
ABSTRACT 

SCHULTE, MARK JOSEPH A Biocomposite Biocatalyst for Energy Efficient Gas-to-

Liquid Conversion of Carbon Monoxide by Clostridium ljungdahlii OTA1 (Under the 

direction of Doctor Michael C. Flickinger). 

 

This dissertation describes the design for a prototype biocomposite falling film reactor 

for gas-to-liquid biomanufacturing. There is a massive potential for a system that can process 

distributed sources of single carbon gases into valuable fuels and chemicals. This could be 

accomplished using the incredible specificity of cellular biocatalysts if the bioreactor has high 

intensity with minimal power and water requirements, elevated mass transfer, and a modular, 

simple design that can be easily shipped to the gas source. These three qualities are 

demonstrated separately using a Clostridium ljungdahlii OTA1 biocomposite. 

This work advanced beyond previous biocomposite biocatalyst studies by removing 

adhesives to take advantage of the natural ability of C. ljungdahlii to adsorb to cellulose which 

eliminated a diffusion barrier. Additional advancements include orienting the gas absorption 

assay horizontally, coating a larger paper surface area (10 cm2), reducing liquid volume, and 

agitating slowly (50rpm) to mimic a falling liquid film. All of these together, intensified 

specific CO absorption reactivity by >14 fold to 94 mmol CO/m2/h. Reducing the liquid 

volume to 15% of the reactor volume did not affect reactivity but did increase final product 

concentration by 80% without engineering the cells. The mass transfer coefficients and power 

requirements for the small batch tube systems were estimated at >100h-1 and <10W/m3, 

respectively, which matches the performance of common bioreactors at 1 to 4 orders of 

magnitude less power.  

The small, batch, proxy for a falling film described above motivated study of a 

continuous falling film system. This was performed without cells to focus on hydrodynamics 



and mass transfer. This paper strip system could investigate Reynolds numbers much lower 

than commonly investigated (Re<100) because of the hydrophilicity of the paper. These 

experimental results motivated a computational fluid dynamics study of an abiotic continuous 

falling film, and a finite element model was developed. Excellent agreement was found 

between the experimental and computational results in terms of wave behavior, mass transfer 

and film velocity. Mass transfer coefficients, kL and kLa, were calculated as ~7E-5m/s and 

~2000h-1, respectively. The elevated mass transfer was shown to be a function of the transverse 

motion of the solute cause by wave motion. Power requirements of the falling film reactor 

were predicted as ~10W/m3, still 1 to 3 orders of magnitude less than other gas-processing 

bioreactor types. Adding a model rough surface to the simulation had little effect on the 

gas/liquid mass transfer, but significantly affected the liquid/solid mass transfer which is 

important to maintain transport around the immobilized cells. From this model, to guide cell-

to-paper adhesion studies, shear stress was found to be <1% of what cells experience in 

common bioreactors. 

The ability to ship reactor modules to a gas-generating site would be significantly 

advanced if the biocomposite biocatalyst could be stored dry. An anaerobic convective drying 

method was developed using C. ljungdahlii that showed 20% recovery of biocomposite wet 

reactivity consistently throughout 38 days of dry storage at 4°C. This is the first report of 

successful ambient drying and refrigerated dry storage of C. ljungdahlii. Additionally, a 

method was developed for analyzing the residual water content of a biocomposite in situ with 

Raman microspectroscopy.  

Ongoing work bringing these concepts together to make a prototype bioreactor is 

described. An example calculation based on the proposed, unoptimized, falling film bioreactor 



design predicts that such a biocomposite bioreactor could process the same amount of gas as a 

stirred tank with 80% less water and 96% less power. This novel system could revolutionize 

application of engineered microbes for processing large volumes of C1 gases and enable a 

more energy efficient, scalable biological route to recycle carbon into liquid fuels or chemicals. 
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1.1 Background 

The United States emits ~2,000,000 metric tons of carbon each day as CO2 (from 

electricity generation and industry) and ~10,000 metric tons as CH4 (vented and flared) [1, 2]. 

It should be both economically and environmentally attractive to use (recycle) these cheap - or 

even negative cost - sources of carbon for manufacturing fuels and chemicals as this approach 

would also reduce carbon emissions. As a comparison of scale, in order to reduce net carbon 

emissions from vehicles, the United States is making bioethanol from renewable sources which 

now accounts for 10% of the United States’ liquid fuel consumption for transportation. First 

generation corn ethanol reduces emissions by ~60,000 metric tons of carbon per day compared 

with petroleum sources [3, 4]. The current bioethanol scale is large, but the potential scale for 

using waste gaseous carbon to make liquid transportation fuels and industrial chemicals while 

reducing atmospheric carbon emissions is ~30 fold larger. Point sources of waste gaseous 

carbon are scattered (distributed or remote). Consequently, to transform these C1 gases into a 

useful product would require a system to be highly reactive, simple, and modular for 

distributed processing. 

One approach is to recycle carbon emissions by engineering selective biocatalysts - 

living cells - for large scale chemical and fuel processing.   Cells as biocatalysts are capable of 

synthesizing C-C bonds and can generate multi-carbon compounds from single carbon (C1) 

gases [5, 6].  In order for this emerging technology to mature, engineered C1 biocatalysts must 

have comparable reactivity, efficiency and stability to chemical catalysts currently used to 

reform C1 gases.   
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We propose an entirely new composite materials approach using biocomposite 

biocatalysts: highly concentrated and stabilized, gaseous, C1 assimilating cells.  These 

biocomposites will enable, for the first time, thin film chemical reactor technology to be 

applied to intensify the reactivity of living cells as catalysts for gas biotransformation. This 

results in significantly reduced water use and reduced power input for gas-liquid-solid mass 

transfer.   This composite materials approach to engineering the form of biocatalysts, stabilize 

biocatalytic activity and intensify reactivity should be broadly applicable to a variety of 

engineered cell types. It could be applied for gas-to-liquid transformation of emissions, 

recycling of remote natural gas, conversion of syngas from gasification of wastes, and 

conversion of either fossilized or renewable gaseous carbon compounds or industrial emissions 

(VOCs) into higher molecular weight chemicals and fuels.  

 

1.2 Conventional feedstocks and processes 

Currently, there is much work ongoing on creating new biocatalysts for the 

manufacture of fuels and chemicals from agricultural sources instead of petroleum [7, 8]. 

Expansion of first generation biofuel manufacturing facilities employing starch-based carbon 

sources (sugars) that could have been used as food have thankfully declined. However, this 

first generation technology provides almost all of the ethanol for the ~10% mixture being used 

nationwide [3, 4]. Second generation biofuel feedstocks (lignocellulosic) have no food use. 

However, they do compete for arable land with food crops, and they likely compete for water 

and nutrient (fertilizer) resources. Appropriately, the United States domestic energy policy is 

now directing significant resources for research toward non-starch derived biofuels (2013 
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Environmental Protection Agency Renewable Fuels Standards). However, there are a number 

of technical hurdles [8]. Particularly, they suffer from reduced yields due to the recalcitrance 

of lignocellulosic biopolymers to complete degradation using many conventional, economical, 

pretreatment methods [9]. Despite these limitations, there have been commercial scale second 

generation biofuel plants constructed by Abengoa and DuPont of ~1E6 barrels/year [10]. 

Abengoa filed for bankruptcy in 2016 [11] which highlights the difficulty of profitability even 

at very late stages. Additionally, the idea of “commercial” scale biofuel facilities is small in 

comparison with an average oil refinery. The average refinery in Texas processes ~2E5 barrels 

of oil per day [12] - eclipsing the best biorefineries’ yearly production in a less than a week. 

These lignocellulosic facilities are limited by the economics of the harvesting and 

transportation costs of feedstock to the biorefinery. The Dupont plant receives corn stover from 

a radius of only 30 miles [10]. So multiple plants would have to be built across the countryside.  

 

1.3 Alternative feedstocks 

We propose engineering a new method of C1 biocatalysis. Single carbon gases are 

attractive as a substrate for making renewable fuels and chemicals through gas-to-liquid (GTL) 

processing because they are cheap and can have favorable carbon yields over sugar processes 

[13-15]. The most readily available single carbon gases are carbon dioxide (CO2), carbon 

monoxide (CO), and methane (CH4). We are not interested in dilute CO2 sources processed by 

algal ponds [16], but rather in designing intensified biocatalysts for very large point source 

emission sites (industrial processes, power plants). In the United States alone, electricity 

generation emitted 2,039.3 million metric tons of CO2 in 2014 [1]. Point sources for CO are 
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steel mills, or gasification plants. Gasification of carbon containing wastes or biomass to 

syngas has a number of advantages that make it an attractive first step in biofuel production 

compared with fermenting sugars. Gaseous carbon compounds are a less expensive source of 

carbon which does not compete with food crops or agricultural land, and can be derived from 

various feedstocks enabling flexibility (coal, municipal solid waste, biofuel 2nd generation 

energy crops, and lignin) [17, 18]. Syngas is made up of H2, CO and CO2, tar and other 

impurities and its final composition depends on the type of gasification reactor and operating 

conditions [19, 20]. 

Methane as a feedstock is being researched currently with the low cost of natural gas.  

Beyond well heads, which flared ~1E7 m3/d in 2014 in North Dakota alone [2], point sources 

of methane are anaerobic digesters which produce biogas. An ideal distributed gas to liquids 

system would have a small footprint (an intensified process) and be able to be collocated with 

minimal infrastructure and resource use (water, power) at these sources. 

1.4 Alternative processes 

Currently, large scale gas-to-liquid production facilities use the Fisher-Tropsch (FT) 

process to convert CO and H2 to mixed hydrocarbons. The feedstock can also be CH4, but 

requires an extra steam reforming step. Though the technology has existed since WWII, it has 

not seen much penetration in the marketplace. The FT process has generally been used only 

where conventional sources of petroleum are unavailable, such at South Africa during the 

apartheid embargo or where there is an incredible amount of natural gas (see below). FT 

technology has a number of limitations such as the huge scale required for economical 
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operation, inflexible feedstock composition, broad product distribution, extreme processing 

conditions, and catalyst poisoning by impurities [21-25].  

The world’s largest FT facility is the Shell Pearl GTL in Qatar. It is situated over the 

world largest gas field in the Arabian Gulf and is almost 10X larger than Shell’s first GTL 

plant in Malaysia. It achieved full production in 2012 of roughly 260,000 barrels per day which 

is roughly 8% of Shell’s worldwide output [26]. However, this incredible technical 

achievement is difficult to replicate on a smaller scale because of the massive facility size 

required for favorable economics. The point source sites we describe are smaller and could not 

support a facility of Pearl’s size. There is work currently being pursued to scale down the 

reactor size using process intensification with microchannel reactor technology [27], however 

there are no smaller scale FT production facilities in operation yet. 

 

1.5 GTL Biocatalysis  

Using biocatalysts for GTL processing of C1 containing gases is promising for a 

number of reasons, though it does face limitations (Table 1.1). The main problems of 

energetically expensive mass transfer, slow kinetics, low product concentrations, and large 

water requirements at industrial scale make the economics of currently available methods for 

bioprocessing of C1 gases difficult. One attractive example, and the model C1 biocatalyst for 

this work, is Clostridium ljungdahlii that uses CO and CO2 from syngas as a sole carbon source 

in the presence of H2 to produce C2 ethanol and acetate [28]. 

 

1.6 Novel GTL bioreactors 
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There have been some efforts to overcome these limitations through novel bioreactor 

design (Figure 1.1) [29]. The standard gas sparged stirred tank bioreactors (STRs) have high 

energy costs to disperse poorly soluble gases in large volumes of aqueous media compared to 

many other multi-phase biochemical reactors at similar mass transfer levels. As an example 

for our model organism, this results in high processing costs for contacting syngas CO and H2 

with highly concentrated Clostridia. For example, for a fixed CO mass transfer coefficient 

(kLa) of 180 h-1, Choi et al, calculated the annual stirring costs for the bioreactor in a syngas 

biorefinery producing PHA and hydrogen at 48% of the annual capital costs or a “CO 

solubilization” cost of $0.21/kg CO. This same bioreactor will require 678,174 kg of makeup 

water each day which is a significant problem in industrial water management [30].  

There have been efforts to address the mass transfer limitations in stirred tank syngas 

processes by investigating novel gas-liquid reactor configurations. As the solubility of CO is 

fixed by reaction temperature and pressure, most researchers focus on improving the carbon 

monoxide mass transfer coefficient, kLa, as described in equation 1 

 

 
𝐶𝑂𝑇𝑅 =

𝑑𝐶𝐶𝑂,𝑙

𝑉𝐿𝑑𝑡
= 𝑘𝐿𝑎(𝐶𝐶𝑂,𝑙

∗ − 𝐶𝐶𝑂,𝑙)           (1) 

 

 

Where COTR, kLa, C*, CL, and VL are the CO transfer rate (mol L-1 h-1), overall mass 

transfer coefficient (h-1), the maximum CO solubility (mol L-1), the concentration of CO in the 

liquid phase (mol L-1), and the liquid volume, respectively.  
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Though the mass transfer coefficient is generally presented as one term, it is actually 

two that are difficult to determine separately and accurately by experimental methods. The 

system’s gas-liquid mass transfer is described by kL (m s-1
 or m h-1) and the interfacial area is 

described by a (m2 m-3). Novel reactor configurations or additives generally are changing a as 

kL is constant for each system [31, 32]. Though there is one example of insoluble “transfer 

vectors” that could affect kL [33].  

Alternative reactors to STRs evaluated for syngas fermentation are bubble columns, 

microbubble dispersion devices, airlift, packed beds, microchannel, or hollow fiber reactors. 

The first three are lower power options. A bubble column (BC) will reduce the mass transfer 

power requirements. However, they may be problematic at higher viscosities and higher cell 

densities as uniform mixing deteriorates. Additionally, BC reactors are limited to a narrow 

range of gas flow rates because of problems of bubble coalescence and foaming [34]. 

Coalescence is particularly a problem when the column height/diameter is >12 [35].   Airlift 

reactors use the bubbles in the riser to create a bulk liquid flow pattern up the draft tube and 

down the annulus (down comer) as a gas-directed mixing loop reactor.  Airlift reactors can 

process more viscous fluids than bubble columns [34] but will break down under high viscosity 

systems that require more shear stress to initiate flow and mixing [36]. 

Packed column or trickle bed reactors use a packing to maximize interfacial surface 

area while reducing liquid requirements compared to a bubble column or airlift systems [37]. 

However, the inert packing usually fills 40-60% of the total volume and therefore the fraction 

of the reactor occupied by the gas is low limiting mass transfer. They can have low pressure 

drop (as long as the biocatalyst does not leave the support particles) and can process foaming 
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liquids because the gas doesn’t agitate the liquid significantly [34, 35]. However, 

heterogeneities such as channeling are prone to develop within the bed [38]. For syngas 

fermentation, these reactors require colonization of the support by formation of a natural 

biofilm; the biofilm does not have engineered adherence to the support and therefore cells can 

leave the support and clog the reactor. The thickness and reactivity of the biofilm will vary 

with time and spatially within the reactor resulting in varying productivity. In addition, the 

cells in contact with the support surface of a thick biofilm may be starved for nutrients and die 

resulting in biofilm sloughing [34]. Biofilm reactors require periodic back-flushing to maintain 

low pressure drop as the spaces between the packing can be clogged by film growth, especially 

when using smaller packings to increase surface area [39, 40]. These systems are also limited 

to microbes that are capable of forming adherent biofilms. At large scale, these reactor types 

don’t require agitation (e.g. bubble column, airlift, trickle bed) and therefore are preferred for 

good mass and heat transfer properties at lower power than stirred tanks [34]. 

Microchannel absorbers can have very high gas-liquid-solid mass transfer rates, but 

require a lot of energy to do so (Figure 1) [38]. The gas and liquid are both pumped through a 

narrow channel creating high interfacial area. The flow regime can have a significant effect on 

the mass transfer characteristics [32, 41]. They can be operated with the cells in solution, by 

allowing a biofilm to grow on the interior surface of the channel, or by using a thin, adhesive 

biocatalytic bi-layer coating of concentrated cells [42, 43].  If the cell containing biofilm layer 

thickness and adhesion onto the channel walls are not controlled using adhesive polymers with 

strong wet adhesion, there will be increased pressure drop at small channel diameters needed 

for enhanced gas-liquid mass transfer. If the cellular biocatalysts are in solution in a 
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microchannel bioreactor, their density must be kept dilute to prevent clogging. For natural 

biofilm systems in channels, the flow rates must be kept low (reducing gas-liquid mass 

transfer) in order to minimize biofilm sloughing. Additionally, it takes time for the film to 

develop and the bioreactivity is time-dependent [44].     

Hollow fiber membrane bioreactors achieve high mass transfer although little power 

input information is available in the published literature. The gas is pumped through the fiber 

lumen and diffuses through the fiber membrane into the liquid phase outside the fiber. Because 

the fibers can be very narrow, the interfacial area in a membrane module can be very high. The 

characteristics of the membrane have a significant effect on the mass transfer performance 

[45]. Yet, the inability to control the thinness and adherence of the biofilm on the outer surface 

of the fiber leads to actual operating conditions being much lower resulting in reduced mass 

transfer rates (~100 h-1) compared to conditions predicted to be maximal (1096 h-1) [46]. 

 It is our goal to develop a scalable bioreactor containing highly concentrated non-

growing living cells that operates with minimal pressure drop at very low power input (<10 W 

m-3) and is capable of elevated gas-liquid mass transfer >100 h-1. Additionally, it should have 

minimal liquid phase (significantly reduced water use) to accelerate mass transfer by using thin 

liquid films in contact with highly concentrated cells immobilized in thin coatings or films in 

a porous biocomposite material. The properties of biocomposite materials that can be 

engineered include: cell number (catalyst loading), coating thickness (microstructure), cell 

state, cell stability (reactive half-life), support surface area, surface chemistry, and cell-to-

surface adhesion (wet adhesion).  The reactivity should be extremely high and constant without 

the need for long seed trains or low cell density immobilization phases. Lastly, the gas fraction 
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of the reactor should be very high to minimize water requirements and accelerate volumetric 

gas processing.  

