon availability. It also can affect the growth rate if outside the

optimal pH range.

3.2 Parameter estimation

Reported values for the light attenuation coefficient (ke) and the half-saturation coefficient of
light irradiance (Kj) have a high degree of variability. Reported ke values range from 1,000 to
83,334 1/m **>* and reported Ki range from 4.2 to 83.22 W/m? 3>, Since our sensitivity
analysis showed our model to be sensitive to both parameters (see Table S4), we used our first
two experimental data sets to determine the best-fit values. These were ke=80,000 1/m and K;=5
W/m? (Figure S3, Table S5), which fall within the range of reported values. After validating our
model with the third data set (Figure S4), the calibrated model was used in our simulations. The

average relative error (%) for MB-PBR was calculated as 11.45% and for the control as 17.70%.

3.3 Effect of CO; supply concentration

Carbon is a key nutrient for production of algal biomass 4, and it may be more limiting for
biofilm reactors than suspended growth. Reported microalgal productivities range from 4 - 20
g/(m? d) for open ponds (suspended growth), but only 1 - 5 g/(m? d) for algal biofilm reactors
2 The lower productivity likely due to CO; limitation within the biofilm, although it also may

be due to pH shifts within the biofilm.

Biofilm growth for the MB-PBR and the control reactor were simulated with the 1-D model

(Fig. 4a). In the MB-PBR model, the gas supply was 5% CO and 95% N> and the light
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398 intensity was 18.5 W/m?, as with the experimental reactor. The bulk water, e.g., the fixed

399  concentration boundary on the outer biofilm, was assumed to be in equilibrium with

400  atmospheric CO». The initial biofilm thickness was 30 um.

401

402  After seven days of growth, the predicted MB-PBR biofilm thickness was 176 um, while the
403  control was only 90 um (Fig. 4a). The terms for oxygen and light inhibition on growth rates
404  were inactivated for these simulations to study the effect of CO2 supply alone. The profiles of
405  Og, COy, light intensity, pH and growth rates for both systems, at biofilm thicknesses of 80 pm,
406  are shown in Fig. 4b and 4c¢. The growth rate presented in Fig. 4 is the total combined rate on
407  CO; (r7) and on HCOs3™ (r2). The profiles across the biofilm (x) were simulated with thicknesses
408  of 80-100 um to prevent light limitation in the biofilm interior.
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410  Figure 4. Comparison of MB-PBR and conventional biofilm system performance, and effects
411  of COz supply pressure on MB-PBR performance. Panels a, b and ¢ compare the MB-PBR
412 with the control system, where the MB-PBR is supplied with 5% CO.. Panel a) shows the

413  biofilm thicknesses of both systems compared to the average experimental values (dots), while
414  panels b) and c) show the profiles of pH, light, oxygen, CO2 concentrations and growth rates.
415  Panels d, e and f compare different CO» supply concentrations in the MB-PBR system. Similar
416  to the above panels, panel d) shows biofilm thicknesses for different CO2 concentrations

417  supplied in the MB-PBR, while panels €) and f) shows the profiles of two selected CO»
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percentages (5% and 20%). Panels b) to f) are exclusively modeling outputs. Simulation times
were chosen to provide a thickness of 80-100 um in all cases. To allow this, given the different
growth rates, the profiles were provided for the following times: (4b) t=2.5 d; (4¢) t=5.9 d; (4e)
t=3.5d; (4f) t=2.2 d.

The simulated light profiles with the biofilm were similar for both systems. Since the media
was well buffered (16 mM total PO4>"), the pH profiles were flat. Since oxygen and light

inhibition were not included, the growth rate was affected only by the light and inorganic

carbon limitation.

In the control, the simulated growth rates were significantly lower than for the MB-PBR. The
maximum growth rate, 0.086 g/(m>s), was in the outer biofilm, where the inorganic carbon is
present as bulk-liquid bicarbonate. For the MB-PBR, the maximum growth rate was higher,
0.141 g/(m’s), and was located in the biofilm interior, closer to the CO, supply from the

membrane (Figures 4b and 4c).

The availability of inorganic carbon in the control can only be increased by increasing the bulk
inorganic carbon concentration, e.g., by adding bicarbonate to the bulk liquid. However, the
inorganic carbon concentration in the MB-PBR can also be increased by increasing the CO>
partial pressure across the membrane, or increasing the percentage of CO; in the membrane gas.
Recarbonation from atmospheric CO:z is typically insufficient to match demands from rapid
culture ®. And adding bicarbonate in the media, in some cases, is ineffective in increasing algal
biomass growth and nutrient removal in algal biofilms ®'. Regardless, adding bicarbonate can
be a significant cost, and some will be lost with the reactor effluent, resulting in poor utilization

