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Abstract

The challenge of climate change promotes use of carbon neutral fuels. Biofuels are made 
via fixing carbon dioxide via photosynthesis which is inefficient. Light trapping pigments 
use restricted light wavelengths. A study using the microalga Botryococcus braunii (which 
produces bio-oil), the bacterium Rhodobacter sphaeroides (which produces hydrogen), and 
the cyanobacterium Arthrospira platensis (for bulk biomass) showed that photosynthetic 
productivity was increased by up to 2.5-fold by upconverting unused wavelengths of 
sunlight via using quantum dots. For large scale commercial energy processes, a 100-
fold cost reduction was calculated as the break-even point for adoption of classical QD 
technology into large scale photobioreactors (PBRs). As a potential alternative, zinc sul-
fide nanoparticles (NPs) were made using waste H2S derived from another process that 
precipitates metals from mine wastewaters. Biogenic ZnS NPs behaved identically to 
ZnS quantum dots with absorbance and emission maxima of 290 nm (UVB, which is 
mostly absorbed by the atmosphere) and 410 nm, respectively; the optimal wavelength 
for chlorophyll a is 430 nm. By using a low concentration of citrate (10 mM) during ZnS 
synthesis, the excitation wavelength was redshifted to 315 nm (into the UVA, 85% of 
which reaches the earth’s surface) with an emission peak of 425 nm, i.e., appropriate for 
photosynthesis. The potential for use in large scale photobioreactors is discussed in the 
light of current PBR designs, with respect to the need for durable UV-transmitting mate-
rials in appropriate QD delivery systems.
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1. Introduction

1.1. Photosynthetic biotechnologies for biomass and fuels

The term “bioenergy” is used to describe the conversion of materials of biological origin into 
fuels and also includes the use of living organisms to produce a material that is a fuel or fuel 

precursor. This chapter focuses on the use of photosynthetic microorganisms: bacteria, cya-

nobacteria, and algae. These all grow at the expense of sunlight, while at the same time fixing 
carbon dioxide from the atmosphere or dissolved in water (algae) or converting organic waste 
into biomass material (bacteria). Traditional photobiotechnologies have used algae which 
range from seaweeds to small unicellular organisms within the “kingdom” of eukaryotes 
which also includes all higher forms of life. The “kingdom” of prokaryotes represents a far 
simpler level of cellular organization and includes single-celled photosynthetic bacteria and 
also filamentous microorganisms called cyanobacteria (or “blue green algae”). This review 
will illustrate examples of all three types.

Photosynthesis is achieved via the use of specialized pigments called chlorophylls that trap 
light energy for conversion into chemical energy to drive microbial processes and growth. 
Algae and cyanobacteria contain “chlorophyll a,” while algae, like higher plants, also have 
a second chlorophyll, “chlorophyll b.” Photosynthetic bacteria have functionally equivalent 
pigments called bacteriochlorophylls, and also ancillary pigments involved in light trapping.

Photosynthetic microorganisms are united by the need to maximize solar irradiation onto 
their light trapping centers. Natural growth occurs in, for example, ponds but, focusing on 
maximizing productivity, biotechnology has developed various strategies using photobiore-

actors (PBRs) for process intensification. Typical strategies include various PBR formats for 
optimal growth and production at scale, molecular engineering of light trapping centers to 
improve light conversion and strategies to convert the unused portions of sunlight into addi-

tional light which forms the focus of this chapter. Examples will be presented as a proof of 
concept, highlighting some of the barriers towards implementation.

1.2. Examples of photosynthetic biotechnologies: three examples

By 2030, the global demand for transport fuel is likely to increase significantly, requiring the 
production of up to approximately 400–500 billion liters of biofuel per year [1, 2]. Biofuel 

production could rise to 165 billion liters by 2030, if the US, Canada, and Europe adopt a 
common E15 blending standard [3], but clearly there will be a shortfall. Biofuel production 
by photosynthetic microbes is an alternative to crop-based biofuels as fertile soil and a hos-

pitable climate are not required, and hence, biofuels could be produced using contaminated 

land, steeply sloping hillsides, deserts, urban areas, or rooftops. Therefore, unlike crop-based 
biofuels, microbial biofuels would not necessarily impact upon agricultural food production.

The microscopic alga Botryococcus braunii is potentially valuable as it secretes long-chain 
(C20–40) hydrocarbons which can be processed into “drop-in” liquid fuels [1, 4]. As an alterna-

tive approach, algae have been grown as a source of biomass for production of another form 
of bio-oil. Thermochemical treatment (pyrolysis) produces oil, which is akin to fossil oils 
when suitably processed via upgrading and refinery processes [5].
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Cyanobacteria (historically misnamed “blue-green algae”) are functionally similar to algae 
but distinct in many ways. The filamentous cyanobacterium Arthrospira (”spirulina”) platensis 

is grown as a high-value food supplement and also (under less stringent production stan-

dards) as animal feed due to its high content of protein and other nutrients [6, 7]. Spirulina 

production is highly practical, as the alkaline medium it prefers suppresses contaminants 
that can impact on algae production. Notably, too, it can utilize soluble bicarbonate ion which 
forms in alkaline solution, following the dissolving of gaseous CO2.

The anoxygenic photosynthetic “purple nonsulfur bacteria” (e.g., Rhodobacter sphaeroides) 

offer potentially both fuels and chemicals, producing C4-C5 polyhydroxyalkanoates (bioplas-

tic precursors; 50–80% w/w) [8] and high-purity hydrogen gas (typically 90% v/v) as part of 
an integrated biohydrogen refinery, which could exceed the delivered energy densities of 
mainstream renewable energy systems, such as photovoltaic cells and on-shore wind turbines 
[9, 10]. Unlike cyanobacteria and higher algae, R sphaeroides utilizes organic acids which are 
almost ubiquitously produced as by-products from various fermentations and wastewater 
treatment processes.

Lacking complex structures, microbes can achieve much higher productivity than crop plants. 
The efficiencies of light conversion to fuel are 0.4–0.8% for algal oil and ~1–5% for purple bac-

terial H2 [11], whereas for higher plants, the value is at most 0.16% and normally much less 
[12]. Significantly higher photosynthetic productivities are needed to make significant prog-

ress toward supplanting fossil fuels. As well as improving the microorganism, the “value” of 
sunlight and its delivery can also be improved, which forms the focus of this chapter.