1.7 E-factor 

Finally, in order for biocatalysts to be able to succeed in competing with conventional 

chemical catalysts in the commodity space (large annual product tonnage), significant 

improvements need to be made in the efficiency and stability over current bioprocessing 

methods. One approach for showing the short-comings of biomanufacturing is by calculating 

the E factor (kg waste/kg product, Table 1.2) [47]. Though originally developed as a tool for 

green chemistry analysis, it shows why current biocatalysis methods struggle to compete 

compared to chemical processing at large processing scale.  

Because of the extraordinary specificity of biocatalysis and generation of improvement 

in the overall yield of carbon conversion by living cells to form products, primarily from 

carbohydrates, biomanufacturing is only profitable for the manufacture of fine chemicals 

(amino acids, organic acids, many antibiotics), industrial enzymes, biotransformation of 

pharmaceutical intermediates, and biopharmaceuticals (therapeutic proteins, antigens). There 

are currently very few industrial examples of the use of biocatalysts at the scale of commodity 

chemicals and oil refining. Commercially successful bioprocesses producing high value 

products can have E factors that are incredibly high. Recombinant human insulin production 

yields an E factor of 6,600 and if water is included the E factor is an astonishing 50,000 [48]! 

Lignocellulosic bioprocesses that are trying to enter the bulk chemical or fuel space have 

shown an E factor of 42 of which 36.8 is water [49]. Clearly, water use is a serious concern for 

any very large scale bioprocess producing a commodity product and its volume (and energy 
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associated with its removal from products and re-use) must be significantly reduced.  Process 

integration methods for analysis of cost-effective water use are well established in the fossil 

fuel, biofuel and nuclear power industries [50].  In order for biocatalysts to be used in much 

large processes -- on the scale of chemical plants -- water use must be minimized. 

In addition to water use, the ability of biocatalysts to access the bulk chemical and fuel 

space (annual product tonnage) will always be limited by the catalyst generating waste 

products. This is particularly evident in current industrial bioprocesses that require cell growth 

to high biomass density for production of products. After the process is complete the waste 

biomass must be removed from the product stream and disposed of or recycled back into the 

process somehow.  Our approach to avoid the generation of biomass waste is simple – use the 

cell biomass significantly longer (1,000s of hours to > 1 year) before replenishing it.  This is 

accomplished by utilizing cells in a non-growth state [51], where the yield of feedstock 

(substrate) that is input into the bioprocess comes out as product is maximized by elimination 

of new cell biomass as a waste product. Carbon assimilated into cell biomass dramatically 

reduces the carbon conversion yield of substrate to products.   Human and plant biology have 

established that living cells can have extended lifetimes without cell division – even 

comparable to the half-life of chemical catalysts -- while still maintaining elevated reactivity. 

Using non-growing cells is a revolutionary (and disruptive) concept compared to the current 

bioprocess industry that utilizes growing cells for a limited time (100s of hours) compared to 

the reactive half-life of chemical catalysts (1,000s of hours) [51].  If this novel concept is 

exploited in the future by engineering cells to be highly reactive and efficient biocatalysts when 

not replicating their genome, this will drive the E factor down to levels previously inaccessible 
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to bioprocessing. This will aid the economics of very large scale bioprocessing immensely.  

This applies not only for the production of liquid fuels, and chemicals from C1 gases (this 

dissertation),  but also for using concentrated non-growing microbes to harvest solar energy 

[52], purify water and intensify processing of very large volumes of liquid and gaseous wastes.  

 

1.8 Organization of Dissertation 

This introduction is the motivation for the chapters that follow to develop a system that 

can take advantage the massive opportunity in processing of single carbon gases using non-

growing microorganisms as biocatalysts. Chapter 2 describes how a simple paper-based 

biocomposite outperforms the same number of suspended C. ljungdahlii OTA1 cells in a 

number of ways for absorption of CO from a model syngas. In particular, it describes how 

biocomposite biocatalysts could address the high cost of mass transfer, low product 

concentrations and high water requirements of traditional CO bioreactor bioprocessing 

methods. Chapter 3 expands on the promising mass transfer data described in Chapter 2: a 

batch, static model system in small tubes, to propose a continuous-flow gas and falling liquid 

film system. With continuous gas flow, the gas mass transfer driving force will no longer 

diminish with time. Experimental and computational methods are developed for analyzing the 

hydrodynamics and gas-liquid-solid mass transfer of falling liquid films to the surface of a 

paper substrate. This contribution is unique in its focus on the film being over a rough, 

hydrophilic surface at very low Reynolds numbers. Additionally, the finite element 

computational methods developed are ~10 fold faster than the commonly used finite volume 

methods to arrive at similar solutions. Chapter 4 depicts a new way to think about 
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biomanufacturing where the biocatalyst can be stored dry in a biocomposite material fabricated 

into a reactor module for rehydration when needed at the site of use. Following convective 

drying and storage, the reactivity after rehydration of C. ljungdahlii OTA1 is stable for over 

38 days with no change in CO absorption rate with the paper substrate playing an important 

role in dry stabilization. This opens the way for centralized manufacture of dry-stabilized 

biocomposite modules that can be stored and shipped dry to decentralized bioprocessing sites. 

Dry-stabilization is a revolutionary approach to biocatalyst engineering that has so far only 

impacted a small segment of commercial use of living cells as biocatalysts (baking, food 

fermentation).  Finally, Chapter 5 describes ongoing work to move beyond the small batch gas 

absorber system to a prototype lab scale continuous falling film bioreactor combining the key 

results from Chapters 2-4. In order to engineer a biocomposite biocatalyst for a thin film 

reactor, both cell adhesion to the paper substrate as well as the ability to survive drying and 

rehydration are critical.  Additionally, methods are described in Chapter 5 for rapid and 

quantitative measurement of adhesion of cells to surfaces as a function of applied fluid shear 

stress.  

The Flickinger lab has shown that cells immobilized on an inexpensive substrate 

outperform suspended cells in absorbing gases in batch systems in a number of ways. This 

dissertation attempts to show how these promising properties of simple paper biocomposites 

could be applied in a continuous-flow thin film bioreactor system to be a scalable technology 

to fill needs in the marketplace for engineering the next generation of highly efficient 

biocatalysts for processing waste gases with minimal water and power requirements.   
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Table 1.1-Comparison of the different gas-to-liquid processing methods 

Parameter Bioprocessing Fischer-Tropsch 

Feed Stock 

Flexibility 

Solid wastes,  carbonaceous 

feedstocks,  waste gasses 

Solid wastes,  carbonaceous 

feedstocks 

Catalyst Temp 37⁰C >200⁰C 

Operating Pressure 0-2 bar >50bar 

Gas input Flexible Fixed 

Product selectivity High Low 

Product 

Concentration 
Low High 

Water 

requirements 
High, pure for growing cells High, impure for cooling 

Reaction Rate Slow Fast 

Rate Limiting Step Gas-to-liquid mass transfer Gas-to-solid mass transfer 

Economics 
Unknown, no commercial scale plants 

in operation 

Only at large scale 

(>12,000 barrels/day) 
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Table 1.2-Comparison of E factor for different industries [47] 

Industry segment Product tonnage 
E factor 

(kg waste/kg product 

Oil refining 106-108 <0.1 

Bulk chemicals 104-106 <1-5 

Fine chemicals 102-104 5-50 

Pharmaceuticals 10-103 25-100 
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Figure 1.1-Mass transfer coefficient vs power input for different reactor configurations [29] 

(See Chapter 2). 
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Abstract 

We propose a novel approach to continuous bioprocessing of gases. A miniaturized, 

coated-paper strip, high gas fraction, biocomposite absorber has been developed using slowly 

shaken horizontal anaerobic tubes. Concentrated Clostridium ljungdahlii OTA1 was used as a 

model system.  These gas absorbers demonstrate elevated CO mass transfer with low power 

input, reduced liquid requirements, elevated substrate consumption, and increased product 

secretion compared to shaken suspended cells.  Concentrated OTA1 cell paste was coated by 

extrusion onto chromatography paper. The immobilized system shows high, constant reactivity 

immediately upon rehydration. Cell adhesion was by adsorption to the cellulose fibers; 

visualized by SEM.  The C. ljungdahlii OTA1 coated paper mounted above the liquid level 

absorbs CO and H2 from a model syngas secreting acetate with minimal ethanol.  At 100 rpm 

shaking speed (7.7 Wm-3) the optimal cell loading is 6.5 gDCW m-2 to maintain high CO 

absorbing reactivity without the cells coming off of the paper into the liquid phase.  Reducing 

the medium volume from 10 mL to 4 mL (15% of tube volume) did not decrease CO reactivity.  

The reduced liquid volume increased secreted product concentration by 80%. The specific CO 

consumption by paper biocomposites was higher at all shaking frequencies <100 rpm than 

suspended cells under identical incubation conditions. At 25 rpm the biocomposite 

outperforms suspended cells for CO absorption by 2.5 fold, with an estimated power reduction 

of 97% over the power input at 100 rpm. The  estimated minimum kLa for miniaturized 

biocomposite gas-absorbers is ~100 h-1, 10 to 104  less power input than other syngas 

fermentation systems reported in the literature at similar kLa. Specific consumption rates in a 

biocomposite were ~14 mmol gDCW
-1 gDCW

-1  h-1. This work intensified CO absorption and 
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reactivity by 14 fold to 94 mmol CO m-2 h-1 over previous C. ljungdahlii OTA1 work by our 

group. Specific acetate production rates were 23 mM h-1 or 46 mmol m-2 h-1. The specific rates 

and apparent kLa scaled linearly with biocomposite coating area.  
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2.1 Introduction 

Gas-to-liquid (GTL) biocatalysis is attractive for carbon recycling with production of 

fuels and chemicals because of substrate flexibility, product specificity, and mild reaction 

conditions [1]. Genetic engineering of gaseous carbon assimilating microorganisms to produce 

different products is currently being intensely investigated [2]. However, GTL biocatalysis is 

limited by the energy cost for dispersion of low solubility gases into aqueous media, slow 

volumetric substrate consumption, slow specific production rates, and low product titers [2-5]. 

These limitations are particularly evident in stirred tank bioreactors (STRs) which 

consume a substantial amount of energy to contact low solubility gases with suspended cells 

(1,000-10,000 W m-3). The power required to disperse large volumes of gas into a large liquid 

phase increases operating costs. In the absence of cell recycle, this limits the cell density and 

therefore gas consumption/product production rate achievable with STRs at large scale. These 

systems are often not continuous processes. As a result, cell concentrations are low, mass 

transfer resistance can be significant, the secreted products may accumulate to toxic levels, and 

specific production rates are low compared to sugar substrate fermentations which can achieve 

production rates of  >10 g L-1 h-1 (>200mM h-1) [6]. Additionally, accumulation of secreted 

products to high concentration requires fermentations of >5 days [7, 8].  

Carbon recycling using GTL biocatalysis utilizes microbes capable of growth on C1 

substrates (CO, CH4, and CO2). Our model organism is Clostridium ljungdahlii OTA1 which 

converts CO from syngas as its sole carbon source into ethanol and acetate [9-11]. Mutant 

OTA1 was derived from ATCC 55383 and isolated for its desirable ethanol to acetate ratio and 
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CO consumption [12, 13]. Wild type C. ljungdahlii has been shown to have a maximum 

specific uptake of ~35 mmol CO gDCW
-1 h-1 in liquid culture [14, 15].   

There have been a number of efforts to reduce power input by reactor design in GTL 

stirred tank syngas processing by bubble columns, airlift, or immobilized systems such as 

trickle bed, or microchannel monoliths. Hollow fiber reactors with high surface area for gas 

processing can operate with cells in suspension [16] or immobilized on the shell side of the 

fibers [8].  As the solubility of CO is fixed by fermentation conditions, most studies focus on 

improving the carbon monoxide mass transfer coefficient, kLa, as described (equation 1). 

𝐶𝑂𝑇𝑅 =
𝑑𝑛𝐶𝑂,𝑙

𝑉𝐿𝑑𝑡
= 𝑘𝐿𝑎(𝐶𝐶𝑂,𝑙

∗ − 𝐶𝐶𝑂,𝑙)           (1) 

Where COTR, nCO,l, kLa, C*, CL, and VL are the CO transfer rate (mol L-1 h-1), moles of 

CO in the liquid phase, overall mass transfer coefficient (h-1), the maximum CO solubility (mol 

L-1), the concentration of CO in the liquid phase (mol L-1), and the liquid volume, respectively.   

Both suspension and immobilized whole cell systems can be mass transfer limited. In 

order to achieve high production rates and product titers, suspension systems need cell recycle 

to retain the catalyst.  However, at very high cell density, mass transfer of nutrients as well as 

gaseous substrate may limit the productivity per gDCW [15]. Many immobilized cell and trickle 

bed systems demonstrate elevated mass transfer but rely on the organism’s ability to form a 

uniform thin biofilm with good adhesion and the volume of gas in the reactor is low due to the 

volume of the inert packing material [17].   

What is needed to continuously process large volumes of low solubility gaseous carbon 

is to significantly reduced power for gas-liquid mass transfer, intensify volumetric gas uptake 
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rates, enhance microbial specific productivity, decrease reactor size, stabilize biocatalyst half-

life, minimize water/medium required, and increase product concentration for more efficient 

purification. One approach is to apply the concepts of process intensification (PI) from 

chemical reactor technology to bioprocessing to reduce footprint and increase volumetric 

reactivity [18-22]. Previous work on bioprocess intensification has been focused on 

colonization of macroporous monolith supports with the limitations of reactor channeling, non-

uniform flow and large pressure drops in a gas/liquid system [23]. 

In order to address mass transfer and reactivity limitations and to increase the volume 

of gas in the reactor, we propose a proof-of-concept thin film bioreactor. The reactor will not 

use suspended cells but a biocomposite material: cells immobilized at very high concentration 

on paper, an inexpensive wetted flexible nonwoven porous matrix. Cells in a non-growth state 

can be adsorbed onto cellulose fibers in a nonwoven paper support with controlled loading 

(coating) for uniform reactivity. This approach concentrates their syngas absorbing reactivity 

over a defined nominal surface area with the gas phase separated from the microbes by a thin 

liquid film [24].  The gas phase now dominates the reactor (high gas fraction). This approach 

will enable designing falling film continuous bioreactors where the liquid phase flows down 

the biocomposite (on the surface and through the paper pores space) as a very thin film 

generated at low Reynolds number with co- or counter-current gas flow. As mass transfer and 

film thickness are inversely related, elevated mass transfer at low power input can be achieved.  

Falling film chemical reactors demonstrate very high mass transfer rates in, for example, 

nitrobenzene hydrogenation (~10,000 h-1). Because of the small liquid phase volume, the 
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interfacial area, a, can be as high as 20,000 m2 m-3 of reactor volume or higher in contrast to 

bubble columns and agitated tanks which rarely exceed interfacial areas of 200 m2 m-3 [25].  

Biocomposite materials may address the limitations of batch GTL C1 carbon recycling 

and the observed slow specific rates of C. ljungdahlii as well as other C1 utilizing organisms 

when used in suspension bioreactors. By limiting nutrients so the biocomposite-entrapped cells 

are non-growing but metabolically active, the biocatalyst can operate at a constant rate without 

deactivation or generating waste biomass. Preliminary studies by our group on small surface 

area paper biocomposites in vertical tubes demonstrated sustained reactivity for over 300 hours 

for C. ljungdahlii OTA1 and 100s of hours for photosynthetic microorganisms [24, 26]. A 

submerged H2 generating photoreactive biocomposite coating of Rhodopseudomonas palustris 

on polyester strips demonstrated continuous reactivity at a constant rate without cell outgrowth 

for over >4000 hours when periodically supplied with acetate (Gosse et al., 2010). Using 

biocomposites was shown to intensify specific consumption rate by ~5 to 10 fold for gas 

absorbing Synechococcus [26] and increase the effectiveness factor of a Gluconobacter 

biotransformation by 20 fold [27]. 

Here we report advances over our previous syngas biocomposite work [24] by using 

slowly shaking horizontal tubes with increased coating surface area and reduced liquid volume. 

This new configuration demonstrates increased specific CO consumption, enhanced specific 

product production rate and permits estimation of power requirements. 

2.2 Materials and Methods 

2.2.1 Computational Methods 
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A simplifying assumption for solving for kLa is assuming CCO,l ≈ 0. This is reasonable 

if there is a high concentration of active C. ljungdahlii OTA1. This assumption provides a 

minimal estimate for kLa referred to as the apparent overall mass transfer coefficient, kLaapp. 

Rearranging equation 1 yields: 

𝑘𝐿𝑎𝑎𝑝𝑝 =
𝐶𝑂𝑇𝑅

𝐶𝐶𝑂,𝑙
∗                                           (2) 

Estimation of the solubility of CO in the liquid phase was done using the initial partial 

pressure of CO and the Henry’s constant corrected for temperature [28]. In a batch system, C* 

will change as a function of time; this assumption gives a minimal estimate of kLa. 

Methods for estimating the power consumption of a shaking vessel is challenging but 

have been described [29-31]. Modifications to the method of Buchs et al., 2000b were 

employed for horizontal tubes to estimate shaking power requirements using the Reynolds (Re) 

number: 

𝑅𝑒 =
𝜌𝑛𝑑2

𝜂
                                (3) 

Where ρ, n, d, and η are the liquid density, shaking frequency, maximum inner shaken 

flask diameter, and dynamic viscosity, respectively.  Re was empirically correlated with a 

modified power number Ne’ by: 

𝑁𝑒′ =
𝑃

𝜌𝑛3𝑑4𝑉𝐿
1/3

= 70𝑅𝑒−1 + 25𝑅𝑒−0.6 + 1.5𝑅𝑒−0.2                  (4) 

Where VL is the liquid volume in the shaking system. Equation 4 can be rearranged to 

solve for power consumption: 
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𝑃

𝑉
= 𝑁𝑒′𝜌

𝑛3𝑑4

𝑉
2
3

                      (5) 

P and V are the power requirement and liquid volume, respectively. Solving equation 

5 gives an estimate of the power requirements at different shaking frequencies for liquids 

agitated by shaking in horizontal tubes where Re is low. The interior surface area of a 

horizontal tube that a known liquid volume covers at rest was calculated as d defined as a circle 

of the same area.  Buchs cautions that when Re is less than 104, the shaking may lead to the 

liquid being “out-of-phase” where portions of bulk liquid are motionless. That may lead to 

errors in the estimated power consumption (equation 4). This type of motion may be occurring 

in slowly shaking horizontal tubes especially at the very low liquid volume and shaking 

frequencies where Re ~103. However, those errors are always an overestimation of the power 

requirement [31].  