efficiency.
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Dissolved inorganic carbon can exist as H2COs (dissolved CO.), HCOs™ and CO3%". CO; is the
preferred substrate for photosynthesis, but HCOs3™ also can be used and converted to CO» before
uptake or intracellularly 8. To understand the effect of CO2 concentration on MB-PBR
performance, a parametric sweep on the CO» fraction in the supply gas was carried out. The
simulated CO> volumetric fractions, ycoz, were 1%, 5%, 10%, 20%, 50% and 99% (Figure 4d).
After seven days of growth, higher biofilm thicknesses were obtained for higher CO>
concentrations in the membrane. For example, without CO; (control) the thickness was 90 um.
A thickness of 117 um was obtained with 1% CO2, and 176 um with 5%. A thickness of 369
um was obtained with 99% CO;. Note that there were diminishing returns for yco> fractions
above 5%. This was because increasing the CO; from 1 to 5% allows more COx to reach the
biofilm’s photic zone (outer biofilm). But further increases in the CO> supply concentration
only makes a small difference to areas already receiving CO., and only slightly expand CO-
penetration into the outer, CO»-limited region of the photic zone. Fig. 4e and 4f compare the
profiles for 5% and 20% COz. The plot for 20% CO. shows significantly higher growth rates

within the biofilm than that for 5% COs.

For suspended culture and biofilms, the CO: fractions for optimal algal growth are reported to
be 1 to 5% >%. It is generally accepted that microalgae are sensitive to very high CO; levels.
However, it has been shown that some microalgae can grow rapidly under CO; concentrations
up to 40% and some species can grow even at 100% CO; (e.g. Chlorella sp. T-1) 4,
Acclimation to low or high CO; concentrations might play an important role in the

photosynthetic rates at different CO> concentrations. Unicellular green algae and cyanobacteria
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are naturally adapted to the low CO> atmospheric levels (0.038%), using an inorganic carbon
concentration mechanism (CCM). This mechanism is suppressed at elevated levels of CO of 1-
5%, %°. When microalgal cells are grown under high CO» concentrations, e.g., 5%, even when
there is a suppression of the CCM, the maximum photosynthesis rate is increased in some
genera, such as Chlorella, but not in others, such as Chlamydomonas ©’. Using elevated CO,
levels can improve growth rates up to a point. The photosynthetic rate increase will depend on
the algal species, acclimation stage and other culture conditions. While using waste CO», e.g.,
from an industrial process, could provide substantial cost benefits, further study is needed to
understand the impact of impurities. Otherwise, the cost of using commercial grade gas is an
additional factor to consider %,

A practical application of this model is, for a given incident light intensity, water buffering, and
COz in the liquid and membrane supply, determining the ideal strategies for biofilm harvesting.
Harvesting too much biofilm can result in low initial growth rate of new biofilm. On the other
hand, allowing the biofilm to become too thick reduces the benefit CO supply from the

membrane, as the CO; concentration at the outer biofilm may be too low.

3.4 Effect of pH

Biofilms provide micro-environments where their pH values can differ from the bulk
environment ®. To study the effect of pH and phosphate buffer strength on MB-PBR, oxygen
and light inhibition were again neglected. The CO» gas concentration in the membrane was 5%
and the phosphate buffer addition was simulated as 16 mM or 0.023 mM (phosphate present in
the BG-11 media, no extra buffer added). The light intensity was increased to 250 W/m? and

initial pH was 7.5. Using phosphate buffer enhanced the biofilm growth after 21 days, but a
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counter-effect was observed during the first stages of growth, where the “No buffer” condition
presented a slightly higher thickness (Fig. Sa). This could be explained by observing the

profiles for pH, CO, total and carbon species (Fig. Sb and 5c).
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Figure 5. Effect of pH on MB-PBR, via modeling. Panels (a, b, ¢) compare a phosphate-
buffered MB-PBR with a MB-PBR without phosphate buffer. Panel a) shows the biofilm
thicknesses, while panels b) and c) show the pH, CO; total, carbon species and growth rates for
both biofilms simulated on both conditions. Simulation times to provide a 150 um thickness:
(5a) t=21 d; (5b) t=1.9 d; (5¢) t=2.1 d.

When the phosphate buffer is lacking, the pH decreases to 5.4 at the base of the biofilm,
affecting the total CO,. Without buffer and with a pH of 5.4, the CO: remains mostly in its
dissolved form (CO2(aq)) rather than converting to bicarbonate (HCOs") or carbonate (COs*").
In the buffered system with a pH of 7.38 at the base of the biofilm, a significant portion of CO:
is converted to bicarbonate. Bicarbonate can be utilized by microalgae, but it also represents a

more stable storage form of inorganic carbon. The lower pH in the non-buffered condition may

increase the concentration of dissolved CO-.

In addition to affecting inorganic carbon speciation, the pH can adversely affect the growth
rates for 5.5 < pH < 8.5. In the non-buffered condition, the higher availability of CO2(aq)
compensates for potential low pH inhibition, resulting in a net increase in growth rates in the

first stages of growth. Microalgal growth is optimal at pH values between 6 and 9. Low pH
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might induce cytoplasm and chloroplast acidification, decreasing photosynthetic rates ¢’. The
pH is also important for biofilm establishment (not included in this model), since it influences
the production of extracellular polymeric substances (EPS), such as proteins, polysaccharides
and lipids '*. Furthermore, adhesion can be enhanced at pH>7 in diatoms, chlorophytes and

cyanobacteria 7°.