2. Overview of photobiotechnologies

Bacterial photobiotechnologies are not yet developed at scale, and in some cases, as for the bio-

hydrogen process noted above, the photobioreactor design can be complex due to the need to 
exclude air. In contrast, algal biotechnology is relatively well developed [13], even though predict-

able algal culture at industrial scales (105–106 l), for extended periods, remains problematic [14].

Although the basic requirements for algal culture are simple—water, dilute inorganic nutrients 
(nitrate, phosphate and trace elements), CO2, and light—a number of physical and biological 
factors limit the basic engineering designs of algal culture platforms which, as a consequence, 
have changed little in the last 50 years. These limiting factors include mainly light attenuation 
in water (notably of the photosynthetic, red wavelengths) due to absorbance and scattering, 
CO2 dissolution, water temperature, and, often overlooked, the fact that algal cultures typi-
cally comprise unicellular organisms that are fundamentally “selfish” and are in a permanent 
competition with all other individuals in the culture [15]. This latter point means that algae are 
superbly adapted to acquiring more photons than are actually required for their photosyn-

thetic processes and dissipate the surplus as nonphotosynthetic radiation. In algal cultures, 
illumination typically follows the Beer-Lambert law, with light intensity decreasing exponen-

tially depending on the biomass concentration [16]. Consequently, in static cultures, cells at 
the surface of the photic zone experience high intensities of light and temperature, while the 
majority of the culture is in complete darkness [17–19], the consequence of which is that static 
cultures rapidly become light limited, and overall growth slows or reaches a plateau.
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Engineering solutions to these problems typically include: constructing short light paths 
within the culture system or using high-intensity illumination; mixing cultures using pumps, 
impellers, paddle-wheels, or bubbles to maintain an overall average illumination experienced 
by all cells in the culture; controlling temperature; and increasing the concentration of dis-

solved CO2. Fundamentally, engineering algal culture systems is a complex problem [20], 

involving multiple possibilities, and compromises that must be aligned with the final applica-

tion, as any solution invariably has a cost that will be reflected in that of the product.

Algal culture platforms are conventionally divided into two categories, open or closed sys-

tems, each of which has different advantages, uses, and productivities.

Open algal cultures (Figure 1a and b) are typically shallow ponds, or “raceways”, in which 
mixing is performed by direct displacement of the liquid using impellers or paddle wheels or 
by bubbles in airlift systems [14]. Raceways are designed to provide predictable, circulatory 
patterns (Figure 1c), enabling a more or less homogenous distribution of nutrients and access 

to light for all individual algal cells [22]. Although photosynthetically active radiation may not 
penetrate dense cultures, a combination of shallow ponds (20–50 cm deep) and mixing allows 
the algae sufficient time in the photic zone to grow (Figure 1d). The larger the installation, the 

more energy is required for mixing, increasing hydrodynamic shear, and the possibility of local-
ized “dead-zones,” where mixing is sub-optimal, and resulting in sub-optimal productivities 
[23]. Moreover, open ponds require large expanses of flat land which, in certain locations, is 
sought after for other, more lucrative uses, thereby increasing the capital cost of the installation. 
The addition of CO2 to open systems is also problematic. Finally, open ponds carry the possibil-
ity of culture contamination by undesirable organisms such as other algal species or algal preda-

tors. While some applications, notably bioremediation, might benefit from a diverse population 
of different algal species with regard to resilience, stability, and performance [24–26], when the 
culture of a single algal species is preferred in an open setting, a limited number of extremo-

philes and rapidly growing algal species are used to minimize contamination [27].

Closed systems (also termed “photobioreactors” or PBRs), in which there is no direct exchange 
of culture media, gases, and potential contaminants with the environment, offer a number of 
advantages for algal culture, including better control over culture conditions (light intensity, 
temperature, pH, oxygen concentration, and CO2), higher levels of reproducibility, higher 
biomass productivity, a lower risk of contamination, enabling culture of a wider variety of 
species, and, because they are contained, the use of genetically modified algal strains. Several 
types of PBRs have been devised [28, 29] (Figure 2) that can be located either outdoors or, for 

more accurate temperature control, in greenhouses or in artificially lit chambers. Apart from 
shaken flasks in an illuminated incubator, the simplest PBR design is a hanging, translucent, 
or transparent plastic bag or vertical, transparent tube, in which algal cultures are mixed by 
gas sparging (“bubble columns” or “airlift columns”). Such PBRs have a high surface area to 
volume ratio suitable for light transmission and satisfactory heat and mass transfer, providing 
a homogenous culture environment and efficient release of gases. Other advantages include 
low shear; the lack of moving parts makes bubble columns relatively inexpensive and easy 
to maintain. Alternatively, algal and media mixing may be achieved by an impeller (so-called 
“stir-tank” reactors; conceptually similar to an illuminated bacterial fermenter); here, the 
effectiveness of mixing depends upon the design of the impeller blades, the speed of  rotation, 
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and the depth of liquid. Vertical or horizontal tubular reactors in which media and algae are 
pumped from a main sump through the structure (“biofence”) provide a scale-up capacity to 
several hundred liters. Shorter light paths are achieved using flat-panel reactor designs.

Illuminating plants with light emitting diodes (LEDs) leads to higher biomass productivity 
per unit of irradiance [30]. LEDs have several advantages over conventional, incandescent, 
or fluorescent lights, including small size, durability, long lifetime, cool-emitting tempera-

ture, and the option to select specific wavelengths, notably in the photosynthetic red and blue 
wavelengths [31, 32].

Despite the concomitant reduction in energy use from LEDs compared to other forms of illu-

mination, and the effectiveness of different PBRs at laboratory scale, the mass production of 

Figure 1. Open algal culture systems. Open-pond systems used for (a) small-scale (≈1000 l) and (b) commercial scale 
(>100,000 l) algal culture (image courtesy of the South Australian Research Institute (SARDI)), where the medium 
is displaced by paddle-wheels that are easy to service and cause low hydrodynamic shear. Panel (c) shows a model 
raceway (200 × 50 and 20 cm water depth) in which currents are driven by impellers. Computational fluid dynamic (CFD) 
modeling of this system topography (panel c, right) shows the distribution and strength of currents, with regions of low 
water movement in cold colors and faster water movement represented by warmer colors. The CFD was performed by 
Robert Rouse and Gavin Tabor (University of Exeter Department of Engineering) using empirical data. The graph in (d) 
shows the growth of a Botryococcus braunii culture (closed squares representing the mean of 3 replicates) in a 20 cm deep 
raceway and the reduction in photosynthetically active radiation (PAR; open circles representing the mean of readings 
from 4 sensors placed under the tank and 49 cm intervals) at the bottom of the pond, as the culture grows. Note that 
after approximately 15 days, PAR is only 10% of the starting level but, due to mixing, the culture continues to grow for 
a further fortnight. Bars represent the standard error of the mean.
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microalgae in closed systems remains expensive in terms of construction costs, materials, and 
energy. Moreover, up-scaling is problematic, as most PBR designs suffer from a number of 
limiting factors, including poor gas exchange, difficulties in nutrient delivery, heat balance, 
and, in locations where seasons are marked, available light [33, 34].