2.2.2 Bacterial Strain, Media, and Growth conditions 

Clostridium ljungdahlii OTA1, a mutant of C. ljungdahlii that has shown oxygen 

tolerance and improved product ratio (provided by Dr. Amy Grunden, NCSU) [12] was used 

as a model syngas absorbing organism.  The growth medium, modified clostridial medium 

with fructose (mRCMf), was prepared as previously described [32] excepting that the pH was 

adjusted to 6.3.  Each 160 mL serum bottle received 93 mL of medium and the headspace was 

45% CO / 45% H2 / 10% N2. In order to limit outgrowth from the biocomposite, 1YCM, was 

prepared as previously described [24] with 5 g L-1 4-morpholineethanesulfonic acid (MES 

hydrate SIGMA, St Louis, MO) added and the pH was adjusted to 6.0 with 5M KOH.  Each 

160 mL serum bottle received 50 mL of medium and flushed with the gas mixture above. The 
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reducing agent solution was prepared in an anaerobic chamber by mixing 2.5g cysteine HCl 

with 100 mL of anoxic water in a 160 mL serum bottle. The bottle was stoppered in the 

anaerobic chamber (Chemglass, Inc, Vineland, NJ), the stopper crimped and flushed for 5 

minutes at 5 psig with argon then pressurized to 20psig. The bottle was autoclaved for 20 

minutes and stored in the dark at room temperature. At least 12 hrs before use, 1YCM and 

mRCMf were reduced aseptically with 1 and 2 mL per serum bottle, respectively, of reducing 

solution. 

2.2.3 Preparation of Coating Suspension 

A mid-log cell suspension (OD600=~1.3)  was transferred to two autoclaved 50 mL Oak 

Ridge centrifuge tubes sealed with silicone gasket caps in an anaerobic chamber.  The cells 

were centrifuged at 4°C for 15 min at 6000g and then the tubes moved into the anaerobic 

chamber.  The supernatant was decanted, the pellet rinsed by resuspending in 1YCM, and then 

centrifuged at 4°C for 15 min at 6000g. After decanting the supernatant, the pellet was mixed 

by vortexing until homogenous. Coating emulsion was prepared by adding cell paste to 1YCM 

at 30% (v/v) and applied at 6.5 g DCW/m2. Cell loadings were estimated using 363mg dry cell 

weight OTA1 L-1 OD600
−1  and 1.9E8 CFU OTA1 mL-1 OD600

−1  (data not shown). 

2.2.4 Coating of Paper Substrate 

3MM chromatography paper (Whatman) was prepared by cutting into strips (2x10 or 

2x5 cm, 335 µm thick), wrapped in aluminum foil, autoclaved for 20 minutes (dry cycle), and 

stored in the anaerobic chamber. The coating solution was applied by pipette extrusion by 

evenly distributing 100 µL of coating suspension per 5 cm2 of paper surface area in the 

anaerobic chamber (5%H2/balance Ar, 25°C, 48% relative humidity). Only half the paper strip 
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was coated so that the coated portion would remain above the liquid level when the tube was 

horizontal. 

2.2.5 Preparation of Batch Tube Gas Absorber/Reactors 

Coated papers were immediately placed into autoclaved Balch tubes (~26mL working 

volume) and hydrated. For suspended cell studies, the same volume of coating solution was 

added directly to the tube (without a paper support) and additional medium was added. Tubes 

were stoppered (Geo-Microbial Technologies, Inc. Ochelata, OK) in the anaerobic chamber, 

removed from the chamber, capped and crimped with aluminum seals.  The tubes were then 

flushed with syngas mixture for 2 minutes at 5 psig, and then vented to atmospheric pressure. 

The tubes were then placed horizontally with tape holding the tubes so that the paper substrate 

remained vertically oriented in a shaker (Infors-HT, Multitron Standard, Laurel, MD) with a 

25mm diameter of rotation at 37°C. A single gas sample was taken from each tube to calculate 

the consumption rate.  Care was taken to ensure data was taken before 2/3 of the CO was 

consumed (normally after 3 to 5 hours) as further incubation demonstrated that the reactivity 

deviated from linearity due to decreased syngas driving force. Production data was obtained 

by making 30 tubes. At each time point three from each condition were sampled for gas, then 

sacrificed to withdraw the liquid sample. 

Determination of the cell adsorption capacity and optimal coating concentration of the 

3MM cellulose fibers was by rinsing freshly prepared biocomposites and putting the paper 

strips upright into horizontal anaerobic tubes on the shaker at 100 rpm and 37°C. After 3.5h of 

shaking the tubes were placed into the anaerobic chamber, the biocomposites moved to new 

tubes with fresh medium, and the tubes containing the original medium resealed.  All of the 
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tubes were then capped, crimped, flushed and placed in the shaker for 17hrs before assaying 

gas consumption. 

2.2.6 Gas Analysis 

Headspace gas analysis (H2, O2, N2, CO, and CO2) was performed using an Agilent 

7890 gas chromatograph containing a Supelco 60/80 mole sieve 5A column (6’ x 1/8” x 2.1mm 

SS) and a thermal conductivity detector. The GC was fitted with a custom sample tube to allow 

direct injection of the 1 mL gas sample from the gas tight syringe (SGE Analytical Science, 

Austin, TX) into the 10 µL sample loop. Argon was the carrier gas at 20 mL/min for 1.5 

minutes then increased to 32 mL/min and held for 3.4 min. Oven temperature was held at 

170°C for 1.5 min then a ramp of 75°C/min to 240°C and held for 3.4 min. Total run time was 

5.9 minutes. Injector and detector temperatures were 160°C and 250°C, respectively. Peak 

areas were scaled relative to the unconsumed nitrogen peak and converted to moles consumed 

per hour. 

2.2.7 Liquid Analysis for Ethanol and Acetate 

Liquid samples (~1 mL) were removed from anaerobic tubes and frozen in 

microcentrifuge tubes at -20°C. When assayed, the micro-centrifuge tubes were thawed and 

centrifuged at 13,000 rpm for 5 min and 150 µL of the supernatant was added to 37.5 µL of 

2.5% (m/v) m-phosphoric acid in a fresh tube. The samples were then mixed by vortexing and 

120 µL was added to 2 mL amber vial with septum tops (Fisherbrand) with target micro-serts 

(National Scientific). The vials were analyzed with an Agilent 7890A gas chromatograph using 

a J&W scientific PEG acid modified column 30m x 0.25 mm ID with a 0.5µm film (DB-FFAP 

122-3233), a flame ionization detector, and an autoloader. Oven temperature was held at 75°C 
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for 1 min then a ramp of 25°C/min to 200°C and held for 5 min. The inlet and detector 

temperatures were both 250°C. The hydrogen flow rate was 40 mL/min and air was 400 

mL/min. The injection was 0.5µL with at 10:1 split ratio sent to the column with argon as the 

carrier gas. 

Samples evaluated for enhanced product recovery from the biocomposite were upended 

25 times over 1 minute ensuring the liquid passed over the coated portion of the biocomposite. 

Before beginning enhanced recovery, the medium was clear. After rocking, the cells came off 

into the medium making it turbid. 

2.2.8 Biocomposite Characterization 

Images of C. ljungdahlii OTA1 biocomposites were taken at the Analytical 

Instrumentation Facility (AIF) at NC State University using methods described previously 

[26]. 

Static film thickness was estimate by a vertically oriented micrometer (Mitutoyo 

Absolute, Aurora, IL) with one end of the 3MM chromatography paper sitting in tap water for 

increased conductivity. An ohmmeter was attached to the manually advanced plunger of the 

micrometer and the wetted biocomposite. Thickness measurements were recorded when the 

ohmmeter values changed dramatically. 3MM chromatography paper stored at 28% relative 

humidity was weighed before and after being submerged in tap water to determine water 

absorbing capacity: 35.8µL cm-2 ± 0.802 SE (data not shown).  

2.3 Results and Discussion 

SEM images of the microstructure of C. ljungdahlii paper coatings are shown in Figure 

2.1. Initial coatings of 11 g m-2 nominal surface area showed a loss of macroporosity. 
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Decreasing the loading to 4.4 g m-2 reduced blocking of the paper pores. In this study, no 

adhesive latex polymer binders were used to bind the cells to the 3MM paper in contrast to 

previous work (Bernal et al., 2014; Gosse et al., 2012).  

We investigated cell adhesion to the 3MM paper by measuring retention of CO 

absorbing activity. We compared consumption data on the biocomposite in a fresh tube and 

the cells washed off into the rinse medium (Figure 2.2). At the higher cell loadings (8.7 and 11 

g/m2) significant reactivity remained in the liquid phase after removing the biocomposite. At 

the lowest two loadings, 4.4 and 6.5 g/m2, there is minimal reactivity remaining in the liquid 

phase after the biocomposite is removed. The loading of 6.5 g/m2 was chosen for further 

experiments. 

Previous C. ljungdahlii OTA1 paper biocomposite studies used a latex binder and 

hydrated the cells immediately after coating with 10 mL of minimal medium in a vertical Balch 

tube [24]. In this study, placing the tubes horizontally enabled a larger coated surface area in 

contact with the gas phase. Reducing the medium volume did not decrease CO absorption 

reactivity until ~4 mL per tube. (Figure 2.3). This was unchanged for coating surface area of 5 

or 10 cm2; the reproducibility of our data for both configurations was high. Using 4 mL of 

medium per tube decreased liquid volume by 60% on a reactor volume basis, and 69% and 

85% on a coating surface basis for the 5 cm2 and 10 cm2 biocomposite. The medium volume 

was decreased to 15% of total reactor volume while the CO consumption per m2 of paper was 

intensified by ~14 fold over previous work (Gosse et al, 2012) 6.6 versus ~90 mmol CO m-2 h-

1.   
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A comparison of the liquid volumes (4, 6, 8 mL) after the biocomposite had consumed 

100% of the CO showed the greatest increase in secreted product concentrations at the lowest 

liquid volume. Normalizing the data to the amount of gas initially present and subtracting the 

argon headspace control showed that 4 and 6 mL liquid volumes had 80% and 26%, 

respectively, higher total acetate concentration than 8 mL. This increase in product 

concentration is without engineering the cell. The final secreted products in the 4 mL tube were 

4.3±0.21 g/L with a 0.052±0.0054 ethanol/acetate ratio (triplicate determinations, mol/mol). 

This is a ~150% yield from the initial amount of CO which is the only carbon source provided 

in the medium 1YCM. That indicates some unfermented fructose remained surrounding or 

inside the cells through the rinse step.  However, it is the same for all cases investigated. The 

ethanol/acetate ratio is much lower than reported elsewhere in the literature for research 

focusing on optimizing ethanol production [33, 34]. 

A comparison of the specific reactivity of OTA1 in suspension in the horizontal tubes 

showed that the biocomposite outperformed the suspended cells at all the shaking speeds <100 

rpm (Figure 2.4). At 0 rpm, the biocomposite outperforms cells in suspension by >5 fold. Using 

equations 3-4, the estimated power requirements of the different shaking conditions (except 0 

rpm) were compared. At 25, 50, 75, and 100 rpm the power requirements are 0.21, 1.2, 3.6, 

7.7 W m-3, respectively. Comparing the biocomposite at 100 vs 25 rpm, a reduction of the 

power requirement by 97% reduced the CO consumption rate by only 36%.  

Both the biocomposite and suspended cells have reactivity that is dependent upon 

power input (shaking speed).  The biocomposite reactivity is dependent upon shaking speed 

likely because of the increased flow of medium into and out of the paper pores providing the 
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cells with nutrients and removing secreted products. Figure 2.4 shows that the suspended cells 

are >50% more dependent on the power input (steeper fit) while having a lower reactivity. A 

least squares fit of this data predicts a crossover at ~250 rpm where suspended cells will 

outperform a biocomposite. The power requirement at 250 rpm is 89 W m-3, >11 fold higher 

than at 100 rpm, and >420 fold higher than at 25 rpm. 

A time course experiment was performed to compare gas consumption and product 

production at 50rpm. The CO consumption results (Figure 2.5a) show the biocomposite 

outperforming the same number of suspended cells by >2 fold. In contrast to the lag in 

reactivity due to formation of a biofilm, the reactivity of the biocomposite is detected 

immediately. The liquid product production results are not as dramatic (Figure 2.5b). Only 

acetate production is shown due to a negligible amount of ethanol produced (<0.1 g L-1). Before 

~2.5 hours, more acetate is found in the liquid phase of the suspended cells.  After that point, 

there is more acetate in the liquid phase of the biocomposite tubes, but less than predicted. The 

liquid products may be concentrated in the pores of the paper substrate as there is no forced 

fluid flow in the pore space of this batch system.  In a flowing thin film system the rate of 

products flowing out of the biocomposite pores will be increased. The simple shaking tube 

system demonstrates a biocomposite final acetate titer of 1.8 g L-1 and an acetate production 

rate of ~0.5 g L-1 h-1.  
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Table 2.1 shows that the specific CO consumption rate per area almost constant across 

the 3 biocomposite conditions evaluated.  The 5 cm2 biocomposite has almost identical 

performance to the suspended cells even though this biocomposite has half the number of cells.  

The reactivity per volume of liquid or total reactor volume increases linearly with coated 

surface area. Because increasing biocomposite surface area with constant liquid volume 

increases interfacial area, a, the apparent mass transfer coefficient, kLaapp, increases linearly 

without additional power for mass transfer.   

Table 2.2 compares the liquid product production results with literature data.  Although 

the biocomposite absorbed ~2 fold more CO, it produces the same amount of secreted products. 

With enhanced recovery (mixing) to mimic a falling film (to enhance flow of secreted products 

out of the paper pores), the biocomposite outperforms the same number of suspended cells by 

only 22%. More work is needed to optimize the cellulose paper structure (pore space) so that 

products are not trapped in the paper. Secreted product per volume productivity scales 

approximately linearly with nominal coating area and productivities per area are approximately 

the same across all the enhanced recovery samples. The highest nominal surface area 

biocomposite specific volumetric production rate exceeds almost all the examples in the 

literature except for a high pressure, optimized media, cell recycle CSTR [33]. The specific 

production rate per unit area also outperforms the data where the calculation can be made but 

from Coskata, Inc. [35]. The Coskata method involves a membrane with imbedded cells; not 

unlike a biocomposite. 
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The data from Figure 2.3, Figure 2.4, and Table 2.1 were evaluated using equation 2 to 

obtain a minimal estimate of the mass transfer coefficient, kLaapp, and plotted in relation to their 

calculated power requirements to compare with other reactor types (Figure 2.6). [36-45] 

Experimental results for kLaapp generated experimentally are for CO and converted into mass 

transfer coefficients for O2 for proper comparison using a ratio of the square root of the 

diffusivities [46]. 

In order to confirm that the biocomposite results are reasonable, it was determined that 

264 rpm shaking speed would be ~100 W m-3 and the kLaapp was calculated and found to be 

similar for cells in suspension (inverted triangle, Figure 2.6) just above the trickle bed regime 

which is expected because of the small liquid phase volume being spread into a thin film on 

the tube’s inner surface at this elevated shaking speed.  

The biocomposites’ minimal estimated kLaapp in this simple system is lower than some 

of the kLa values reported for other bioreactors.  However, the actual value will be higher.  Our 

data indicates a kLaapp for CO of ~100 h-1 with a power requirement that is 1 to 4 orders of 

magnitude lower than reported for other bioreactor types and matches or exceeds mass transfer 

rates reported for syngas fermentations [34, 47]. The presence of CO consuming 

microorganisms will increase the observed mass transfer coefficient if mass transfer is limiting 

[38]. By using the nominal reactive paper surface area and measuring film thickness, kL can be 

estimated. The static liquid film thickness on top of the paper was measured to be ~130 µm. 

Assuming a flat film over the cells and no bubbles or wavelets, the interfacial area is ~8000 m-

1 and kL is therefore ~2E-6 m s-1. A first approximation for a static film is the membrane 

equation, kl/D=1 [48] where l is the membrane thickness or in this case, the film thickness. 



 

44 

Using the diffusivity of CO in water, kL is ~2E-5 m s-1 or a full order of magnitude higher than 

what we observe experimentally. Gas-to-liquid mass transfer is not limiting in this 

configuration. The system is limited by the cells’ metabolism (see also the specific uptake rates 

in Table 2.1).  These small surface area biocomposite rates are below the maximum reported 

in literature for dilute suspended cells, 14 vs 35 mmol gDCW
-1 h-1. The suspended cell maximum 

uptake rate is likely not reached because some cells are entrapped in the interior of the paper 

using this simple extrusion method and all of the substrate may be consumed by the cells on 

the surface. Thinner coatings or thinner papers with uniformly coated cellulose fibers should 

diminish this effect. 

A continuous falling film CO absorber system could be constructed of multiple parallel 

biocomposite tubes mounted inside larger tubes to intensify reactor volumetric reactivity 

(mmol LReactor
-1 h-1) (Figure 7).  This design is conceptually different from hollow fiber 

bioreactors.  In a biocomposite reactor, the cells would be immobilized in nonwoven tubes 

prior to reactor module construction and there is no bulk liquid phase either inside or outside 

the tube lumen. A minimal liquid volume moves within the paper pores (within the nonwoven 

tube walls) while the humidified gas in contact with a thin liquid film will move on the tube 

surface. 

2.4 Conclusions 

Carbon monoxide consumption as well as acetate production was investigated in a 

batch system in suspension and using a paper-based biocomposite coated by extrusion without 

adhesive binders.  The biocomposite outperformed the same number of cells in suspension in 

CO specific uptake rates, specific acetate production rate, and final acetate titer. Methods were 
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presented for estimating the mass transfer coefficient and power required.  The biocomposite 

data compared favorably with stirred tank bioreactors at 1 to 4 orders of magnitude less power. 