The above suggest that, while a moderate acidification (e.g., pH 5.4) observed in the non-
buffered condition can initially favor growth by increasing the dissolved COy, it presents a
narrow operational window. In the absence of a buffering system, any further increase in CO;
supply poses a risk of dropping the pH below physiological limits (pH 3 - 4), potentially

decreasing growth rates.

3.5 Photoinhibition

Light is the driving force for photosynthesis, and it also plays important role in the assimilation
of nutrients and the EPS composition phototrophic biofilms ’!. If little light is available in the
deeper biofilm, this zone will experience photo limitation. However, if the light intensity is
excessively high, typically in the outer biofilm, photoinhibition occurs. The extent of
photolimitation or photoinhibition depend greatly on the biofilm composition and growth
conditions. Light can inhibit growth at irradiances above 30 W/m? 72, Other authors have
reported light saturation (no longer be rate limiting) at 60, 100 and 150 pmol/(m? s) (13, 22 and
33 W/m?, respectively) and others considered light limitation between 12 - 88 pmol/(m?s) (2.6

—19 W/m?) 7.
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In this study, light inhibition was modeled with a self-inhibition term (I*/Kr1). Rates are
presented in Table 2. Simulations for a MB-PBR system were performed with and without a
light inhibition term (Fig. 6a). A high light intensity was used (200 W/m?), the CO> supplied in
the membrane was at 5%, and the light inhibition coefficient was Kp=50 W/m?2. As expected,
light inhibition decreased biofilm growth rates. A high light intensity has the potential to
negatively impact the activity rates on the outer surface of the biofilm as it is shown by the

profiles comparing both conditions (Fig. 6b and 6c¢).
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Figure 6. Assessment of light inhibition in the MB-PBR, via modeling. MB-PBR without and
with light inhibition term added were compared in terms of biofilm thickness (6a) and profiles
across the biofilm (6b and 6¢). Simulation times for reaching 80 um thickness: (6b) t=1.1 d; (6¢)
t=1.7 d.

In suspended cultures, most of the light absorption is from algal cells close to the water surface,
creating a self-shading effect and a light gradient in photobioreactors. This phenomenon can
also occur in biofilms, where cells are more densely packed "*. Similar to suspended cultures,
algal biofilms cells absorb almost all of the photons they receive. However, they cannot use all
the energy, instead, the excess is dissipated through mechanisms such as non-photochemical
quenching, reactive oxygen species (ROS) generation and fluorescence '>’®, blocking the inner

cells from receiving enough light for growth. As the biofilm grows thick, the deeper cells

cannot obtain enough light for photosynthesis %, creating a photosynthetically inactive region.
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This effect has been largely demonstrated by measuring the photo flux density (PFD) of a
biofilm: cells adjacent to the light source were receiving high PFD, but cells in the inner biofilm
at a distance of 150 um were almost in dark conditions . Other studies report that light can
penetrate around 200 um into biofilms ’®, which is in general accordance with our model: for

both conditions, light is still present around 0.3 W/m? in the deeper regions of the biofilms.

A potential limitation of the MB-PBR is the counter-directional supply of light, nutrients, and
COsz. In extremely thick biofilms, this could lead to stratified inactive zones where light, carbon
or nutrients might be limiting. Despite this, the MB-PBR offers some advantages that
compensate for this constraint, such as near 100% gas transfer efficiency (minimizing losses
associated with sparging CO: to the bulk); oxygen removal from the biofilm via back-diffusion
and capability of a dual supply of CO; if coupled with bicarbonate in the bulk. In addition, this
limitation can be easily managed through operational control by implementing periodic

harvesting of the biomass, maintaining an active biofilm.

In this research, our experiments were based on a synthetic minimal medium, and our model
only included phototrophic organisms. In reality, algal photobioreactors could be supplied with
water containing organic carbon, particulate matter, color and turbidity. More complex,
multispecies models (e.g., including heterotrophic bacteria) might be needed to address more

realistic conditions.
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CONCLUSIONS

We developed a new algal biofilm model that capture the behavior of phototrophic biofilms
growing on a counter-diffusional, CO supplying membrane. Following calibration, the model
successfully predicted the growth rates of our experimental system, and allowed us to obtain
new insights into its behavior. Our results show that the MB-PBR can significantly enhance
phototrophic biomass production rates. Experiments showed a 3.9-fold increase in biomass
productivity with CO2 supply. Our simulations suggest that buffer addition in the bulk liquid
can help prevent dramatic pH shifts in the biofilm interior, and that light becomes limiting
(inner biofilm) or inhibitory (outer biofilm) at certain threshold of biofilm thicknesses,
depending on the light intensity. This work provides a more fundamental understanding of
membrane algal biofilms and highlights the MB-PBR's potential for diverse applications, such
as wastewater treatment, biofuel production and CO: capture. It also provides a tool to
determine optimal biomass harvesting strategies. Future work should explore the effect of the
MB-PBR on the biofilm microbial ecology, harvesting strategies, photobioreactor geometry and

arrangement of membranes, predation within the biofilm, light supply, among others.
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