3. Process intensification: Limitations of light availability

The problems of light delivery to a photobioreactor are 2-fold. In equatorial regions, the pho-

toperiod (day length) and seasonality are reasonably constant. However, at higher and lower 
latitudes, the day length and incident light are seasonally variable, and hence, for a propor-

tion of the year, a PBR cannot operate during significant periods of darkness or is impaired 
by low light intensity. A pilot scale tubular photobioreactor using R. sphaeroides to produce 

hydrogen (Figure 3a) was programmed to operate at UK latitude (~55°N) at equinox and 
maintained on that diurnal cycle for 3 months, with the light intensity varied day to day. 
Saturation occurred at ~400 W/m2 (Figure 3c). Figure 3d shows that in spring and autumn, a 

Figure 2. Examples of closed algal culture systems. (a) Flasks containing 100 ml of algal culture in a shaking, lighted 
incubator with CO2-enriched atmosphere. (b) Polyethylene bag containing 100 ml of algal culture, located in a 
greenhouse with natural and complementary artificial lighting. Mixing is achieved by an air-stone (aquarium) bubbler. 
(c) Translucent polyethylene, conical bucket for airlift culture, containing 100 l for media. Air is provided by a simple 
tube at the bottom of the vessel. The conical shape and tap towards the bottom of the container enable simple harvest of 
the algal suspension. Photograph courtesy of Dr. Mike Allen, Plymouth Marine Laboratory. (d) Airlift column photo-
bioreactor (perspex; 2 m in length; 10 cm in diameter), containing 10 l of culture and lit by a combination of white, 
blue and red LED’s optimized for algal growth. An air inlet at the base of the column provides mixing. (e) Stirred 
photo-bioreactor with white LED light jacket, containing 2 l of algal culture. (f) Horizontal, tubular photo-bioreactor 
(or “biofence”) containing 600 l of Phaeodactylum culture, located at Swansea University (Wales, UK). The culture is 
pumped through the transparent tubes from a sump enabling control of media composition and temperature. (g) Flat-

panel photobioreactor containing 100 ml of algal culture. The light path is 5 mm and the algae are pumped through the 
reactor from a sump.
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PBR will not reach light saturation, while in winter, the productivity would reach only ~33% 
of its potential maximum at midday (Figure 3c, d). Saturation would only be reached in mid-

summer (Figure 3d); hence, an increase in light intensity of up to 4-fold would be required for 
maximum productivity.

To attempt to overcome the limitation, the culture biomass intensity/ml can be increased, but this 
results in significant “self-shading”. In illustration, using the spring/autumn illumination profile 
(Figure 3c) of the biohydrogen PBR using low, intermediate and high density cultures gave a 
hydrogen yield of 11.5, 7.0, and 3.5 ml/min, respectively, i.e., simply introducing more bacteria is 

Figure 3. Performance of a programmable photobioreactor. The PBR was operated over 3 months of continuous diurnal 
operation set to spring and autumn equinox (12 hour days/nights plus dawn/dusk periods). The light intensity was 
varied from day to day (at random) and parallel rooftop tests confirmed the pilot scale data. A. PBR tubular construction 
and orange-pigmented R. sphaeroides. B. Scale model of full scale PBR constructed on the basis of the pilot data C: 
Determination of light saturation in terms of biohydrogen productivity. D: Light intensity (W/m2) as typical UK profiles.
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counterproductive, and this also increases the running costs with respect to both the make-up feed 
(trace nutrients) and the final biomass for waste disposal, if the biomass is not used for biofuel.

The second limitation is that the solar spectrum is very wide, yet the wavelengths captured by 
photosynthetic pigments are quite conservative (Figure 4), with algal/cyanobacterial chloro-

phyll utilizing visible wavelengths, while bacteriochlorophyll utilizes light in the visible/near 
infrared (NIR) region.

A novel study used a beam splitting approach to supply an algal and a bacterial system 
(similar to that shown in Figures 5 and 6, without quantum dots), taking advantage of their 
respective preferred wavelengths and giving the potential to operate two parallel PBRs. This 
enhanced the microbial productivity per incident photon [35], an approach that could be use-

ful in, for example, biohydrogen production, where bacteria and algae both make bio-H2 but 

by using different pathways [36]. Hence, it may be possible to produce bio-H2 by bacterial and 
algal reactors side by side, with the additional advantage of providing a “sink” for bacterially 
produced CO2 into algal biomass.

Figure 4. Action spectra and identification of targets for spectral enrichment. Generic action spectra were adapted from 
[35]. Note that action spectra differ substantially from whole-cell absorption spectra, which show strong wavelength-
nonspecific attenuation due to the scattering effect of cells. Above this, small peaks associated with the absorption maxima 
of chlorophylls can usually be detected. The emission of the desired quantum dots is shown by the dotted line; ideally 
the emission peak should be narrow and overlap with the absorption maxima of the algal and bacterial chlorophylls.
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However, in practice, other than to make a common product in an integrated process, it may 
be impractical to co-locate both types of PBR due to other requirements; for example, organic 
acid feedstock for bacterial hydrogen production can be supplied by urban wastewater treat-
ment plants [37], whereas algal biotechnologies typically require a large land area which can 
be waste or nonarable land. Hence, a generic method is required to “upgrade” solar light 
by converting unused wavelengths into used wavelengths for a particular process, thereby 
increasing the usable light and productivity without increasing biomass density and “self-
shading”. This forms a goal for photobiotechnology process intensification.