Stabilization of C. ljungdahlii OTA1 paper biocomposites by engineered adhesion, optimizing 

paper surface charge, coating microstructure, cellulose fiber coverage and dry stabilization are 

currently being investigated by our group.  The reduced mass transfer power input and CO 

uptake intensification shown is a proof-of-concept of thin falling film biocomposite reactor 

approach for GTL processes to recycle gaseous carbon utilizing microbes. 
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Table 2.1- CO consumption and mass transfer parameters (26 mL reactor volume, 4 mL 

medium) 

 

Condition 

Cell 

mass 

(mg) 

Nominal 

coating 

surface 

area 

(cm2) 

CO Consumption Rate ± SE (n=3) kLaapparent 

(h-1) 
mmol m-2 

h-1 
mmol gDCW

−1  h-

1 

mmol LLiquid
−1  

h-1 

mmol LReactor
−1  

h-1  

Suspended 6.5 N/A N/A 4.6 ±0.085 10 ±0.2 1.5 ±0.03 26 

Biocomposite 3.3 5 90 ±13 14 ±2.0 11 ±1.6 1.7 ±0.24 30 

 6.5 10 87 ±2.0 13 ±0.31 22 ±0.5 3.3 ±0.08 56 

 13 20 94 ±2.4 14 ±0.37 47 ±1.2 7.2 ±0.18 116 
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Table 2.2- Production characteristics and reactor comparison 

Reactor Type Notes 

Ethanol: 

Acetate 

(mol/ 

mol) 

C2 production rate ±SE (n=3) 

Ref 
mmol LLiquid

−1  h-1 mmol m-2 h-1 

Suspended 

cells 
Batch 0.001 8.2 ±0.04 N/A This work 

Biocomposite 10 cm2 batch 0.001 7.8 ±0.4 31 ±1.6 This work 

 
10 cm2 batch 

Enhanced 

recovery 

0.001 10 ±0.5 40 ±2.1 This work 

 
5 cm2 batch 

Enhanced 

recovery 

0.003 5.4 ±1.0 43 ±7.8 This work 

 
20 cm2 batch 

Enhanced 

recovery 

0.002 23 ±0.6 46 ±1.3 This work 

STR 
Continuous 

Cell recycle 
21 1.95 N/A [7] 

STR 
Continuous 

Cell recycle 
2.2 2.22 N/A [49] 

STR 
Continuous gas 

Batch liquid  

100 L pilot 

5.2 0.79 N/A [50] 

STR 

High Pressure 

Optimized media  

Cell recycle 

Continuous 

12 240 N/A [33] 

Bubble 
Cell recycle 

Continuous 
3.0 9.7 N/A [15] 

Monolith 
Cell recycle 

Continuous gas 

Batch liquid 

2.1 3.2 6.6 [51] 

HFMR 
Cell recycle 

Continuous gas 

Batch liquid 

1.5 5.1 29 [8] 

HFMR 
Continuous 

Cells embedded 

in membrane 

3.3 5.4 51 [35] 
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Figure 2.1:  SEM images of 3MM paper substrates and biocomposite coatings showing 

concentrated cell patches and cells adsorbed on top of cellulose fibers. (a) Bare Whatman 3MM 

chromatography paper (b) Coating of ~11 g m-2 (c) High magnification image of ~11 g m-2 

multilayered cell coating (d) Cell loading of ~4.4 g/m2 (e, f ) High magnification images of 

~4.4 g m-2 cell coating.   
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Figure 2.2:  Comparison of reactivity of C. ljungdahlii OTA1 rinsed off of a biocomposite as 

a function of different cell loadings by adsorption.  Cells removed from biocomposite by 

shaking at 100 rpm with transfer to a new tube with gas flushing. Both duplicates shown.  
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Figure 2.3:  Comparison of CO uptake reactivity in horizontal Balch tubes with different liquid 

medium volume. Each data point can be read from either axis: per gram dry cell weight or per 

m2 of coating area. Reactivity stays elevated until liquid medium volume is ~<4mL or ~15% 

of reactor volume. Triplicate determinations, n=3. 20 cm2 3MM paper substrate with a 10 cm2 

coated area shown. Liquid phase is depicted on the bottom of the horizontal tubes. Shaking 

agitation depicted by arrow. 
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Figure 2.4:  Comparison of CO reactivity versus shaking speed for a biocomposite and the 

same number of cells in suspension in 4 mL of medium in horizontal tubes. Data can be read 

from either axis. Triplicate determinations.  
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Figure 2.5: A time course comparing both gas consumption (a) and liquid product production 

(b) for biocomposites (circles) and suspended cells (diamonds) at 50rpm. Triplicate 

determinations. The dotted line along the top of (a) show the total initial CO present. Both 

replicates of the initial coating solution are shown as crosses. 
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Figure 2.6: Comparison of mass transfer coefficient with power input. Symbols are: open 

triangle-stirred tank [36-39], open circle-bubble column [41], closed diamond-trickle bed 

reactor [36, 42], closed circle-airlift reactor [36, 44, 45, 52], cross hatch-monolith or 

microchannel [42, 43], black squares-3MM paper biocomposites. Inverted filled triangle is test 

case to confirm power calculations. All data is presented in terms of a mass transfer coefficient 

for O2.   
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Figure 2.7: Comparison between a hollow fiber and biocomposite reactor. In hollow fiber 

reactors the membrane separates the gas and liquid phase with the biofilm forming in the shell 

or bulk liquid phase.  The biocomposite has concentrated cells embedded within the tube walls 

with gas on both sides with the liquid moving through the paper pores and over the surface of 

the biocomposite in a thin liquid film that minimizes mass transfer resistance. 
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Abstract 

We investigated the hydrodynamics and mass transfer performance of falling liquid 

films over a rough, hydrophilic paper surface with experiments and rapid finite element 

modeling. These results are critical for designing a novel gas-to-liquid continuous bioreactor 

with cells immobilized on the vertical surface of a paper biocomposite. The paper substrate 

allows investigation of mass transfer at very low Reynolds numbers (<100, 𝑅𝑒 = 4𝑄𝜌/𝑤𝜇 ) 

while maintaining an unbroken liquid film. A finite element model was developed to give rapid 

simulations in order for designing a prototype laboratory scale falling film immobilized cell 

bioreactor. This model generates simulations 10 fold faster (1 day vs a week or more) than 

other finite volume methods for analysis of falling films. Excellent agreement was found in 

both the film properties and mass transfer performance between experiments and simulations. 

Simulations of the paper surface roughness did not significantly affect transport from the 

gas/liquid interface, however it did increase mass transfer from the liquid/solid interface. This 

surface roughness will enhance transport of nutrients and products to/from the immobilized 

cells on the paper surface. This work also predicts the maximum shear stress that the cells will 

experience as 1.1-3.4 N/m2 which is much lower than for suspension culture bioreactors. At 

Re<100, mass transfer coefficients kL and kLa were 5E-5 to 10E-5 m/s and ~1000 h-1 at ~10 

W/m3 power input. A proposed falling film reactor shows much higher mass transfer 

performance at low power input than most gas stripping bioreactors reported in the literature 

and requires 1-3 orders of magnitude less power. This work highlights the potential for large 

scale falling film bioreactors for processing of waste, minimally soluble, single carbon gases 

into useful products using paper-immobilized microorganisms. 
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3.1 Introduction 

Falling films are attractive in chemical processes for their excellent mass transfer 

characteristics, particularly for gas absorption. Mass transfer coefficients, kLa, as high as 

10,000 h-1 can be obtained mainly because of elevated interfacial area which can reach 20,000 

m2 m-3 [1]. Falling films have recently been investigated for enzyme biocatalysis using 

oxidation of glucose by immobilized glucose oxidase which demonstrated a kLa in excess of 

20,000 h-1 [2].  However, thin falling film mass transfer has not be demonstrated for whole cell 

biocatalysis as the biocatalysts are suspended in the liquid phase and their concentration 

changes as a function of growth rate.  Highly concentrated non-growing cells coated onto or 

embedded within porous supports such as paper biocomposite biocatalysts (BCs) however, 

may enable whole cell bioprocesses to utilize falling film mass transfer to reduce power input 

and reduce water use to engineer large scale absorbers for recycling gaseous carbon into 

chemicals and fuels [3]. The mass transfer performance of falling films is largely determined 

by the flow regime. At very low flow rates (Re≈20) the film is smooth and laminar. As flow 

rates are increased (20<Re<200) waves start to appear on the surface from the vorticity 

generated by the no slip wall condition.  However, the waves still remain laminar.  At higher 

flow rates (Re>200), turbulence occurs first in the waves with a laminar layer underneath. The 

film is fully turbulent at Re≈1,600 [4].  

Of particular interest to evaluate falling films for efficient gas-liquid mass transfer to 

cells on or within biocomposite materials, such as a paper support, is the mass transfer in the 

wavy flow regime. A unique and challenging aspect of this application is that the surface of 
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biocomposite materials such as paper or nonwoven supports is not smooth.  Considerable 

research has been done [5] on smooth wall surfaces to understand the hydrodynamics of 

experimental wavy films that significantly outperform the expected mass transfer 

characteristics of theory. This phenomena is largely due to motion normal to the gas liquid 

interface that is generated within the waves [6-8]. As this extra mixing is power independent, 

it has interested our group for low power gas-to-liquid bioprocessing of low solubility carbon 

containing gases such as CO, CO2 or CH4 using biocomposite immobilized concentrated non-

growing cells as biocatalysts [3]. In order to maintain high reactivity and simplify downstream 

separation, it is desirable to have the cells permanently immobilized. This is especially true 

when the product of cell absorption and assimilation of gaseous carbon compounds secreted 

as a liquid product may be toxic to the microorganism. Various methods have been investigated 

to arrest the growth of the immobilized cells so that the reactivity of the absorber is constant 

as a function of time [9, 10]. 

Bioreactors  for bioremediation and waste treatment processes have been designed to 

take advantage of falling thin film mass transfer such as trickle bed reactors (TBR), static 

biofilters (BFs) or rotating biological contactors (RBCs) where a solid support is colonized by 

a natural biofilm of a single or consortium of microorganisms [11, 12]. In These systems, the 

formation of a natural biofilm on the inert particles is required in order to maintain the catalyst 

in the system. Consequently, these types of reactors are limited to organisms that form adhesive 

biofilms. Additionally, the thickness of and structure of biofilm waste treatment reactors 

depends on age and growth conditions. Biofilms can vary in thickness from a monolayer 

initially to as much as centimeters thick and the biofilms are prone to channeling and periodic 
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sloughing [13]. As a result, they have diverse cellular states and environments from the base 

of the film to the top. As these films grow and biomass is sloughed, the released biofilm 

material can clog the reactor requiring periodic back flushing. The biofilm thickness can come 

to a steady state if growth is matched by cell losses due to shear [14, 15]. TBR containing 

natural biofilms are prone to channeling and the inert particles take up a large fraction of the 

total volume. Both will limit the bioreactor’s specific volumetric reactivity.  

By using a biocomposite material containing highly concentrated living, but not 

growing whole cells coated in thin layers on a porous support, a high gas fraction, thin liquid 

film continuous gas-processing bioreactor can be designed to overcome many of the limitations 

of TBRs and achieve high mass transfer at low power input. Biocomposite microstructure can 

be engineered for specific applications and can include cells entrapped within a porous polymer 

structure [9], cells bound to a porous cellulose substrate with an adhesive [16], cells adsorbed 

to cellulose by natural affinity [3], or the cellulose substrate could be fabricated with the cells 

within the structure either uniformly distributed or concentrated in layers [3]. The biocatalyst 

layer on the BC can range in thickness from a single cell (2-5 µm) [3] to ~100 µm for polymer 

structures [9]. A BC is fundamentally different than a biofilm because the cell state is uniform 

(controlled non-growth [3]) with engineered adhesion and consequently cells are not released 

into the flowing liquid film and clogging of the reactor is not an issue. Additionally, the 

immobilization can be engineered by polymer chemistry, polymer entrapment, or affinity 

binding and doesn’t rely on a natural cell-to-support adhesion or attraction process - 

characteristics of natural biofilms. The number of active cells is controlled by the fabrication 

process, not relying on support colonization [17, 18]. This immobilization method has shown 
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marked increase in specific reactivity compared to suspended cells [3, 16]. Because the cells 

can inhabit the entirety of the porous, nonwoven, immobilization structure for gas absorption, 

the gas volume of the absorber can be maximized and the liquid volume significantly reduced 

[3].  

Promising results for gas absorption using whole cell BCs have been shown in batch 

systems. It is the focus here to understand how a paper biocomposite could perform in a 

continuous gas flow and thin falling liquid film reactor. As a model system, we use both 

experimental and modeling techniques without cells (abiotic) to understand the mass transfer 

performance of a vertical falling film over a rough paper surface.  Experimental work on rough 

surfaces has been done previously, but only over hard hydrophobic surfaces [19-21]. Rougher 

surfaces have been shown to enhance mass transfer in the liquid phase by creating an earlier 

turbulence onset in the laminar sublayer [22, 23]. The onset of turbulence is critical as 

interfacial mass transfer in falling films is elevated but can be limited by transport within the 

film [24] which has been seen in BCs [3]. Simulations of falling films has given insight into 

the falling film hydrodynamics [25] and mass transfer [7, 8, 26]. However, no work has been 

reported on falling films on hydrophilic rough surfaces, like the chromatography paper, used 

for BCs. Because the substrate is hydrophilic, we are able to investigate lower Reynolds 

numbers (20<Re<100) without film breakup [27]. 

Finally, for a BC immobilization system to work in a flowing falling liquid film system, 

a method to predict and measure the fluid shear forces the cells experience is necessary in order 

to engineer cell-to-nonwoven fiber adhesion. If the adhesion of the non-growth whole cell 

biocatalyst is weak, loss of catalyst through shear from the flowing liquid will decrease reactor 
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activity. Future work for more robust immobilization will be guided by the simple cell adhesion 

method described in this work and knowing the shear stress at the solid surface of a falling 

liquid film across a hydrated paper surface. 

3.2 Materials and Methods 

3.2.1 Experimental Methods 

A 22x13.5 cm aluminum plate was mounted onto the measuring surface with a magnet. 

A strip of 3MM chromatography paper (Whatman, Little Chalfont, England), 20x2 cm was 

wetted and placed on the plate (Figure 3.1A) and clipped in place. Measurement of the film 

thickness was taken using a micrometer (Mitutoyo Absolute, Mitutoyo USA Aurora, IL) 

affixed horizontally and completion of an electrical circuit (Figure 3.1C). A ¼” stainless steel 

tube (Swagelok) was used to deliver tap water to the top of the paper strip from a syringe pump 

(New Era Pump System Inc, NE-1800, Farmingdale, NY). The liquid was distributed between 

a 2 cm wide piece of 3MM and the strip to ensure even initial distribution of liquid across the 

width of the paper. One end of a voltmeter was connected to the non-contact end of the 

micrometer plunger. The other end was connected to the aluminum plate. While the film was 

stationary or flowing, the plunger was lowered until the liquid was contacted and the voltmeter 

showed a completed circuit. A 1.55V battery was included in the circuit to increase the 

response. Measurements were taken 13 cm below the nozzle when steady state flow had 

developed. Measurements were taken at five points evenly distributed across the width of the 

strip, three measurements at each point. When measuring waves, the measurement value was 

assumed to be the top of the waves. Otherwise, the measurement was assumed to be the film 

surface.  



 

70 

The wave velocity was tracked using a camera operating at 240 fps. The wave fronts 

were tracked moving between lines on the adjacent ruler while counting the number of frames 

to calculate velocity. Five waves were tracked for each flow rate. As there were no visible 

waves for Re=20, ~100uL of dye was injected upstream of the distribution nozzle and the dye 

front was tracked by the high speed camera. 

The collection of experimental values for the mass transfer coefficient, kL, were 

performed as follows (Figure 3.1B). A 1000mL graduate cylinder of deionized water was 

stripped of O2 by bubbling pure N2 through until the oxygen level reached a steady state as 

measured by a fluorescent fiber optic O2 probe (NeoFox, Ocean Optics, Dunedin, FL). It was 

difficult to remove all the O2 using this method and the common minimal value was 

~30µmol/L. The anoxic water was drawn into the syringe pump then delivered through 1/8” 

Viton tubing (McMaster Carr). The water deposited out of a 1/8” stainless steel tube onto one 

side of the top of a vertical oriented 1.5cm x 20cm strip of 3MM chromatography paper 

(Whatman). The water contacted the ambient air as it flowed down the cellulose surface to a 

small collection vessel (~5mL) where the O2 probe was placed after taking a reading at the 

inlet. Water was continually flowing into and out of the measurement volume so the amount 

of oxygen dissolving into water while in the vessel was assumed to be negligible. Oxygen 

concentration values were taken at different flow rates once the signal reached steady state (10-

20s) and were used to calculate kL 

 



 

71 

3.2.2 Computational Methods 

3.2.2.1 Estimating Liquid Film Parameters 

The definition of Reynold’s number for the falling film was chosen according to 

directly controlled variables. Some sources omit the factor of 4. 

 

𝑅𝑒 =  
4𝑄𝜌

𝑤𝜇
=

4�̅�𝐿𝛿𝜌

𝜇
 

 

The film state is generally defined as laminar when Re<20, with surface waves at 

20<Re<1600 of partial turbulent character, and fully turbulent at Re>1600[4]. More finely 

defined regions can be described as a relationship between Re and the film number [4]. 

 

𝐾𝐹 =
𝜌𝜎3

𝑔𝜇
 

With increasing Re the film passes from laminar to sinusoidal waves to swell waves to 

roll waves and finally to large surges that signal the transition to fully turbulent flow. Before 

that point is reached, the base film remains laminar [4]. 

The average film thickness was estimated according to the form commonly used for 

flow down the inside of a pipe[4]: 

 

ℎ0 = 𝑎 (
𝜇2

𝜌2𝑔
)

1/3

𝑅𝑒𝑏 
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Where a and b are constants determined either experimentally or theoretically to 

represent the flow regime without gas flow. The correlation used in this work are those 

proposed by Nusselt and Kapitza for laminar flow (a=0.91, b=1/3) and wavy laminar 

(a=0.8434, b=1/3), respectively [4]:  

Nusselt also developed an estimation for the semi parabolic velocity profile within the 

film: 

𝑢𝐿 =
𝑔𝜌𝛿2

𝜇
(

𝑥

ℎ0
−

𝑥2

2ℎ0
2) 

 

Integrating over the film thickness gives the average velocity: 

 

�̅�𝐿 =
2

3
𝑢𝐿𝑚𝑎𝑥 =

𝑔𝛿2𝜌

3𝜇
= (

(𝑅𝑒/4)2𝜇𝑔

3𝜌
)

1/3

 

 

 

Direct measurement of 𝛿̅ and �̅�𝐿 is impossible with waves. Therefore, a relationship 

between Re and ℎ𝑚 ℎ0⁄  as well as 𝑢𝐿𝑚𝑎𝑥 �̅�𝐿⁄  was estimated for very low Re from work by Yu 

and Cheng [28]. A line was fitted to their lowest values of Re for both. 

 

3.2.2.2 Analytical Concentration Profile 

The analytical solution for the falling film was developed first by doing a mass balance 

on a thin slice of a falling film which gives us the familiar result [29]:  
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𝑢𝐿

𝜕𝐶

𝜕𝑦
= 𝐷

𝜕2𝐶

𝜕𝑥2
          (1) 

𝐵𝐶𝑠: 𝑦 > 0, 𝑥 = 0, 𝐶 = 𝐶∗ 

𝑦 = 0, 𝑎𝑙𝑙 𝑥, 𝐶 = 0 

𝑦 > 0, 𝑥 = ∞, 𝐶 = 0 

 

The last boundary condition assumes that the film is only exposed for a short period of 

time and the film does not get completely saturated. 

Using a combination of variables with a simplifying assumption that 𝑢𝐿 ≈ �̅�𝐿  yields 

[29]: 

 

𝐶

𝐶∗
= 𝑒𝑟𝑓𝑐 (

𝑥

√4𝐷𝑦/�̅�𝐿

)                 (2) 

 

In order to compare with the experimental condition, an average across the outlet (y=L) 

is needed 

 

𝐶̅ =
𝐶∗

𝛿 − 0
∫ 𝑒𝑟𝑓𝑐 (

𝑥

√4𝐷𝐿/�̅�𝐿

)

𝛿

0

𝑑𝑥          (3) 

=
𝐶∗

ℎ0
[𝑥 𝑒𝑟𝑓𝑐 (

𝑥

√4𝐷𝐿/�̅�𝐿

) −
√4𝐷𝐿/�̅�𝐿 𝑒

−𝑢𝐿𝑥2

4𝐷𝐿

√𝜋
]

ℎ0

0
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3.2.2.3 Mass transfer 

According to a shell balance on the gas-liquid interface again using the simplifying 

assumption that 𝑢𝐿 ≈ �̅�𝐿 yields: 

𝑑𝐶𝐿

𝑑𝑡
= 𝑢𝐿

𝑑𝐶𝐿

𝑑𝑦
≈ �̅�𝐿

𝑑𝐶𝐿

𝑑𝑦
= 𝑘𝐿𝑎(𝐶∗ − 𝐶𝐿) 

 

Integrating CL from C0 to Cf and y from 0 to L with: 

 

𝑄 = �̅�𝐿 ∗ 𝑤 ∗ ℎ0 and 𝑎 =
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑎𝑟𝑒𝑎

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
=

𝑤 ∗ 𝐿

𝑤 ∗ 𝐿 ∗ ℎ0
=

1

ℎ0
 

Yields: 

 

𝑘𝐿 =
𝑄

𝑤𝐿
𝑙𝑛 (

𝐶∗ − 𝐶0

𝐶∗ − 𝐶𝑓
) 

 

All are values that are either fixed by the experimental conditions (Q, w, L, C*) or 

measured directly (Cf). 

Empirical estimation of the laminar mass transfer coefficient according to Nusselt [4] 

by: 

 

𝑘𝐿 = 0.75(𝐷/𝐿)1/2(𝜈𝑔)1/6𝑅𝑒1/3 
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However, before passing into turbulence with increasing Reynolds number, the film 

pass through a wavy laminar regime.  The mass transfer in this regime was modeled by Yih 

and Chen [6] for 49<Re<300 according to: 

𝑘𝐿

𝐷
(

𝜈2

𝑔
)

1/3

= 0.01099𝑅𝑒0.3955𝑆𝑐0.5 

3.2.2.4 Shear Stress 

The shear stress in a two dimensional system can be calculated by: 

𝜏𝑥𝑦 = 𝜇 (
𝜕𝑢𝑥

𝜕𝑦
+

𝜕𝑢𝑦

𝜕𝑥
) 

As fluid velocity is minimal in the x direction, we neglect the first term. Next we take 

the derivative of the Nusselt equation and evaluate at x=0 as a first approximation for our 

vertical surface. 

𝜏𝑥𝑦 = 𝜇 (
𝜕𝑢𝑦

𝜕𝑥
) = 𝑔𝜌ℎ0 

 

3.2.2.5 Finite Element Simulation Methods 

A finite element model (FEM) using COMSOL Multiphysics 4.2a (Burlington, MA) was 

developed for solving the flow field and mass transfer performance of the hydrophilic rough 

surface on a computer system with 16GB RAM and an Intel CORE i7 860 2.8GHz CPU. A 2 

dimensional slice of the falling film was modeled with the time dependent, laminar flow, 

moving mesh node with hyperelastic smoothing in order to get a sharp interface between the 

gas/liquid regions. The dimensions of the liquid inlet was calculated according to Nusselt 

(laminar) estimation for liquid film thickness, h0, and the gas region thickness was 7X the 
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liquid film thickness. Residual and Absolute (scaled) tolerances were set at 1E-2 and time 

stepping was free with a maximum time step determined by the experiment. The temperature 

of system was fixed at 21ºC, the observed laboratory temperature. The normal inlet mass flow 

rate was set to correspond with the experimental conditions. The paper surface was set as a no-

slip condition and the gas/liquid interface was allowed to float as a free surface with Navier 

slip condition (0.2β) where the vertical film intersected the top and bottom. The software 

doesn’t allow the free surface to coincide with the inlet point (thickness of h0), so the initial 

film thickness in the solution space is the ℎ0 + ℎ0 10⁄ , though the solution quickly settled back 

to an average thickness of ~h0 once the solution began. Solutions were allowed to progress 

until regular, periodic waves appeared, at least 1 residence time.   

To improve the stability and speed of the solution a number of modeling techniques were 

used. First, having a non-physical inlet region with slip walls showed no pressure increase but 

vastly improved the solution stability. Additionally, the total solution space was 2 cm longer 

than the experimental 20cm to negate any artifacts from the outlet. In order to avoid inverted 

mesh at the outlet, the no pressure outlet zone had to be twice as large as the inlet with half of 

the outlet zone on the paper surface. To minimize cell count while maintaining accuracy, the 

maximum cell aspect ratio for the mapped mesh was set at 5:1 with the longer dimension being 

in the flow direction [30]. Finally, the initial inlet velocity and concentration were increased 

from zero to the desired value over ~0.03s using a hyperbolic tangent function. Without this, 

the solutions would invert or be unable to start. 

Solution validity was confirmed and minimum mesh quality was determined by 

comparison with the detailed work of Deitze et al [31]. The changes from above were a 
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parabolic inlet condition with a forcing function (amplitude=0.05) replacing the mass flow 

inlet, simulating for 2.25s, a solution zone length of 512*h0 [32], and the different liquid 

parameters. Solutions for Re=34.4 (Re=8.6 in the manuscript as Deitze et al. omit the factor of 

4) at 16Hz were calculated and compared with the reference case (plots analyzed by ImageJ).  

A model rough surface to mimic the paper surface was created by first measuring 3MM 

chromatography paper with a Dektak 150 surface profiler to obtain an average surface 

roughness, Ra. Next a periodic function was created that generated approximately the same Ra 

value of 6.32±0.39µm. Initially a sine function was used but was discarded because of the very 

high mesh cell count required to capture the curved surface. Instead a triangular roughness was 

created according to: 

𝑥 =
25

𝜋
𝑎𝑟𝑐𝑠𝑖𝑛 [sin (

2𝜋(𝑦 − 20,000)

100
)]  𝑖𝑛 𝜇𝑚 

A moving mesh with this function was forced in the region of interest 2<y<22cm to create 

a deformed geometry, but didn’t remesh effectively. Instead, an array of isosceles triangles 

with a base of 100 µm and height of 25 µm was subtracted from the solution space to give the 

same pattern as the equation above ensuring that the average wall location remained unchanged 

at x=0 (Figure 3.2). 

Mass transfer was evaluated by setting the interface concentration to the saturation 

value of O2 according Henry’s law [33]. The solute motion was by isotropic diffusion and 

advection in the waves in the second half of the solution domain (10cm). Once both the average 

concentration for the whole region and the outlet concentration had been unchanged for ~0.5s 
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the solution was considered to be at steady state. Table 3.2 displays the modeling parameters 

used in the simulations. 

The moving mesh results were compared with a “fixed” mesh solution.  It was the 

same, computationally, as described above with three exceptions. Firstly, the mesh will not 

move according to the physics and the gas liquid interface is modeled by a slip wall. Secondly, 

the width of the film will be h0 the entire length. Finally, because of the fixed mesh, the solution 

could be obtained using a steady state solution which was much faster to solve (~1 min vs ~1 

day). 

 

3.3 Results and Discussion 

Our goal in this investigation is to first understand the physical characteristics and mass 

transfer performance of a falling liquid film over a rough hydrophilic paper surface. Next, 

confirm experimental results with results generated by computational fluid dynamics (CFD). 

Finally, use the validated model to calculate the shear stress that the paper-immobilized cells 

would experience on the surface and compare that with theory.  

3.3.1 Liquid film flow parameters 

3.3.1.1 Experimental results 

Experimental images of the films at different flow rates are shown in Figure 3.3. No 

film can be seen at the lowest Reynolds number and the waves become more pronounced with 

increasing flow rate. There is an initial zone without waves, but as vorticity builds up from the 
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no slip wall, waves develop. These waves appear without an added forcing function commonly 

used by other investigators [7, 8, 26]. 

Results from measurement of the wave peak heights are shown in Figure 3.4. Because 

of the hydrophilic surface, we were able to test Re lower than commonly investigated [4]. 

Despite the very low flow rates, the film remains intact across all the Re values investigated 

and show increasing thickness with increasing Re. There are significant edge effects on the 

paper strip as most of the flow appears to channel down the center of the strip. However, this 

can still provide a first approximation of the film flow characteristics as shown in Figure 3.5. 

By averaging the 5 measurements across the width of the film we estimate the film thickness 

on an infinitely wide surface. The measured static film thickness is subtracted from the 

measurements as a first approximation of the moving film thickness. We assume that the flow 

progresses mostly over the top of the static film held in place by the hydrophilic cellulose 

fibers. That significantly overestimates the film thickness expected at Re of 60, 80, and 100 

compared with the Nusselt and Kapitza correlations. This is expected, though, as our 

micrometer measures the wave peaks, not the average wave thickness. Extrapolating to our 

region of interest the relationship between ℎ𝑚 and ℎ0 as found by Yu and Cheng [28] gives a 

linear fit of the lowest four Re of ℎ𝑚 ℎ0⁄ = 0.0097 ∗ 𝑅𝑒 + 0.7818. Modifying our measured 

value accordingly gives better agreement in shape with the correlations, but worse fit overall.  

However, as the majority of the liquid flows through the middle 60% of the falling film and 

that is where the waves are, we applied the corrections only to the middle three data points.  

That gave us better agreement with the Kapitza theory for wavy films. No correction was 
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applied to Re=20 as no waves were observed. That result confirms our fit from above where 

ℎ𝑚 ℎ0⁄ = 1 at Re=22. 

Thicknesses for conventional falling films are 0.5-3 mm, however, films < 100 µm can 

be achieved with specially machined plates with microchannels [1]. A significant advantage 

of our paper biocomposite system is that the cells immobilized on hydrophilic paper can be 

irrigated by complete films at ~100 µm liquid film thickness without the need for specially 

fabricated parts. 

The measured velocities are shown in Figure 3.6. As no waves were seen in Re=20, the 

measured flow rate from the added dye was assumed to be the average flow rate. The wave 

velocities measured at other Re values had to be corrected to calculate the average velocity. 

Similarly to above, extrapolating to our region of interest the relationship between 𝑢𝐿𝑚𝑎𝑥 and 

�̅�𝐿 as found by Yu and Cheng [28] gives a fit for Re<200 of 𝑢𝐿𝑚𝑎𝑥 �̅�𝐿⁄ = −0.0047 ∗ 𝑅𝑒 +

2.7827. Applying the correction to our wave velocity shows good agreement with Nusselt’s 

correlation. 

Combining our results for film thickness and velocity, we evaluated our assumptions 

by comparing our calculated values with the accurate volumes delivered from the syringe 

pump. Figure 3.7 shows that correcting only for wave velocity and film thickness caused 

under-prediction of the flow rate at higher Re. However, adjusting for the edge effects as above 

showed a fit within 10% of the actual value across all flow rates. 

3.3.1.2 Computational results 

The finite element modeling results from this work are compared with experimental 

results from literature [31] in Figure 3.8. Excellent agreement is found with wave shape, peak 
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height, and frequency in this rapid calculation system that has a forcing function for all three 

mesh types. The differences in wave thicknesses and trough depth are also found in other 

modeling work in the literature that use finite volume [32]. The maximum element size in the 

gas phase was 1/3rd the total solution domain width.  In contrast to finite volume methods [7], 

differences in simulation results were minimal between the different mesh types. 

Consequently, further investigation was required using mass transfer for optimal mesh 

construction (see below). The total cell count for a simulation zone of length 512*h0 [32] was: 

h0/5, 13,577; h0/7, 20,109; h0/10, 37,083. The total solution times for a max step size of 0.0005s 

were 3h 57min, 6h 36min, and 12h 19min for the h0/5, h0/7, and h0/10 meshes, respectively. 

The model is as much as 2 orders of magnitude faster than other computational methods which 

can take as long as a week [8]. The element size is larger and the total cell count smaller than 

others have used for their simulations [8, 26]. This is successful because COMSOL 

automatically switches to second order elements after the solution has been initialized to 

improve resolution which doubles the solution nodes. However, the finite element moving 

mesh method presented here was found to be best suited for low Re. Preliminary investigations 

into higher Re could not progress beyond ~0.01s because of mesh becoming inverted from the 

larger waves. 

The film profiles and instantaneous velocities are shown in Figure 3.9. As with the 

experimental results, the waves are not present at Re=20 and get larger and faster with 

increasing Re. Also, the waves appear some distance from the inlet because of the vorticity 

generated from the no slip wall. These waves are generated spontaneously without the need 

for a forcing function.  
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Comparison of the modeling results (3 largest waves in each simulation) with 

experiment is shown in Table 3.3. Excellent agreement is found for the wave velocities 

particularly for the higher Re. Because dye was required to see the film velocity for Re=20 

without waves, it is unclear whether the velocity observed was the maximum or average 

velocity. However, the experimental result falls within the bounds of the average and 

maximum values from the FEM. Additionally, the experimental results for Re=40 were much 

larger than the velocities predicted by the FEM. Comparing Figure 3.3 and Figure 3.9, there 

are only large waves visible from experiment, not the many small waves seen from the 

simulation of Re=40. The larger waves would cause higher wave velocities. There are 

significant differences in the wave heights. The experimental method could be consistently 

low or the larger waves shown in the FEM are not captured by the experimental method. Using 

the FEM results for wave thickness we would not need the edge corrections for the parity plot. 

Though this would improve the data, it was deemed unnecessary for the overall goal of rapidly 

predicting mass transfer performance.  

3.3.2 Mass Transfer 

3.3.2.1 Experimental Results 

The mass transfer coefficient calculated from measuring the outlet concentration is 

shown in Figure 3.10. As reported by others, the experimental results outperform theory due 

to the transverse motion of the solute in the leading edge of the wave (see below). The 

experimental mass transfer coefficient values do follow the trend predicted, just at a higher 

level. The analytical solution is almost identical to the Nusselt correlation at the Reynolds 

numbers under investigation. 
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3.3.2.2 Computational Results 

Since the wavy flow profile can be accurately predicted by a mesh at least h0/5 with 

our FEM, mass transfer with a fixed interface was used to refine the mesh further. A 

comparison of 1st and 2nd order elements is shown in Figure 3.11 for mass transfer in a 10 cm 

section of a fixed mesh. Even at a very coarse mesh, the 2nd order elements give the same 

answer as the higher resolution first order mesh. 

As before, we get very accurate solutions with coarse mesh using the finite element 

method, the limiting step then became the deformation the moving mesh was able to absorb 

without inverting. Using Re=100, the mesh would commonly invert when the cross stream 

mesh size was any less than h0/6, but was consistently stable with h0/8.  

Using h0/8, it was also noticed that the maximum step size needed to be reduced from 

0.0005s to 0.0003s. With the larger step size the transverse motion[8] that drives the elevated 

mass transfer in wavy falling films for Re=100 was not apparent causing a significant drop in 

mass transfer performance. 

The results of the FEM mass transfer studies are shown in Figure 3.12. Each solution 

took 1-2 days. Only the second half of the 20cm length was used for mass transfer analysis to 

ensure the waves were well developed. Additionally, use of the entire length for mass transfer 

generated spurious results due to vorticity near the inlet in the transition from the slip to the 

Navier Slip wall. 

The transverse solute motion in the leading edge of the wave is apparent for the three 

highest Re numbers. However, that phenomenon is not evident for Re=40. This affects the 

mass transfer performance as shown in Figure 3.13. The results for Re=20 and 40 are the same 
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as the fixed mesh solution that does not allow waves to form.  However, each higher Re shows 

a greater enhancement of mass transfer performance from the wavy surface. It should be noted 

that near the inlet to the mass transfer region the solutions would sometimes have small 

(between 0 and -0.05 mol m-3) negative concentrations in a 3 or 4 particularly deformed mesh 

elements. This is a known problem in COMSOL 4.2a that has been addressed in recent version 

of the software. However, the solution was not affected as the results still agreed well with 

experimental observations (Figure 3.14). 