Figure 5. Boosting photosynthetic activity of Rhodobacter sphaeroides. Qdot’792 (to 20 nm) was encapsulated in 2% 
alginate beads (diam. 2.6 ±0.04 mm). Beads were prepared by mixing QD or blank (50 mM sodium borate buffer, pH 9.0) 
with 2% sodium alginate and dropping into 100 mM CaCl2 through an 18G needle. After curing (60 min), the beads were 
washed with deionized water and used immediately. Concentrated cell suspension was diluted to 0.547 gdry weight/l 
with fresh butyrate medium [35]. Vials (4 ml bacterial suspension, 3 ml beads containing Qdot’792 and ~5 ml headspace) 
were sealed with gastight stoppers and purged with argon (30 min in darkness) and incubated (30°C, 3d, 10.0W/m2

 

simulated sunlight). H2 formation was measured as described previously [35]. Each vial contained 0.056 nmol Qdot’792 
distributed over an illuminated surface of 3.14 cm2. Optical dividers prevented optical interactions between vials and 
ambient light was excluded by covering the assembly with black cloth.

Figure 6. Boosting photosynthetic activity of Arthrospira (“spirulina”) platensis. Growth was as in [35]. Inocula for 
photonic enhancement experiments were taken 2 days after subculturing (to ensure active growth) and diluted with 
fresh medium to an OD 660 of 0.364.4 ml was transferred into each vial. Cultures were illuminated by a close-match 
solar simulator undergrowth-limiting irradiance (10W/m2) (supplementary material in [35]. Photosynthetic action 
was inferred from growth measured after 22 h [35]. To isolate optical effects, QDs were isolated in a glass insert, each 
containing 1 ml of Qdot’652 in 100 mM Na2SO3 with controls of QD-free Na2SO3. The inserts aligned with 10 mm 
openings in an opaque sheet to allow illumination from beneath with artificial sunlight. Ambient light was excluded by 
covering the assembly with black velvet and opaque barriers were placed around each mini-reactor. The temperature 
was controlled by circulating water at 30°C.
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The wavelength dependence of photosynthesis by purple bacteria and microalgae has been 
known since the early twentieth century and confirmed many times in different species. As 
shown in Figure 4, green algae/cyanobacteria/higher plants show the greatest activity with 
red light, whereas purple bacteria are most active under near-infrared (NIR) [38–42]. The 

effect is so powerful that these organisms have developed an apparent “phototaxis” response, 
accumulating in the optically optimal part of a natural water column [38]. This ability is very 
important because red light is absorbed strongly by water, and hence, the availability of use-

ful light drops markedly with depth. Blue light has a far greater penetration (see later).

The action spectra of photosynthetic microorganisms have been extensively surveyed. Green 
microorganisms (and plant chloroplasts) conform to a generic action spectrum, while pur-

ple bacteria conform to a distinctly different generic action spectrum (see [35] and Figure 4) 

attributable to the different chlorophylls evolved in the taxanomic groups.

4. Quantum dots as a potential means of “upgrading” light

One method of “upgrading” “waste” light of a particular wavelength is to use the light-emit-
ting properties of quantum dots (QDs). QDs are single crystals of uniform size and shape of 
~2–10 nm diameter and usually comprising pairs of semiconductors (e.g., CdSe, PbSe). QDs 
are replacing fluor dyes in cell biology due to their high brightness and photostability [43]. 

The properties and potential applications of QDs are described elsewhere in this volume, and 
indeed, QDs are commercially available in appropriate delivery systems for boosting horti-
culture and small-scale crop production [44] but have yet to find application in large-scale 
photobioreactor systems. However, for bioenergy applications and bulk-scale animal feed 
production, large scale constructions would be required (e.g., see Figure 3b and Table 1). 

Hence, a feasibility study was undertaken using the three microorganisms described above 
to indicate whether photosynthetic boosting via QDs is feasible for algal and bacterial growth 
systems. The use of LEDs to supply additional lighting at the optimal wavelengths is well-
established technology [44, 45], and it is assumed to be intrinsically scalable, although a full 
cost-benefit analysis is required for applications in biofuels production.

4.1. Boosting of three photosystems using quantum dots

The concept of photonic enhancement is to increase the proportion of the solar spectrum that 

corresponds to the major peak(s) of the organismal action spectrum (Figure 4), at the expense 
of other irradiance at less active wavelengths. The part of the spectrum to be intensified is 
referred to as the target band. Figure 4 (top panel) shows the boundaries of the target band 
corresponding to the half maximum of the major peak in the organismal action spectrum. 
Using generic action spectra derived previously [43], the target bands of 640–690 nm and 
790–940 nm were determined for algae/cyanobacteria and purple bacteria, respectively. These 
bands account for 25 and 67% of the total action, respectively.

The study used test quantum dots purchased from Invitrogen: Qdot’792 (ITK carboxyl, no Q21371, 
lot 834,674; quantum yield (QY) 72%; full width height maximum (FWHM): 82 nm) and QD’652 
(ITK carboxyl, no. Q21321MP, lot 891,174; QY 78%; FWHM 26 nm) for cultures of R. sphaeroides 
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and the cyanobacterium/green alga spirulina and B. braunii, respectively. The loading densities in 
the tests were 0.0178 (R. sphaeroides), 0.0792 (spirulina), and 0.050 (B.braunii) nmol/cm2.

4.2. Experimental test systems

4.2.1. Rhodobacter sphaeroides for biohydrogen production

R. sphaeroides was used in a test system of mounted vials as shown in Figure 5, using simu-

lated sunlight.

4.2.2. Spirulina for biomass production

Arthrospira platensis (spirulina) was used in a test system (Figure 6) using a close-match solar 

simulator (supplementary material in Redwood et al. [35]).

4.2.3. B. braunii: A single-celled alga for bio-oil production

B. braunii was cultured routinely in shake flask cultures. Q dot‘652 was added directly into 
small 25 ml cultures to 10 nm. Cultures were shaken in a temperature-controlled greenhouse 
(average solar photon flux was 11 μmol/m2/s). Photosynthetic action was inferred from 
growth at 21 days as estimated by OD600.