Comparing the FEM with experimental mass transfer show they both outperformed 

Nusselt’s correlation. Because of the different lengths used in experimental studies and 

modeling, we scaled the mass transfer coefficient according to L0.5 as Nusselt in Figure 3.14. 

Excellent agreement is found across all Re indicating this fast simulation method can give 

accurate results 

Our group is not only interested in smooth surfaces commonly studied by others and 

reported in the falling film literature. We would like to know how the irregular, rough surfaces 

of our paper substrates might affect the mass transfer performance of our biocomposites. 

However, simulating a rough surface requires a mesh density much higher than the smooth 

surface in order to capture the vorticity generated by the triangular roughness. Consequently, 

an additional simulation was performed only at Re=100 to see how the rough surface affects 

the wave formation and mass transfer. The solution took much longer, approximately 4 days. 

However, the rough surface mass transfer performance was almost identical to the smooth 

surface.  The rough surface kL was only 4.1% better even though the maximum vorticity at the 

rough surface was ~50% higher than the smooth surface. 
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As a result, we investigated how the rough surface would affect the mass transfer from 

the paper surface to the liquid.  These simulations were run with a fixed mesh with smooth and 

rough surfaces and with the solute concentration at the gas/liquid or the liquid/solid interface 

(Figure 3.15). Again we find that for the solute entering the system from the gas/liquid 

interface, the roughness has little effect. However, with the solute at the liquid/solid interface, 

there are dramatic differences. The mass transfer is enhance by 27% at Re=20, and is increased 

by 41% for Re=100. This is a critical result as previous research has shown that for a static 

system, mass transfer within the biocomposite may be limiting performance [3]. The flowing 

system will not have that limitation. 

 

3.3.3 Shear Stress 

Of additional interest to our group beyond the mass transfer in falling films is shear 

stress at the paper biocomposite surface. The goal of this work is to develop operating 

parameters for a falling film biocomposite bioreactor [3] and to predict the shear conditions 

the cells will experience immobilized in the paper. The main force the cells will experience is 

the shear stress of the falling liquid film (Table 3.4). The average film height measurements 

were used to calculate the shear stress for the experimental system. The FEM data points are 

the maximum value from evaluating the shear stress at the wall in COMSOL. The FEM values 

are higher than experimentally observed which is expected as the wave heights are not uniform 

as they are with models reported by others that use a forcing function.  This more realistic 

approach accounts for the occasional large wave that can develop. Consequently, the FEM 

values are a more reasonable estimation for cell adhesion studies.  
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Comparing these shear stress values with other reactor types used for gas-to-liquid 

bioprocessing is not straightforward. In a suspension culture of microorganisms, shear comes 

from no slip conditions on the reactor walls, baffles, or impellers as well as from bubble 

breakup. Average shear stresses for a bioreactor are reported as ~1-10 N m-2 [34, 35]. Relative 

to the low power, falling film system proposed (~1.1-3.4 N m-2) those stirred tank values are 

not very high. However, the largest shear forces and cell damage occurs from bubble rupture 

[36, 37] which can be as high as ~100 N m-2 [38]. The falling film reactor will not have bubbles 

and the values in Table 3.4 represent that maximum the cells will experience, not an average. 

Additionally, the FEM shows that in the trough of a rough surface, where the cells adsorb [3], 

the shear stress will be <1% of the smooth surface values.  

 

3.4 Conclusions 

In this work, an abiotic model of a falling film was developed to investigate mass transfer 

over smooth and rough surfaces and corroborated with experimental results of water flowing 

over a paper strip. The model provides critical estimation of parameters for the design of a 

laboratory scale biocomposite continuous gas processing bioreactor. As the elevated mass 

transfer of the film is driven by gravity, not by an external power source, the only power 

required is lifting the liquid to the top of the reactor. With a prototype tubular reactor design 

of ~1 m tall and 2.2 cm ID tube with a biocomposite around the entire inner surface, we can 

estimate the power simply as the energy required in watts (P=Qρgh) to lift the liquid media. 

The flow rate is increased by ~3.5 fold as the circumference in this tubular system is larger 

than the flat paper strip width. The average experimental values for mass transfer coefficient, 
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kL, and film thickness for 1/a, h0, were used to calculate kLa. The abiotic falling film results 

can then be compared with other reactor types as before [3] (Figure 3.16).  The next step with 

the model will be to add a solute “sink” at the paper surface to represent gas consumption by 

the cells. This will increase the mass transfer coefficient still further. 

The abiotic falling film over a hydrophilic, rough paper substrate shows mass transfer 

coefficients of >1000 h-1 at 1-3 orders of magnitude less power. Additionally, the shear forces 

that the cells would experience in the other systems would be detrimental to the microbes’ 

performance. Whereas the falling film operates well within the laminar regime at low shear 

stress. Finally we have demonstrated that though the roughness of the paper surface does not 

aid gas to liquid mass transfer, it does enhance mixing near the paper substrate. This will aid 

transport of nutrients and products to the microenvironment around the paper immobilized 

microorganisms to minimize substrate limitation and product inhibition.  

Using a low power, biocomposite, falling film system the limiting step in gas-to-liquid 

biomanufacturing would no longer be the gas-to-liquid mass transfer [39-41], but the kinetics 

of the microorganism and the microstructure of the biocomposite material. This reactor type, 

along with engineered microorganisms that can absorb the elevated dissolved gas 

concentration, could significantly intensify bioprocessing rates for manufacturing commodity 

chemicals from waste single carbon gases.  
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Table 3.1- List of Variables 

Letters 

a Interfacial area [m2 m-3] 

𝐶 Solute concentration [mol m-3] 

𝐶0 Initial solution concentration [mol m-3] 

𝐶𝑓 Final (outlet) solute concentration [mol m-3] 

𝐶∗ Saturation limit of solute [mol m-3] 

𝐶̅ Average solute concentration solute [mol m-

3] 

𝐷 Diffusion coefficient [m2 s-1] 

𝑔 Acceleration due to gravity [m s-2] 

h0, hm Average and measured film thickness [m] 

KF Film number 

𝐿 Film length [m] 

Q Flow rate [m3/s] 

Ra Average surface roughness [m] 

Re Reynolds number 

uL Liquid phase velocity [m s-1] 

�̅�𝐿 Average liquid phase velocity [m s-1] 

uLmax Maximum liquid phase velocity [m s-1] 

𝑤 Film width [m] 

x Horizontal position [m] 

y Vertical position [m] 

Greek 

Symbols 

 

𝛽 Slip length [m] 

𝜇 Viscosity [kg m-1 s-1] 

ρ Density [kg m-3] 

σ Surface tension [N m-1] 

υ Kinematic viscosity [m2 s-1] 
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Table 3.2-Modeling parameters for simulations 

Parameter Value 

Water viscosity 0.001002 kg m-1 s-1 

Water density 998.2 kg m-3 

Gas viscosity 2.0274E-5 kg m-1 s-1 

Gas density 1.225 kg m-3 

Surface tension 0.073 N m-1 

Interface concentration 0.2753 mol m-3 

Diffusivity of O2 in water 2.1E-9 m2 s-1 
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Table 3.3-Comparison of simulated film characteristics with experimental results 

 Wave height ± SE (µm) Wave velocity ± SE (cm/s) 

Reynolds number Experiment FEM Experiment FEM 

20 (no waves) 102 ± 22 116 5.34 ± 0.18 
6.54 (max) 

4.34 (average) 

40 142 ± 22 191 ± 5.0 23.5 ± 0.78 17.9 ± 0.39 

60 187 ± 23 254 ± 8.1 27.3 ± 0.72 24.3 ± 0.57  

80 226 ± 26 299 ± 8.1 28.6 ± 0.74 28.1 ± 0.54 

100 243 ± 28 331 ± 15 32.5 ± 0.86 31.4 ± 1.6 
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Table 3.4-Comparison of maximum shear stress results for experimental and numerical 

methods for the smooth surface 

Reynolds number Experimental (N/m2) FEM (N/m2) 

20 1.0 1.1 

40 1.4 1.6 

60 1.8 2.2 

80 2.2 2.9 

100 2.4 3.4 
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Figure 3.1-A) Front view of the falling film apparatus with fiber optic probe positioned for the 

outlet measurement. B) Total experimental arrangement for investigation of mass transfer. C) 

Experimental arrangement for measurement of film thickness using a micrometer. 
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Figure 3.2-Depiction of the finite element modeling approach. 2 non-physical zones for inlet 

and outlet and a 20cm long solution zone. The latter 10 cm was used for mass transport where 

consistent waves had developed with the gas/liquid interface concentration set by Henry’s law. 
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Figure 3.3-Images of falling film over rough hydrophilic surface at different Re. 
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Figure 3.4- Measurements of wave peak height at various places across the paper strip for 

different Reynolds numbers 
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Figure 3.5-Calculation of average film thickness and comparison with correlations from the 

literature [4] 
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Figure 3.6-Measurement of wave velocity and calculation of average film velocity compared 

with Nusselt correlations from [4] 
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Figure 3.7-Parity plot to evaluate assumptions for film thickness and velocity 
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Figure 3.8-Comparison of finite element simulation results with literature  
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Figure 3.9-Simulation results of film profile and instantaneous velocity for various Reynolds 

numbers in a 20 cm long, free surface falling film. Aspect ratio modified for ease of viewing. 
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Figure 3.10-Mass transfer results for experimental system compared with literature 

correlations. Open symbols indicate 10cm length, closed symbols indicate 20cm length. 
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Figure 3.11-Comparison of 1st and 2nd order element for Re=100 (h0=197.5µm) 
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Figure 3.12-Simulation results of film profile and O2 concentration for various Reynolds 

numbers in a 10 cm section of a free surface falling film.  Aspect ratio modified for ease of 

viewing. 
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Figure 3.13-Simulation results comparing mass transfer coefficient with Re. All data points 

shown are for 10cm film length.  
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Figure 3.14-A scaled comparison of simulation with experimental results 
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Figure 3.15-Comparison of mass transfer performance with solute entering at gas/liquid or 

liquid/solid interface in a falling film over a smooth or rough surface.  
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Figure 3.16-Comparison of reactor mass transfer performance vs power input. Falling film data 

included in brown rectangle. Figure adapted from [3] 
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Abstract 

We describe a preliminary method for convectively drying Clostridium ljungdahlii 

OTA1 in argon as a dry-stabilized biocomposite biocatalyst for CO absorption. The conditions 

developed are 25 min of convective drying at room temperature with 10g/L trehalose in the 

drying formulation and 4°C storage. After rehydration, the biocomposites demonstrated an 

average CO consumption of 15.5 mmol CO m-2 h-1. The maximum rate observed after 

rehydration was ~20 mmol CO m-2 h-1 which is ~20% of the reactivity of undried coating.  

However, there are no previous reports of drying and rehydration of Clostridia for CO uptake. 

Upon rehydration, no lag time was observed to regained CO absorption reactivity. This 

reactivity was consistent for samples stored dry at 4C, then rehydrated throughout 38 days of 

dry storage. Raman microspectroscopic analysis of similar drying conditions revealed a 

systematic trend in reduction of the asymmetric –OH stretching peak of residual water with 

longer drying time. The asymmetric –OH stretching peak of water can be related to a high 

reactivity cluster of water molecules that are incompletely bound by intramolecular hydrogen 

bonding. This indicates the paper structure has an effect on the dry stabilization which likely 

allows storage of water well above the glassy regime. Dry stabilization of microorganisms 

capable of assimilation of single carbon gases could enable centralized biocatalyst fabrication 

and decentralized bioprocessing of CO containing emissions to recycle gaseous carbon to 

liquid fuels or chemicals.  
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4.1 Introduction 

Drying and rehydration is convenient for long term storage and preservation of 

microbial biocatalysts such as lactic acid bacteria and yeast [1]. However, there are few 

publications on dry stabilization of microorganisms that can assimilate gaseous carbon 

compounds other than carbon dioxide.  Recent work has applied drying techniques more 

broadly to disease prevention and treatment [2], agricultural biologicals [3, 4], food production 

[5] and storage [6], pest control [7], and biosensors [8].  

Dry-stabilization of highly concentrated microbes as industrial biocatalysts requires 

effective techniques to dry and store large numbers of cells with consistently high recovery of 

viability and reactivity after rehydration. Optimization of dry stabilization includes the cells’ 

growth phase prior to desiccation [9], excipient addition [10-15], drying method [16-21], 

drying rate and residual water content [22, 23], storage conditions [24], and rehydration 

conditions [25]. These conditions may also be strain specific as there are different biochemical 

mechanisms that enable microorganisms and anhydrobiotes to withstand desiccation [19, 23, 

26]. 

The most widespread drying methods are freeze drying and spray drying. Freeze drying 

is the preferred by culture collections, but is very energy intensive and is difficult to do at large 

scale [9]. Spray drying is commonly used in the dairy industry [27], but the higher temperatures 

required can be damaging to many types of cells [9]. The time required to dry the cells can be 

on the order of minutes or hours depending on the method.  The end goal of any of these 

processes is a non-crystalline, glassy state where the cell’s membrane remains intact over 
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extended storage periods to maintain high viability upon rehydration. That state is generally 

achieved at residual water levels of ~0.1 gH2O/gDCW [28]. 

Paper-based biocomposite materials of non-growing microbes that have not been dried 

have been shown to outperform suspended cells at low power input, achieve increased product 

concentration with reduced liquid requirements,  have the potential for intensified mass transfer 

[29, 30], and demonstrate a long reactive half-life [31]. In this work we demonstrate how 

adsorption onto paper allows rapid, ambient anaerobic drying of Clostridium ljungdahlii OTA1 

using minimal power input. Cells dried and stored using this method are immediately reactive 

upon rehydration and assimilate carbon monoxide.  

Immobilizing cells on or within a nonwoven biocomposite material could provide a 

convenient method for dry stabilizing large numbers of reactive but non-growing 

microorganisms for continuous processing of gases using falling film or other thin liquid film 

gas-liquid mass transfer reactor engineering methods [30]. Dry stabilization would enable 

fabrication of highly reactive gas contacting modules for cleaning gases and recycling carbon 

using microorganisms. Non-destructive evaluation of the biocomposite materials in these 

modules in situ by Raman microspectroscopy for residual water content could provide insight 

into the water activity levels that lead to cell deactivation [32]. These modules could be stored 

and shipped at or near ambient conditions and rehydrated at the site of gas cleaning as parallel 

gas absorbers for continuous, distributed bioprocessing of carbon containing gases with 

minimal water use. 
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4.2 Methods 

4.2.1 Bacterial Strain, Media and Growth Conditions 

Clostridium ljungdahlii OTA1 cell pellets were prepared as previously described [29]. 

The departures from the previous methods are limited to the reducing agent.  For growth in 

mRCMf, bottles were reduced with 3mL of 2.5% Cysteine-HCl prepared in anoxic 0.1N 

NaOH. The limiting growth media was prepared according to the pH required by mixing the 

cysteine either in anoxic water, 0.1N, 0.2N, or 0.4N NaOH. In the pellet preparation, the cells 

were rinsed with 2.5% cysteine-HCl in 0.2N NaOH 

4.2.2 Coating of Biocomposite Paper Substrate  

3MM chromatography paper (Whatman) was prepared by cutting into strips (2x13cm, 

335 µm thick), wrapped in aluminum foil, autoclaved for 20 min (dry cycle), and stored in 

the anaerobic chamber (~3% H2 in Ar. 26°C, ~40% relative humidity). All materials were left 

uncovered in the anaerobic chamber for at least one day to ensure anoxic quality. The coating 

formulation was prepared as needed. The 10 cm2 coatings were applied to one side of the 

strip as previously described [29].  

4.2.3 Drying, Storage, and Rehydration Method 

The freshly prepared biocomposite strips were placed into a Balch tube and sealed with 

a black butyl rubber stopper (Geo-Microbial Technologies, Inc., Ochelata, OK) in the 

anaerobic chamber. Other Balch tube stoppers (blue butyl) commonly used for anaerobic work 

were found to be unsuitable as they leak oxygen over the storage periods investigated. The 

tubes were removed from the anaerobic chamber and crimped with aluminum seals. Tubes 

were flushed with 99.999% pure Argon (Arc3 gases, Raleigh, NC) using two 21G, 1inch 
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needles with the inlet needle pointing away from the coating surface at 20psi. After the 

prescribed time had elapsed, vent needles were removed and the pressurized tube was vented 

to atmospheric pressure. Tubes were then stored in the dark either in the refrigerator (4°C), 

under the bench (21°C), in the anaerobic chamber (26°C), or in an incubator (37°C) for the 

prescribed time period. Tubes containing the biocomposite-coated paper strips were rehydrated 

by adding 4mL of fresh media of the same composition in which the paper was dried after 

moving the tubes back into the anaerobic chamber. They were then capped, removed from the 

anaerobic chamber and flushed for 2min at 20psi using 21G needles with a syngas mixture: 

45% CO/45% H2/10% N2. Tubes were arranged horizontally in a shaker at 37°C, 50rpm. For 

consumption rates, tubes were sampled with gas tight syringes and analyzed by GC as 

described previously [29].  

4.2.4 Evaluation of Residual Water Content 

Water content after drying (25 min drying, 10g/L trehalose) was evaluated 

gravimetrically (Mettler-Toledo XS64, 0.1mg sensitivity, Columbus, OH). Paper substrates 

were weighed (average 0.4769g ± 0.00173g SE, n=18) before being coated with OTA1 cells 

on the benchtop. Biocomposite biocatalyst strips were convectively dried under anaerobic 

conditions as described above.  After drying, biocomposites were removed and immediately 

weighed. To obtain cell dry weight, the biocomposites were then place into an oven overnight 

at 105°C.  Lower oven temperatures did not drive off all the water from the hygroscopic paper. 

They were weighed individually, immediately after coming out of the oven. Controls to 

determine water content of the paper used the same convective drying/weighing procedure. 
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Water that was initially present in the paper substrate was not included in the calculation of 

residual water content, gH2O/gDCW. 