4.3. Photosynthetic enhancement using commercial quantum dots

The first test, using R. sphaeroides to produce H2, showed a photonic enhancement of ~10% (Table 2;  
Figure 8c). This was a close fit to the increase predicted by the known QD  quantum  efficiency 

PBR type Dimensions; vol, m3 Algae production 

kg dry solids/yr

Microalgae cost price 

(€/kg dry solids)

Ratio electricity*/variable 

cost# (%)

Open pond 1000 m2; 0.03 m  
water depth; 300 m3

1538 36 35

Tubular 1000 m2; 0.06 m tube 
diam.; 45 m3

3076 18 50

Flat panel 1000 m2; 0.03 m plate 
spacing; 60 m3

5127 12.50 68

Solar LEDs/flat panel* 1000 m2; 0.03 m plate 
spacing: 60 m3

12,818* ~ 4.20* ~30*

*Electricity is taken from the grid (@ €0.107/kWh) and includes “parasitic energy” consumption (pumps for culture and 
water heating/cooling circulation, centrifuge and blower for the flue gas supplying CO2).
#Projection via use of solar cells, efficient battery technology and LED supplementary illumination. Calculations by 
R.L. Orozco (unpublished work).
#variable cost includes cost of water use, electricity (parasitic energy), labor, fertilizers (N & P) and waste water. V: 
culture volume.

Table 1. A comparative study [21] on algal (Chlorella vulgaris) cultivation technologies which include open pond 
and closed photobioreactors (PBRs: Tubular and flat panels) and economics of algal biomass production. The high 
productivities of flat panels compared to the other systems are reflected in the lower cost price.
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and the QD loading/cm2. Photonic enhancement of the growth of A. platensis (spirulina) doubled 

the biomass yield, which was ~25% higher than a predicted stimulation on the basis of quantum 
yield and QD loading density (Figure 8d). In this example, the QDs were held separate from the 
culture (Figure 6), which rules out stimulation via components leaching from the QD prepara-

tion. Finally, using B. braunii with QDs added directly into the culture and incubated in sunlight, 
the biomass yield was increased by 2.4-fold (Figure 8b). This photonic enhancement, 2.4-fold with 
respect to optical density, was >50% higher than that predicted on the basis of quantum yield and 
loading. A growth stimulatory effect of contaminants was largely ruled out on the basis of the test 
using spirulina, which was held separate from the cells (above). However, as B. braunii becomes 

heavily loaded with oil globules during growth (Figure 7), their contribution to increasing the 

size (and hence OD600) of the cells cannot be precluded. The effect of photosynthetic enhance-

ment on oil production was not examined in this study. It was concluded that the use of QDs as 
photonic enhancers has potential, but the light emission from the commercial QDs was not at the 
ideal wavelength (Figure 4), while the high cost of commercial QDs would currently be prohibi-
tive in large scale systems, although the potential cost reduction at bulk scale is not known.

Microbial group Organism QD-free controls Experiment with QDs* Photonic enhancement*

Purple nonsulfur bacteria Rhodobacter sphaeroides 15.54 ± 0.31 (13) 17.00 ± 0.16

(13)

1.1-fold

Cyanobacteria A. platensis 0.025 ± 0.002 (6) 0.052 ± 0.011

(4)

2.1-fold

True algae# B. braunii 0.106 ± 0.032 (3) 0.251 ± 0.011

(3)

2.4-fold

Data are means ± SEM for the number of experiments shown in parentheses. Photonic enhancements are modest due 
to the low dose of QDs used but were in accordance with theoretical predictions. The maximum enhancement was not 
tested. Enhancements are statistically significant at P = 0.95.
*The criterion for the algae was biomass content/ml (OD600) that for R. sphaeroides was production of hydrogen.
#Data from shake flask tests.

Table 2. Photosynthetic boosting using quantum dots.

Figure 7. Botryococcus braunii. (A) Twenty-day-old Botryococcus braunii culture in uplift photobioreactor. (B) Bright field 
image of Botryococcus braunii, Race B. Pyriform B. braunii cells held together by a hydrocarbon-polysaccharide matrix. Oil 
containing vesicles are clearly visible inside the cells, which contain a single chloroplast. Images were acquired using an 
Olympus BX51 System Microscope with an attached DP71 digital CCD camera. Image processing and analysis software 
used was Cell F version 2.8 from Olympus).The scalebar represents 5 μm.
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5. Factors affecting development of quantum dots for enhancement 
of photosynthetic biomass and biofuel processes

This feasibility study (carried out in 2012) was limited by the suitable but nonideal properties 
of commercially available QDs. Small shifts in the emission peaks could improve the photonic 
enhancement, particularly in purple bacteria.

For cyanobacteria and algae, the available Qdot’652 was suitable as the major peak in the action 
spectra of cyanobacteria and algae occurs inside 640–690 nm (Figure 4), while the main part 
of the emission of Qdot’652 was within 639–665 nm (boundaries placed at half-maximum). 
Further development would aim to adjust the emission peak to ~655 nm while maintaining 
high quantum yield (QY) and full width height maximum (FWHM) ≤35 nm. For purple bac-

teria, the major peak in the action spectrum occurs inside the 790–940 nm region (Figure 4), 

while the main part of the emission of Qdot’792 was within 751–833 nm ( boundaries placed at 

Figure 8. Enhancement of photosynthetic activity using QDs in three test systems. (a) Spectrum showing absorbance of 
chlorophylls a and b, and QD emission. Red emission was used (circled) for the algae and near infra red emission for R. 

sphaeroides (not shown). (b), (d) Photoproductivity of B. braunii (b) and A. platensis (d) with QDs (c) Hydrogen production 
by R. sphaeroides with QDs. N is the number of tests in each case.
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half-maximum). Therefore, a significant fraction of the emission fell outside the target band. 
Further development using this method would aim to adjust the emission peak to ~855 nm 
while maintaining high QY and FWHM ≤83 nm, thereby placing almost all QD emissions 
within the target band. For cyanobacteria and algae, this would require a FWHM for the QD 
of ≤35 nm, which matches the manufacturer specifications for Qdot’655. However, for purple 
bacteria, this could be more challenging as the longer wavelength emitting QDs typically 
produce broader emission peaks. However, the major action peak for purple bacteria is also 
broad (770–940 nm; half-maximum; Figure 4), suggesting an ideal emission peak of ~855 nm 
with FWHM ≤83 nm, which is similar to published specifications.

The discussion does not consider other potential impacts of QDs on the photobiological appa-

ratus. The absorbance of less useful solar wavelengths by QDs could protect against damage 
from heat and UV irradiation, a benefit that would not be apparent from the experiments 
described here, as the temperature was actively controlled and much of the UV element of 

sunlight was absorbed by several layers of glass before reaching the QDs or the culture.