4.2.5 Raman Microspectroscopy 

The water state and residual content were evaluated by Raman spectroscopy according 

to the following. Water (200µL) was added to 3MM paper strips just as the coating 

formulations were rehydrated. The strips were placed into Balch tubes with a plastic ring (3/4 

arc cut from a 15mL centrifuge tube) used to keep the paper flush with the interior of the tube. 

They were then flushed for 0, 15, and 25 min with pure argon and allowed to equilibrate. For 

the Raman spectroscopic analysis, a customized Raman spectrometer (UHTS 300, WITec 

Instruments Corp., Germany) and confocal microscope combination located at the University 

of Michigan at Dearborn was used.  A 532nm solid-state laser was used as the excitation source 

and the Raman spectra were collected with a sensitive EMCCD camera (Andor Technology, 

UK), using a 10x objective (Zeiss, Oberkochen, Germany).  Array point scans were acquired 

in triplicate for each sample with an integration time of 0.5s. The samples were collected on 

the side of the biocomposite substrate that would not have cells applied to it through the glass 

of the sealed Balch tube. It was assumed that because of the equilibration time and the 

hydrophilic nature of the paper, that the water was uniformly distributed. 

4.3 Results and Discussion 

The effect of convective drying time is shown in Figure 4.1. Reactivity after storage 

and rehydration peaks at 25 min of convective drying.  The water content of the drying 

conditions is shown in Figure 4.2. These preliminary gravimetric results are noisy compared 

to other methods used likely due to the manual extrusion coating method resulting in non-
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uniform coating thickness [33]. However, it provides a reasonable first approximation of the 

residual water content in the biocomposite. Comparing Figure 4.1 and Figure 4.2 shows that 

the most CO absorbing reactive conditions following rehydration had ~1 gH2O/gDCW during 

storage. This value is approximately 10 fold higher than commonly cited for the glassy state 

needed for storage of desiccated microorganisms.  Further drying closer to the glassy regime 

only decreased reactivity. This phenomenon has been reported for lactobacilli where viability 

after drying drops sharply below 0.5 gH2O/gDCW [21]. 

The effect of the pH of the media used for the coating formulation solution and 

rehydration media on the storage stability is shown in Figure 4.3. The best conditions were pH 

6 or 6.4. As they were statistically the same, and the highest recovery of activity in individual 

samples were with pH 6.4, therefore pH 6.4 was used in subsequent studies. 

Carbon monoxide assimilation reactivity after rehydration increased with decreasing 

storage temperature in a nearly linear fashion (Figure 4.4). Figure 4.5 shows that addition of 

trehalose did not stabilize C. ljungdahlii which lacks a trehalose transporter [34]. Adding 

fructose, which is a carbon source for C. ljungdahlii, was more detrimental to stabilization than 

trehalose even at the growth media level of 10g/L. The lowest level of trehalose had statistically 

indistinguishable reactivity from the control. However, the error is much smaller for the 

trehalose samples. That effect is not believed to be the protective effect of the trehalose. It is 

likely a result of trehalose acting as a viscosity modifier as uniform trehalose coatings were 

easier to make than the control. 

Using the best conditions of 25 min convective drying, pH of 6.4 media, and 10g/L 

trehalose to aid with repeatability, a study of the rehydration kinetics was performed. Though 
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a lag time was expected, the data shown in Figure 4.6 shows immediate recovery of CO 

assimilation reactivity following rehydration.  This data can be compared to previous undried 

biocomposite paper strip biocatalysts [29], with comparable immediate, linear reactivity. 

A longer term study of stability was performed and the results are shown in Figure 4.7. 

Reactivity is constant over ~900 hours (38 days) of storage. To ensure anaerobic quality, the 

septum caps for the longer term study were covered in yellow vinyl tape (3M, St. Paul, MN) 

used to seal anaerobic chambers (Coy Laboratories, Grass Lake, MI). This added barrier to 

oxygen penetration increased long term stability as preliminary experiments that did not have 

the tape lost ~50% of CO uptake reactivity after ~600 hours (data not shown).  

To confirm cell viability, a 3 cm section of the coated paper was removed from  each 

of the last three data samples of the long term experiment after gas samples were taken and 

submerged in growth media in the anaerobic chamber and the tubes sealed and incubated at 

37°C, 100rpm on  shaker. After 72hours, the OD600 readings were ~1 demonstrating a growth 

rate of 0.053 h-1 and all the CO was consumed from the head space gas indicating growth of 

viable cells. However this growth rate is one half of the rate observed in serum bottle cultures 

of C. ljungdahlii OTA1 before drying, 0.10 h-1.  

To confirm that the results were not unique to strain OTA1, C. ljungdahlii WT-55383 

was also evaluated under similar conditions. A comparable drying and storage experiment was 

performed and, as with OTA1, this experiment demonstrated a ~20% recovery of wet reactivity 

(data not shown). However, the wet reactivity of WT was 1/5th of OTA1 under similar 

conditions. 
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This proof of concept anaerobic ambient drying work shows a maximum reactivity of 

~20 mmol CO m-2 h-1 following drying and rehydration which is ~20% of the maximum 

undried reactivity [29] (0.70 log reduction), but this reactivity was stable for greater than 38 

days of dry storage. The most relevant comparison industrial organisms are lactobacilli which 

are lyophilized and stored dry for use in the dairy industry. Most techniques continue to lose 

at least 0.5 log of viability every 30 days of storage [16, 18, 35]. However, some lactobacilli 

have demonstrated much higher stability [36, 37] particularly with immobilized cultures [38]. 

With an initial biocomposite biocatalyst cell loading of 6.5 gDCW m-2 [29], if 80% of the 

cells do not survive the drying/rehydration process, 1.3 gDCW m-2 remain active. With a 10 cm2 

coating and 4 mL of media, the active cell concentration recovered into the liquid medium after 

rehydration is 0.33 gDCW L
-1

 which is ~2/3 the max density they achieved in serum bottles under 

normal growth conditions. However, paper biocomposite biocatalysts will likely be used in 

falling film reactors where the cell are permanently attached to the biocomposite substrate with 

liquid volumes even less than these minimal liquid Balch tube experiments.  When the paper 

substrates are hydrated by a thin falling liquid film, the liquid will be mainly in the paper pores 

with a thin film on the surface [29]. The 3MM chromatography paper substrate (Whatman) has 

a water absorption capacity of 36 µL cm-2. Using that liquid volume, the reactive cell 

concentration of paper-immobilized C ljungdahlii is ~3.6 g/Lliquid. This cell density is higher 

than many Clostridial suspension systems [39-44], but not as high as cell recycle bioreactors 

of ~10 g L-1 [45]. However, these recycle systems can take 100s of hours to reach high cell 

density, but the dried biocomposite is reactive immediately upon rehydration (Figure 4.6).  



 

125 

Though ~80% of the cells are inactive there are still ~7E8 CFU of reactive C.  

ljungdahlii OTA1 on each biocomposite biocatalyst paper strip [29]. After being place in the 

shaker horizontally for at least 15 hours, the media shows no turbidity indicating that the cells 

remain adsorbed onto the 3MM paper substrate. Drying enables a higher cell loading than 

previously demonstrated [29] (data not shown). The previous value of 6.5 g m-2 was used here 

for consistency, but preliminary work showed no turbidity after rehydration at >12 g m-2. 

Enhancement of cell loading is likely a function of coating/paper pore microstructure due to 

the drying drawing cells deeper into the paper pores. Optimization of cell loading for an 

optimized coating thinness and convective drying process is the focus of our biocomposite 

microstructure current studies. 

In this preliminary study the gravimetric analysis of the residual water content was 

related to Raman microspectroscopic characterization of the water molecules in situ in the 

desiccated samples. Special emphasis was given to –OH stretching region of the Raman spectra 

of water. The symmetric and asymmetric components of the –OH stretching peak can provide 

valuable insight regarding the reactivity and stabilization of the biomolecules in the matrix. 

Tetra-bonded water molecules having low-density structural arrangements that contribute 

towards formation of the ‘symmetric’ peak centered around 3280 cm-1. On the other hand, the 

‘asymmetric’ peak to the –OH stretching peak centered around 3420 cm-1 originates from the 

high density ‘free’ water molecules that are incompletely bound by hydrogen bonding and thus 

can actively take part in chemical reaction [46, 47]. The Raman microspectroscopic analysis 

of the three drying conditions with the paper substrates is shown in Figure 4.8. As expected, 

the intensities of both the symmetric and asymmetric peaks decreased with increasing 
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convective drying time (flushing time) indicating water loss. However, due to association of 

the residual water activity from the ‘free’ water molecules in the substrate, the intensities of 

the asymmetric peak of the –OH stretch was correlated with the drying time (Figure 4.9). 

Comparison of the gravimetric water loss pattern with the decreasing intensity of the 

asymmetric peak reveals a very similar trend. Furthermore, the dry weight of the paper 

substrates are related to the intensities of the asymmetric -OH stretching peaks through a strong 

linear relationship (Figure 4.10, R2 >0.99) indicating that Raman could be an excellent method 

for simple, rapid determination of residual water content in situ in dried biocomposite 

biocatalyst materials. Knowing the desired residual water content for optimal recovery of 

reactivity, this Raman technique could be used for screening of biocomposite biocatalyst 

desiccation state before, during and after storage.  

 

4.4 Conclusions 

We have demonstrated, for the first time, dry storage of C. ljungdahlii by ambient 

drying using argon and dry storage over 38 days without any loss in CO absorbing reactivity. 

The length of convective drying was determined to be optimal around 25 minutes with further 

drying toward the glassy regime only decreasing reactivity. The pH of the media for drying 

and rehydration was found to not have a significant effect as long as it was within the normal 

growth range. Reducing the storage temperature to 4°C increased reactivity after rehydration 

indicating that some intercellular biochemical reactions likely remain active following 

desiccation to ~1 gH2O/gDCW that lead to cell death. Adding trehalose or fructose did not help 

the overall recovery of reactivity following rehydration. C. ljungdahlii does not have a 
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trehalose transporter, therefore pre-loading the cells with this lyoprotective sugar was not 

possible, though the addition of trehaolse did reduce coating variability. When stored for 

extended periods, an additional barrier of vinyl tape is necessary to maintain anaerobic 

conditions and recovery of CO absorbing reactivity. Finally, a Raman microspectroscopy 

method was demonstrated for screening of residual water content of paper biocomposite 

biocatalysts in situ. 

This preliminary work shows the potential for fabrication of reactive dry-stabilized 

Clostridial biocomposite biocatalyst modules for distributed processing of gasses using a 

microscopic Raman assay method for rapid determination of residual water content. Without 

the need for an inoculum seed train to scale up cell concentrations at every gas processing site, 

modules could be fabricated at a central location and transported dry to a gas-generating point 

source for recycling gaseous carbon. With many modules running in parallel, true continuous 

gas bioprocessing could be achieved by replacing spent modules with freshly rehydrated 

modules stored dry until needed. This concept could be extended beyond CO to other single 

carbon or volatile VOC assimilating microorganisms for recycling gaseous carbon into 

chemicals and liquid fuels. 
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Figure 4.1-Comparison of reactivity of C. ljungdahlii OTA1 biocomposites after storage 

following convectively drying in argon for different times 
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Figure 4.2-Residual water content of biocomposite biocatalyst determined gravimetrically 

after convective drying with 99.999% argon 

 

  



 

131 

 

 

Figure 4.3-Comparison of reactivity after hydration with the pH of media used in the 

formulation solution and for rehydration 
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Figure 4.4-Reactivity following rehydration after dry storage at different temperatures 
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Figure 4.5-CO absorption reactivity following rehydration after dry storage with and without 

sugars 
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Figure 4.6-Evaluation of kinetics of CO absorption reactivity after rehydration 
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Figure 4.7-Long term stability of the convectively dried biocomposites stored in 4C until 

rehydrated.  
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Figure 4.8-Microscopic Raman analysis of residual water peak in abiotic 3MM paper drying 

tests with and without an argon flush at 20 psi. 
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Figure 4.9-Comparison of gravimetrically measured residual water content and Raman water 

peak instensity 
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Figure 4.10-Correlation between gravimetric residual water content and microscopic Raman 

water peak intensity 
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5.1 Conclusions 

 

5.1.1 A High Gas Fraction, Reduced Power, Syngas Bioprocessing Method Demonstrated with 

a Clostridium ljungdahlii OTA1 Paper Biocomposite 

Chapter 2 expanded on previous biocomposite fabrication methods in order to increase 

gas absorbing surface area and intensify reactivity. This included: First, removing the polymer 

adhesive binder so diffusion barriers surrounding the cells were minimized. Second, a larger 

surface area above the liquid level was coated, to intensify CO absorbing reactivity. Third, the 

tubes were oriented horizontally with the cell coating out of the bulk liquid phase to maximize 

gas/liquid mass transfer. Fourth, the liquid volume was reduced to minimize water 

requirements. Finally, the tubes were slowly agitated in order to improve liquid mass transfer 

within the paper and mimic a falling film reactor.  

These modifications to the paper-based biocomposite gas absorber tube system 

outperformed the same number of suspended cells in CO uptake and product production 

(acetate production). Additionally, it was found that the media volume could be reduced 

significantly while maintaining CO consumption rate. This increased product concentration by 

80% in the reduced liquid phase without genetically modifying the cells. The CO consumption 

rate was analyzed with some engineering assumptions of how to convert agitation speed to 

power input to compare a proposed biocomposite reactor with other bioreactor types in the 

literature. The mass transfer coefficient observed in the tube gas absorbers was comparable to 

or better than many bioreactor types used in the syngas fermentation literature at 1 to 4 orders 
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of magnitude less power per volume. These results provided motivation for investigation of 

how a falling film biocomposite bioreactor might perform (Chapter 3). 

 

5.1.2 Hydrodynamics and mass transfer performance in continuous gas-to-liquid biocatalyst 

using a biocomposite falling film reactor 

Chapter 3 presented experimental data of falling water film properties and mass transfer 

over a rough, hydrophilic paper surface using oxygen mass transfer as a model for CO mass 

transfer. A finite element model was developed without any adjustable parameters that 

matched the experimental results particularly well in terms of wave velocity and mass transfer. 

Mass transfer coefficients of >1000 h-1 for this low power falling liquid film system were 

demonstrated. It was found that the rough paper surface did not significantly enhance mass 

transfer from the gas/liquid interface. However, it did increase mass transfer near the 

liquid/solid interface which is critical for optimal performance of an immobilized cell layer or 

coating. Additionally, maximum shear stress values that the cells will experience on the 

biocatalyst surface in a falling film reactor can be predicted. The predicted shear stress results 

from this model of a falling film, bubble free system are ~1% of the maximum value cells 

experience in a suspended cell system with bubbles that result in cell death when they rupture. 

This work has shown key parameters for use in development of a prototype laboratory scale 

biocomposite falling film bioreactor (see below). 
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5.1.3 A method for long term dry-stabilization of Clostridium ljungdahlii on a paper 

biocomposite biocatalyst  

Chapter 4 showed development of an initial technique for ambient drying and 

refrigerated dry storage of C. ljungdahlii. The influence of convective drying time, coating 

formulation pH, sugar content, and storage temperature were investigated. The best condition 

enabled dry storage of 38 days without a change in reactivity of the rehydrated biocomposite 

biocatalyst. Preliminary microscopic Raman data was presented for evaluation of the residual 

water content of the 3MM paper and the water state showing decrease in free water with drying 

time. The recovery of CO absorbing reactivity following biocomposite rehydration with the 

same media it was dried in was limited to ~20% of the non-dried biocomposite reactivity so 

further investigation of optimal drying and dry storage conditions are needed.  However, this 

preliminary work demonstrates that a dry-stabilization method could be developed for 

Clostridium ljungdahlii and used for centralized manufacturing of biocatalyst cartridges.  

Cartridges could be shipped dry, and rehydrated at the site of gas generation for decentralized 

CO conversion to recover this carbon as chemical and fuels. 

 

5.1.4 Unresolved questions 

A number of questions remain from the work described above that could not be 

addressed within the bounds of time and limited resources.  

The work in Chapter 2 could be enhanced if a more thorough understanding was 

developed as to the mechanism of adsorption of the cells to cellulose fibers. The C. ljungdahlii 

genome indicates that a cellulose binding module (CBM_X2) is present on the surface of this 
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organism, though it has fewer copies than other organisms known for cellulose binding. 

Enhancement of that binding through genetic modification would allow for higher cell loadings 

and intensified reactivity. Additionally, investigating methods for increasing the coating 

surface in the tube system beyond 20 cm2 and longer experiments with periodic CO flushing 

of the gas phase (without oxygen leaking into the tubes) would show whether the high 

reactivity demonstrated can be maintained over longer periods.  Long term storage and 

reactivity experiments may require better control of oxygen slowing leaking into the Balch 

tubes through the rubber septa. 

The flexibility of the abiotic mass transfer model developed in Chapter 3 allowed 

investigation of relevant questions that need to be addressed by future experimental work. 

However, an exhaustive simulation was not performed, particularly for the rough surface 

model, because of the limitations of the current computer speed. Only one flow rate was 

evaluated with the simulated rough paper surface with a moving mesh (free interface).  It would 

be instructive to see how other flow rates investigated would perform, though, it is unlikely to 

change any conclusions. Additionally, the mass transfer studies comparing the liquid/solid 

interface with a rough surface for solute dispersion could be performed with a moving mesh to 

investigate if the waves can affect the mass transfer from the opposite side. These simulations 

would require a faster computer with more memory and newer software. Preliminary work into 

a time study of mass transfer from liquid/solid interface always diverged with negative 

concentrations, a known problem with COMSOL 4.2a supposedly resolved in the most recent 

version, 5.2a. 
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There are a number of methods that could further intensify the recovery of CO 

absorbing reactivity of C. ljungdahlii OTA1 following drying and rehydration shown in 

Chapter 4 as the dry storage stability was remarkable. First, the reactivity could be increased 

by lessening the damage the cells experience from the drying process. Because C. ljungdahlii 

lacks a trehalose transporter to accumulate this lyoprotective sugar inside of the cells prior to 

desiccation, enhancing survival of the drying step could be achieved by recombinant 

expression for a trehalose transporter in this organism [1]. Additionally, preliminary work 

found that convective drying allowed a higher cell loading (>12g/m2) without cells coming off 

of the paper when rehydrated. This phenomenon could be exploited for elevated reactivity per 

m2 even if only 20% of the cells survive.  Interestingly, though more cells adhered, the CO 

absorption reactivity was not much higher (if at all) than the standard cell loading. We assume 

that the cells are drawn into the paper pores during drying and that mass transport within the 

semi-static biocomposite remains the limiting step as in Chapter 2. More investigation of paper 

microstructure as a function of coating method and cell loading is needed.  A flowing liquid 

film system with intensified mixing at the liquid/solid interface by the rough paper surface 

could result in a step change increase in reactivity as the intra-biocomposite mass transfer 

limitations are eliminated. Examining the data another way, it could be that the 20% reactivity 

after drying might not mean the drying process killed 80% of the cells. Possibly due to the 

coating microstructure only 20% of the cells remain near the surface to not be mass transfer 

limited by other cells. The remaining fraction of cells may be drawn into the interior of the 

paper and become less reactive due to diffusion limitations. Further work on coating 
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microstructure with different cellulose fiber types, but thinner papers would be very 

informative. 