In this feasibility study, a single type of QD was selected to align as closely as possible with the 
major action peak of the organism. Further development could combine different QDs to fur-

ther enrich the solar spectrum, according to the minor action peaks (Figure 4). There is also fur-

ther potential in using combinations to further enrich the spectrum at ~680 or ~850 nm above 
the model presented here. Nature has evolved complex but optimal systems, for example, pur-

ple bacteria have ancillary pigments which absorb light in the visible region (e.g., 400–500 nm) 
and transfer energy very rapidly onto the bacteriochlorophylls [46, 47]. A biomimicry approach 
could use alternative QDs to construct a spectrum that precisely mirrors the action spectrum.

One important technical factor affecting practical photonic enhancement would be the stabil-
ity of QDs. QDs can be affected by photobleaching [48], and the leaching of QD degradation 
products could have a potential negative environmental impact. Therefore, further investi-

gations should focus on QD immobilization methods, aiming to make QDs a permanently 
encapsulated part of a photobiological installation and to enable low-risk handling in large 
quantities and recovery for multiple uses.

Finally, since the photobiotechnologies envisaged here would necessarily be at large scale to 
supply energy carriers for replacement fuels (as compared to the relatively small PBRs used 
for high-value products), maximum light transfer from sunlight to the QDs and light upgrad-

ing to the cells is essential, while maintaining a minimum QD loading for economy.

Color Wavelength, nm Percentage absorbed in 1 m of water (%)

Violet

Blue

Green

Yellow

Orange

Red

Infrared

400

475

525

575

600

725

800

4.2

1.8

4.0

8.7

16.7

71.0

82.0

Adapted from [49]

Table 3. Light attenuation in water.
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However, given poor penetration of the red component of sunlight in water (Table 3), it is 

apparent that a deep QD-reactor system with irradiation from above would be unsuitable 
for purple bacteria as they use red-infrared light. An algal system is less sensitive to culture 
depth, as it can utilize blue light; the loss of light at 655 nm was calculated to be ~30%, which 
would still be a factor to consider in photobioreactor design. However in the blue region, cor-

responding to an absorption maximum of chlorophyll b (575 nm: Figure 4), very little light is 
lost, while at 430 nm (optimum for chlorophyll a), the available light intensity is still acceptable 
with depth, meaning that “point” sources of QD light could be used (insets or roof panels).

6. Potential alternative strategy for economic production of quantum 

dots at scale

For incorporating quantum dots into photosynthesizing cultures, some forms of QD encapsula-

tion or barrier method are likely to be required (see above), while the use of toxic materials per 

se is unattractive for manufacturing, even assuming that the QDs are held separate from the 
cells, are easily recovered and are re-usable. Given the high cost of commercial quantum dots, 
the possibility to use more traditional metallic-based semiconductors was revisited, since these 
can be made economically at scale, but the use of highly toxic metals such as Cd should still be 
avoided. The waste hydrogen sulfide off-gas from an (unrelated) bioremediation process was 
considered for use to promote the formation of zinc sulfide nanoparticles which are well-known 
QDs. Using a waste from a remediation process (which is, in itself, used to recover Zn and Cu 
from acidic mine wastes [50, 51]) is a paradigm example toward realizing a circular economy. 
The liquid minewater wastes are obtained via the activity of microorganisms that leach the 
metals out of ore residues and closed mines. They also lower the pH (by formation of sulfuric 
acid), and hence, they are acid-loving bacteria (acidophiles). The acidophilic bacteria are fed by 
using additional nutrients derived from an algal source, Coccomyxa onubensis, and hence, devel-

opment of a method for enhancing growth of this alga via a QD-enhancement approach would 
impact positively on the economics of the primary metal recovery process (combined metal bio-
leaching and recovery as metal sulfides), which produces excess waste H2S from the activity of 
sulfate-reducing bacteria. These convert sulfate (dilute H2SO4) to sulfide, which is available to 
form ZnS quantum dots by combination with Zn2+ ions. This strategy was tested in principle.

Zinc sulfide has a bandgap varying from, in bulk material, 3.7 eV to, in nanoparticles, 4.2 eV 
[52, 53]. It has large exciton energy (~ 40 meV) and has been used in light-emitting diodes and, 
for example, flat panel displays [54]. The nanoparticles have to be stabilized during synthesis 
in order to minimize extensive agglomeration. This is important because the quantum yield 
is lower in larger particles [54].

Methods of QD nanoparticle synthesis commonly use organic solvent [55], capping agent, 

and/or surfactant in order to control agglomeration. These methods may introduce problems 
of reproducibility as well as complexity and cost, as well as leaving residual chemicals and 
hence being nonsustainable (see [56] for overview). Looking toward large scale manufactur-

ing, various ”traditional” methods could reduce the high cost of ZnS NP-synthesis. Khani et al. 
[57] incorporated 2-mercaptoethanol as a capping agent; Na2S and mercaptopropionic acid 

have also been used [58]. Here, refluxing with tetrapropyl ammonium hydroxide resulted in 
QDs of nanoparticle size 4.5 nm, and the respective absorption and emission peaks were 315 
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and ~415 nm [58]. Other work reported QDs with absorbance and emission peaks at 279 and 
435 nm, respectively; this method utilizes thiolactic acid with Zn2+ solution and Na2S [59]. Being 

very close to the absorption peak of chlorophyll a at 430 nm (Figure 4), this raises the possibility 
to use ZnS NPs as a quantum dot ancillary to Qdot’655 (above) or, indeed as a substitute for the 
latter, using emitted blue light via the other absorbance region for chlorophyll a (see above).

A first report [60] showed that the characteristics and the light emitting properties of ZnS 
quantum dots made by use of bacterially made waste H2S left over from the metal bioremedi-

ation process [50, 51] were comparable to those made by ”classical” methods, which required 
more complex procedures. As a potential synthesis method at scale, this shows potential for 
commercial QD production and introduces the possibility to use these biogenic ZnS QDs to 
promote algal growth for the applications described above and also to provide algal feedstock 
as a nutrient source for other processes (e.g. high-value chemicals); algae as biomass feedstock 
per se for pyrolysis oil production has also been reported (e.g., [5]).

The price of commercial QDs discourages development above small-scale and a full-scale 
energy plant is probably currently unfeasible. However, QDs are rapidly developing from 
niche markets into consumer electronics [61], which is expected to bring substantial increases 
in production scale, and hence, reduction in cost may be expected in the future. From the 
tests and data shown above, the QD cost would have to be reduced by up to 100-fold in 
order for photonic photobioreactors to achieve parity with standard PBRs in terms of capital 
cost (M.D. Redwood, unpublished). This estimation was based on early published values for 
 capital costs of different photobiological systems [62–65] and a survey (in 2012) of market 
prices for commercial QDs. Because open systems or raceways present much lower capital 
costs (per unit area) than enclosed PBRs, the estimated minimum QED cost reduction would 
be ~10 fold more attractive for raceways, suggesting that such enhancement would be first 
tested in PBRs then developed in raceways at scale as costs fall.

However, these estimations do not consider the reduced land requirement and reduced run-

ning costs of photonically enhanced photobioreactors, which may lessen the cost impact. On 
the other hand, end-of-life decommissioning may be more costly if potentially toxic metals have 
been used. QD retention via immobilization/encapsulation and re-use would be a key strategy. 
The extent to which biofouling of transparent surfaces in contact with the culture may impact 
adversely on QD-enhanced PBR useful life has not been taken into account (nor tested). Common 
methods to remove biofouling deposits (e.g., scraping) may damage surfaces that have been 
precision-machined or polished for optical transmission. Hence, an air gap between the QD 
enclosure and the culture liquid may prove beneficial. In practice, as long as there is sufficient 
stirring, the shear force is sufficient to prevent fouling problems. This means that sufficient shear 
force being produced by sparging of the PBRs can prevent the algae being able to settle on the 
(e.g., perspex) surface. However, if the perspex is scratched, then algae will adhere more read-

ily. In some cases, fouling can be a major problem; some algal species are more adherent than 
others, but if the circulation in the PBR is sufficiently high, the algae will not adhere. Conversely, 
if the shear forces are too high, this may damage the algae. Most of the species that are grown 
commercially are fairly robust, but some species are shear sensitive; hence, this would need to 
be tested on a case by case basis (D. McKenzie, Xanthella Ltd., personal communication).

Based on this discussion, and the ease and potential scalability of bimanufacture of ZnS 
quantum dots, these were considered as a possible alternative to boost photosynthetic  output 
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via irradiation of chlorophyll a in the blue region, as an alternative to visible-red wavelengths, 
also noting the preferred use of blue light for deep culture (above). The emission of biogenic 

ZnS QDs prepared in 50 mM citrate buffer, pH 6, was reported at 410 nm [60], whereas the 
optimal absorbance wavelength of chlorophyll a is ~430 nm (Figure 4); respective molar 
extinction coefficients at 410 and 431.66 nm were calculated as 70,733 and 110,789 cm−1/M, 
respectively [66, 67]. At ~425 nm, this was given as 93,099 and 98,874 cm−1/M at 424.8 and 
426.15 nm, respectively [66]. This illustrates the need to redshift the QD emission of the bio-

genic ZnS QDs by up to 15–20 nm to realize the full potential.

7. Toward realizing useful quantum dots from biogenic ZnS

The early study [60] used 50 mM citrate buffer (pH 6) to prevent uncontrolled precipitation 
of ZnS by chelating the Zn2+ in solution and acting as a passivant for the ZnS nanoparticles. 

Figure 9. Excitation (a) and Emission (b) Spectra of ZnS Quantum dots. QDs were synthesized using excess waste 
biogenic H2S from a metal bioremediation process [60]. Samples were sparged with the culture off-gas for 30 min (flow 
rate 132 ml/min). Example scans are shown. ZnS QDs were made in the presence of 10 mM, 25 mM, 50 mM and 100 mM 
citrate buffer (pH 6) as shown. Note excitation redshift to ~ 310 nm and emission from ~ 410 to ~425 nm (dotted lines) 
with decreased citrate concentration from 50 to 10 mM. Buffering at pH 6 without citrate (MES-NaOH buffer) gave 
material with negligible emission.
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However, the use of citrate should be minimized for process economy. Omission of citrate or 
its substitution by 50 mM MES-NaOH buffer gave a ZnS nanomaterial with poor light emis-
sion at 410 nm. By using lower concentrations of citrate in preparation (10 and 25 mM), the 
light emission was observed to increase by up to 5-fold, together with a redshift from 410 to 

Figure 10. Transmission electron microscopy of ZnS Quantum Dots. QDs were synthesized in 50 mM citrate buffer, pH6 
using biogenic H2S [60]. Accelerating voltage was 80 kV which is optimal for contrast and shows (a) agglomerations of 
~60 nm containing discrete small nanoparticles. (b) High-resolution TEM study (300 kV) of a single area of an agglomerations 
how nina.Lattice details are visible showing facets of ZnS:(111) and (220) corresponding to interplanar spacings of 0.320 nm 
and 0.196 nm. a (inset): Selected area diffraction of a single nanoparticle at accelerating voltage of 300 kV. The diffraction 
rings correspond to the (111), (220), and (311) facets of ZnS by reference to the JCPDS database. Calculations from Image J 
software, in collaboration with J. Gomez-Bolivar.
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425 nm, i.e., into the absorption peak for chlorophyll a (Figure 9). Increasing the concentration 
of citrate (to 100 mM) during QD synthesis gave a similar effect; the reason for this was not 
investigated but future development would require the minimum amount of citrate. Further 
tests showed that further reduction of the citrate concentration to 7 mM retained the emission 
peak at 425 nm.

It is well known that increasing the size of quantum dots produces a redshift in the emission 
spectrum [68]. Hence, the ZnS QD material produced from the biogas from Zn2+ solution 

using high (50 mM) and low (7 mM) concentrations of citrate was examined using two meth-

ods: high resolution transmission electron microscopy (HRTEM) and differential centrifuga-

tion analysis for determining the size distribution of native nanoparticles.

Figure 11. High resolution TEM study and population size analysis of ZnS QDs made under two citrate concentrations. 