 

5.2 Future Directions 

5.2.1 Laboratory scale falling film reactor development 

The work of this dissertation, taken as a whole, provides a strong motivation for 

development of a prototype falling film reactor using a paper biocomposite biocatalyst. There 

are few reports of falling film bioreactors in the literature – essentially combining 

microreactors and biotechnology.  One report is a falling film microreactor for enzymatic 

oxidation of glucose by glucose oxidase [2]. 

Initial development of a 50 ml tubular falling film reactor was attempted using C. 

ljungdahlii OTA1. This was complicated by the fact the materials all had to have minimal 

permeability to hydrogen. The reactor tubing, and valves were constructed of 316 stainless 

steel. This also enables future investigation of CO mass transfer at elevated pressures.  

Additionally, the method had to maintain anaerobic conditions throughout. So, the reactor was 

constructed with three way valves on the inlet and both outlets at a small enough total length 

to be able to fit into the airlock of the anaerobic chamber. Even liquid distribution across a 

paper strip biocomposite was difficult to achieve in this system, so the reactor was tilted to 

mimic the Balch tube where the bulk liquid only contacted a portion of the biocomposite 

(Figure 5.1A). Bluesens sensors originally installed to continuously monitor the gas 

composition of this reactor, however, had been calibrated incorrectly and were not pressure 

compensated so they had to be returned to the vendor.  
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In order to improve liquid distribution, 3D printing of guides onto the paper substrate 

was investigated but was discarded as that disrupted the flow of the falling film. Stainless steel 

quick-connects were purchased to make moving the tubular reactor into and out of the 

anaerobic chamber easier. However, in the absence of the sensors, sampling the reactor for 

analysis by GC was difficult to accomplish without introducing O2 (Figure 5.1B). 

Because of these technical difficulties in designing a working prototype anaerobic 

tubular reactor for C. ljungdahlii OTA1, a second generation ~ 1 meter long falling film reactor 

is currently under construction that will be evaluated using the aerobic methanotroph 

Methylmicrobium alcaliphilum 20Z. This organism is capable of processing CH4 into multi-

carbon compounds that are secreted into the medium such as lactate [3].  

The Methylomicrobium prototype falling film bioreactor design duplicates the model 

system of a falling liquid film on a flat piece of paper but increases the absorption surface area 

using a dowel or metal rod of 1.27cm OD centered inside a clear polycarbonate tube of 2.22cm 

ID and ~100cm long (Figure 5.2A). Initial, falling film mass transfer work was with a paper 

coating the entire inner surface of the larger polycarbonate tube without the dowel rod. 

However, the inability to see how the liquid was distributed on the surface of the paper made 

confirming that channeling was not occurring impossible. Subsequently, the paper was 

immobilized onto the dowel/metal rod centered in the reactor, and we are now able to control 

the initiation of the liquid falling film by stopping the paper substrate even with the end of the 

dowel rod. A paper disc is cut to size for the diameter of the rod top and this hydrophilic surface 

creates even liquid distribution around the circumference of the rod (Figure 5.2B) and the 
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hydrophilic surface helps maintain the film along the length of the reactor (Figure 5.2C).  This 

mimics the design of small scale falling film chemical reactors reported in the literature [4-9]. 

 Liquid is provided by recirculation using a peristaltic pump (Watson-Marlow 323, 

Wilmington, MA). The gas phase for M. alcaliphilum 20Z absorption of methane in this 

prototype falling film reactor, however is designed as a single pass system, at a concentration 

of 20% pure methane in air. A single pass gas phase, as opposed to recirculation of the gas, is 

desirable to keep the mass transfer driving force constant with respect to time. The reactor is 

housed within a gas cabinet because of safety of using methane and air mixtures and for the 

extra height required (Figure 5.3, without rod). Either end of the main body of the reactor has 

quick-connects installed (Swagelok, Solon, OH), in anticipation of demonstrating changing 

out the biocomposite module when spent with a new one as proposed in chapters 2 and 4. The 

current arrangement is for co-current gas flow because preliminary counter current work had 

problems with liquid entrained in the gas line.   

The reactor will be monitored by Bluesens infrared sensors for CH4, CO2, and O2 that 

are pressure compensated up to 2, 2, and 1.3 bar, respectively.  Operating at elevated pressure 

is desirable to increase mass transfer. However, that may not be necessary because of the 

elevated mass transfer performance of falling films. Bioreactor temperature will be maintained 

by wrapping the reactor in heat rope monitored by a thermocouple attached to the reactor 

(Briskheat XtremeFLEX Heating tape, Columbus, OH) and controlled by a PXR5 Digital 

Temperature Controller (Fuji Electric, Tokyo, Japan). 
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5.2.2 Mass Transfer 

An obvious next step to confirm and extend the flat paper surface falling film work 

described in Chapter 3 is evaluating mass transfer and film dynamics using a 1.27cm OD 

aluminum dowel rod instead of the wood dowel. However, a complete film on the hydrophobic 

aluminum rod surface is difficult to maintain and requires much higher flow rates than when 

the rod is wrapped in 3MM chromatography paper. The paper substrate is adhered to the 

aluminum rod by spraying removable adhesive (Easy-Tack™ Repositionable Adhesive, 

Krylon, Cleveland, OH) onto the paper and carefully applying it so defects in the substrate that 

would affect the thin falling liquid film are minimized. The paper extends to just below the top 

of the rod as described above for a consistent film. Mass transfer will be studied as before using 

a dissolved oxygen probe along with wave velocity by analysis of video files. The previous 

methods for measuring film height will be unsuitable for the round surface. Preliminary 

methods for measuring film height will use a shadowgraph method with an intense light in a 

darkened room and a high speed camera to track the wave profile.  

 

5.2.3 Measuring Cell Adhesion to Paper 

 This dissertation has shown that the limiting factor for biocomposite reactivity in gas-

to-liquid bioprocessing is not gas-to-liquid mass transfer. It is how reactive the solute sink (the 

reactivity of the cell coating) can be at the liquid-biocatalyst surface. One way to increase this 

consumption rate, beyond genetic engineering to enhance cell specific reactivity, is to increase 

the biocatalyst loading per m2.  However, the cell coating must stay attached to the paper 

substrate and not be washed off by the falling liquid film.  C. ljungdahlii OTA1 has natural 
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affinity to cellulose fibers and did not require a latex binder to stay attached to the paper fibers 

when the biocomposite was placed above the liquid phase.  This organism, however, could not 

be tested with falling liquid films due to the reactor design difficulties mentioned above.  

 Methylomicrobium alcaliphilum 20Z does not have strong affinity for cellulose fibers 

(CJ Duran, personal communication) and therefore its adhesion to paper must be enhanced 

using latex binders or by engineering some type of cell surface-to-cellulose fiber affinity 

binding in order to test the prototype reactor.  Our collaborators at NREL are currently 

attempting to engineer a carbohydrate binding module (CBM3s) and express this on the surface 

of 20Z in order to increase its affinity for cellulose. However, a technique is needed for rapid, 

quantitative evaluation of the strength of cell coating–to-paper adhesion.  

We therefore developed a simple “raceway” adhesion testing method with a smaller 

petri dish fixed using cyanoacrylate adhesive (Super Glue Gel Control™, Loctite, Westlake 

OH) inside a larger petri dish (60mm diameter centered in a 100mm diameter dish). A curved 

strip of 3MM chromatography paper ¼ of the length of the raceway is coated on one side with 

spray tack and pressed in place (Figure 5.4). Initial experiments showed the dried adhesive to 

be non-toxic to 20Z.  

The raceway petri dish is placed on a horizontal shaking plate with a frequency, ω. A 

high speed camera is place on the shaking plate and the liquid profile image can be captured 

(Figure 5.4). The height of the wave on both sides of the raceway can be determined by image 

analysis using ImageJ. A quadratic is used to fit a curve to the image shape and the calculated 

volume set equal to the known liquid volume that was added to the raceway. The profile was 
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then averaged to obtain an average film height, h. By modifying the acceleration term from 

chapter three to an angular acceleration we obtain: 

𝜏𝑥𝑦 ≈ 𝜌ℎ𝜔2𝑟 

 Changing both the liquid volume and frequency, we can generate shear stresses 

between 2.5 and 17 N/m2 which are higher than the maximum predicted by the finite element 

simulation of the falling films which is 3.4 N/m2. As seen both experimentally and in 

simulation, there are occasional large waves that would cause the shear stress to spike. Over-

designing the adhesion of the cells would allow the coating to withstand these sporadic higher 

shear forces.   

Testing of this method is ongoing. Cell adhesion is investigated by measuring the viable 

cell count in the liquid phase (cell release kinetics) as a fraction of a known quantity of 20Z 

cells applied to the paper surface. Cell counts have been performed previously by plating which 

takes 6 days for colonies to fully develop on methanol media. However, a more rapid method 

is being developed to count the cells with a plate reader and a live/dead fluorescence stain 

which will return results in minutes. For optimal adhesion, that fraction of cells released from 

the paper should be ~zero at the highest shear stress applied. If the amount of cells in the liquid 

phase changes drastically between different shear stress levels, the cells’ binding strength has 

been exceeded. The true binding strength can then be more accurately measured by changing 

the frequency and liquid volume for higher resolution of the shear stress level.   
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5.2.4 Improving the COMSOL Finite Element Model 

The next step in the work from Chapter 3 would be applying the accuracy of the finite 

element method to aid in designing the biocomposite reactor. However, many of these steps 

would require an upgraded computer and the latest version of COMSOL. First, the two 

dimensional method could be improved by adding the flux across the gas/liquid interface to 

track solute disappearance from a flowing, finite gas phase instead of a semi-infinite one. This 

would allow investigation of co-current or counter current configurations. Second, assuming 

access to a high performance computer, investigation of a more realistic model of a rough 

paper surface would be instructive. The triangles used were a first approximation. The next 

step could be a curved surface defined by a sine function and subsequently a surface 

topography from profilometer measurements of paper. With a fine mesh, one could develop an 

accurate description of the vorticity profile at the surface. Then, in order to save computational 

time, that profile could be applied as a boundary condition on a smooth surface and a coarser 

mesh could be evaluated. This model could then be used in 2D and 3D for accurate prediction 

of mass transfer performance. The model could then be extended to include the reactivity of 

the cells at different cell loadings (a solute sink) at the liquid/solid interface. The consumption 

rate at different cell loadings could be obtained from batch experiments in Balch tubes. Then 

the model could be used to predict the entire reactor performance, not just investigation of 

specific parameters. 
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5.3 Impacts 

 The work described in this dissertation, taken as a whole, provides a motivation for 

development of continuous biocomposite falling film bioreactor. The advancements and the 

needs it addresses are described in Table 5.1. With an example calculation, a proposed 

biocomposite falling film reactor (BFFR) with recycle (Figure 5.5A) is compared with a stirred 

tank reactor using syngas fermentation data from the literature in Table 5.2. They are compared 

assuming an equal processing rate of ~1000 m3 CO day-1. The CO mass transfer (COTR) in 

the BFFR is ~11 fold higher than the CSTR at <4% of the power demand. That is because of 

the large interfacial area, a, in the BFFR, 1800 m-1, provided by the proposed concentric 

cylinders of the biocomposite (Figure 5.5B). Even with this packing geometry, the reactor 

volume is still 68% gas. The CSTR would be clearly limited by mass transfer if the cell density 

is increased as the current consumption rate is near the COTR. On the other hand, the cell 

loading could be increased in the biocomposite reactor without exceeding the COTR. Even 

without increasing the cell loading, the BFFR consumes ~3 times more CO per m3
reactor. As 

currently proposed, it would take ~20, 1 m3 BFFR modules to consume the same amount of 

gas in one 59 m3 STR while reducing the process media water requirement by more than 80%.  

The biocomposite falling film reactor, however, would be truly continuous gas 

processing as the cells (biocatalyst) do not leave the reactor. This can have a major effect on 

the E-factor that was discussed in Chapter 1 [10]. As a demonstration, it is useful to compare 

the proposed reactor with a bubble column using cell recycle [11]. Excluding water, the bubble 

column demonstrated an E-factor of ~1200 for ethanol production which is way too high to be 

economical for processing of gaseous emissions to bulk chemicals or fuels. This is largely due 
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to the excess cell mass being produced. With a non-growing catalyst, as would be used in a 

BFFR, that E-factor is a more reasonable 1.7. Using the maximum theoretical yield [12] from 

an equimolar ratio of CO and H2 would give the lowest theoretical E-factor of 0.48. This is 

within the goals set out by Sheldon for bulk chemicals and approaches fuel production levels. 

However, it is only achievable with non-growing cells. A preliminary estimate for the water 

requirements of the BFFR can be made using the max specific update of 94 mmol CO m-2 h-1, 

assuming a single pass liquid, and the again the max theoretical ethanol yield of 66% on a per 

carbon basis. The E-factors including water for Re=100 and Re=20 are ~31,000 and ~6300 

respectively. These are much closer to insulin manufacturing than bulk chemicals and will 

always be limited by the product concentration the microorganisms can accumulate without 

cell toxicity. However, that is much better than the cell recycle bubble column mentioned 

above which has an E-factor of ~130,000. 

This proposed biocomposite bioreactor calculation above could be used to improve the 

design of biocomposite biocatalyst materials to efficiently use microbes to recycle waste C1 

gases into valuable fuels and chemicals at distributed (or remote) point emission sources using 

minimal water and power, by leveraging the selectivity and intense reactivity of living cells. A 

major optimization remaining is to increase the cell loading to even higher levels without 

introducing mass transfer resistance in the coating microstructure or increasing pressure drop. 

Increasing the cell loading would decrease the required number of reactive modules and the E-

factor.  

These advantages along with the proposed ability to store and ship the modules to 

where they are needed could make the biocomposite falling film reactor a paradigm shift in 
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continuous processing of gases using microorganisms to take advantage of the large volumes 

of cheap C1 gases available. 
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Table 5.1-Innovations and impacts of this dissertation 

Advancement in this work Bioprocessing problem addressed 

Reduced liquid volume High water requirements  

Low final product concentration 

Increased coating surface area Low specific reactivity 

Thin, falling-film reactor design Mass transfer limitation 

High power requirements for mass transfer 

Rapid, accurate finite element model Novel reactor design 

Rapid prototyping 

Long term dry storage Long seed train 

Cold train for shipment 

Scattered sources need distributed system 
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Table 5.2-Comparison of key parameters of a CSTR with BFFR to process 1009 m3 CO / day 

at dilution rate of 0.02 h-1 

Parameter CSTR Comments BFFR Comments 

Reactor size (m3) 
59 

 
1.0 

30cm radius X 3.6m 

height 

# of modules 
 

 
20 

 

Reactive surface area (m2) 

 

 

880 

/module 

Concentric circles, 

300µm substrate, 

2mm spacing, both 

sides reactive 

(Figure 5.5B) 

a (m2 m-3
liquid) <200 [6] 1800  

Operating liquid volume (m3) 

59 
Vreactor= 

Vliquid 

9.6 (0.32 

/module) 

(Re=100 film 

thickness * 2  + 

absorption capacity 

of 3MM)*1.5 

Makeup water (m3 h-1) 1.2  .2  

Mass transfer coefficient (1/h) 
150 

>best 

from[13] 
1700 

 

Power requirement (W/m3
liquid) 

1000 
Estimated 

[14] 
110 

Re=100 

Max CO transfer rate (COTR)     

mol CO m-3
liquid h-1 56  630  

Substrate consumption rate     

mmol CO m-2
BC area h-1   94 [14] 

mol CO m-3
reactor h-1 28 [11] 81  

mol CO m-3
liquid h-1 42 [11] 128  

Power consumption (kW) 59  2.2  
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Figure 5.1-Earlier versions of a tubular polycarbonate falling film reactor designed for testing 

CO absorption by C. ljungdahlii OTA1. A) Tilted to focus fluid flow with three-way valves B) 

Vertical orientation with quick connects (red) and 3D printed liquid guides 
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Figure 5.2-A)Cartoon of a prototype ~1 meter laboratory scale falling film reactor module 

under construction to evaluate methane uptake using Methylomicrobium alcaliphilum 20Z. B) 

Paper disc to ensure even liquid distribution. C) Initial efforts to visualize film flow using dye. 
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Figure 5.3-A) Prototype falling film bioreactor without central rod or infrared sensors. B) 

Liquid inlet (α) into a pass through fitting to deposit liquid below gas inlet (β) with a quick 

connect (η). C) Recirculation peristaltic pump and liquid disengagement section with media 

reservoir (γ), gas outlet to vent (δ), gas sampling port (ε), liquid sampling/input port (ζ), and 

quick connect fittings (η). 
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Figure 5.4-Pictures of preliminary "raceway" method for evaluation of M. alcaliphilum 20Z 

adhesion to paper substrates. Liquid profile is sketched in red in liquid dyed for better 

visualization during dish rotation. 
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Figure 5.5-Proposed BFFR falling film reactor configuration. A) Circulating gas plus reactor 

configuration B) Longitudinal view of concentric biocomposite cylinders hydrated by a falling 

film.  See Table 5.2 for reactor dimensions. 
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