Biogenic H2S was used to make ZnS in 50 mM citrate buffer (a, main image) and 7 mM citrate buffer (a, inset). Approximate 
respective nanoparticle sizes are 3–4 and ~ 10 nm as shown. The population from 7 mM citrate solution had additional 
small nanoparticles of size ~5 nm (a, inset). Bars are 2 and 5 nm as shown. b,c: Estimation of nanoparticle sizes using an 
analytical disc centrifuge as described in [60] using light scattering. The nanoparticle size in 50 mM citrate buffer was 
calculated (from log plots) as ~4–5 nm and in 7 mM citrate buffer was ~ 8–10 nm with a smaller population of size <5 nm. 
The small nanoparticles are too close to the lower size cutoff of the instrument [60] to be an exact measurement, but the 
two independent methods report the same result. Figure 11a was in collaboration with J. Gomez-Bolivar.
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Examination of the ZnS material (from 50 mM citrate) revealed agglomerations, within which 
small NPs were visible [60] (Figure 10a). Examination of these confirmed their identity as 
ZnS (Figure 10a, b). Use of 7 mM citrate produced larger nanoparticles (Figure 11a) consis-

tent with the redshift observation in Figure 9 (see above). Electron microscopy can produce 
artifacts due to drying [60]. Hence, independent confirmation was provided via analytical 
centrifugation of the liquid suspension in conjunction with light scattering (Figure 11b, c).

Examination of nanoparticle sizes by the two methods gave similar results (Figure 11). The 

nanoparticles made with 7-mM citrate were of size in the region of ~10-12 nm with a sub-

population of small NPs of 5 nm or less. In contrast, when made in the presence of 50 mM 
citrate, the population comprised small NPs of size 3–5 nm. Accurate sizing of the latter was 
precluded by the limitations of the analytical centrifugation method (see [60] for discussion), 

but it is clear that this simple method gives the potential to “steer” the ZnS QDs for size 
optimization.

8. Considerations for large scale process using ZnS quantum dots

A comparison was made of the cost/benefit analysis of electricity production based on the 
microalga C. vulgaris (Table 1). Open ponds are feasible and are used routinely, with process 
intensification achieved using raceways (see earlier), but the best photobioreactor format was 
concluded to be a flat panel arrangement which, although of volume of 20% of that of an open 
pond, gave >3-fold more biomass production for ~ twice the cost. (Table 1), also outperform-

ing a tubular reactor arrangement. Consideration of algal growth for biofuels production has 
been reviewed elsewhere [69]. Calculations were made here based on using LEDs to boost 
light delivery, projecting a system of daytime solar irradiation via solar panels (parallel to the 
PBR) along with modern battery technology (energy storage) to permit LED-illumination (for 

culture ‘tickover’) at night (Table 1). A full cost-benefit and life cycle analysis is in progress, 
but here, it should be noted that ZnS quantum dots have also found application in solar cells 
[70, 71], giving further scope for cost reduction of solar panels which is not factored into Table 

1. Similarly, Table 1 does not take into account any increase in photoproductivity via use of 
QDs, and the values shown (made on the basis of published values) may reveal further ben-

efits (e.g., 2-fold) via addition of the QD technology described here. Hence, the calculations 
shown in Table 1 are taken to form a conservative “baseline.”

Although immobilized QDs in suspension in a circulating reactor (raceways) might be appro-

priate for large scale, well-mixed growth, this may give challenges with respect to stability of 
the encapsulation material under shear, recovery of the QDs, and importantly, ensuring trans-

parency to UV irradiation in the region of interest (absorbance maximum was ~ 310–315 nm 
with a peak emission at 425 nm; Figure 4). This redshift with respect to early work [60] is 

very relevant: UV light is divisible into UVA (315–400 nm), UVB (280–315 nm), and UVC 
(100–289 nm). The latter (the most damaging to living cells due to absorbance by DNA and 
proteins) is almost all absorbed by the atmosphere. Of the total UV radiance reaching the 
earth’s surface, 85% comprises UVA, while only 5% comprises UVB; At 310 nm, the portion 
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of available sunlight at the earth’s surface is ~ half of that obtained at the maximum trans-

mittance of light of ~625 nm [72]. Inspection of Figure 9 shows that the larger QDs made in 
7–10 mM citrate (Figure 11) absorb at the interface between UVA and UVB, and further work 
using lower concentrations of citrate may repay study to redshift both the absorbance and 
emission peaks by, ideally, a further 5–10 nm. The “preferred” UV light for irradiation also 
drives the choice of reactor materials (Table 4).

From Table 4, it is clear that several types of bulk materials would have potential application in 
large scale photobioreactor technology. LLDPE materials, transparent to both UVA and UVB, 
are used extensively in bottles and liquid sachets, and a simple approach might involve flota-

tion or suspension of suitable sachet bags into various types of culture as shown in Figure 2. 

However, LLDPE polymers degrade in UV light with a useful life of only about 3 years [73] and 

would not provide a durable solution, although they would provide a route to easy separation 
of QDs for re-use. It is also routine to use Perspex™ for photobioreactor materials, e.g., for 
enclosed inserts. Indeed, Perspex™ is routinely used in numerous applications such as glazing, 
and its properties are well described, including hardness and scratch resistance; indeed, it is 
recommended for use as a flooring material [74]. Should scratches occur they can be easily pol-
ished out using a proprietary polishing material [74], although the degree of polishing required 

to achieve a near-perfect optical transmission for optimal use of quantum dots would need to 
be determined experimentally.

Material Type Examples Transparency UVB Transparency UVA

Building window materials Glasses Clear glass Opaque Transparent

Reflective glass

Tinted/wire

Tinted glasses

Nonwindow materials Quartz glass Transparent Transparent

Perspex Perspex is the best. Perspex is the best.

Furniture glass1

Transparent linear low 
density polyethylene 
(LLDPE)

Liquid Blue crystal Transparent Transparent

Storage bags “Acqua fil” “Cool Pak”

(Sachet bags) “Ahenpon”, “Kenro”

Polyethylene terephthalate Plastic bottle “Standard water” Opaque Transparent

Containers for 
liquid storage

“Voltic”, “Ice Pak”

“BelAquah”

“Coca Cola”

Table 4. UV transparency of some common materials used in bulk applications.
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9. Conclusions

Photobiotechnologies are maturing rapidly from small-scale high-value applications to large 
scale operations for biofuels. The major challenge remains optimal use of solar light, since 

photosynthesis is intrinsically inefficient and effective solar-biotechnologies are currently lim-

ited geographically to areas of high and constant solar irradiance. LEDs are already used to 
supply light into photobioreactors, but their use at large scale requires a careful cost-benefit 
analysis, especially with regard to the overall energy balance and especially if the biomass 
is used to make biofuels. Quantum dot technologies, until now used at small scale for niche 
applications such as imaging, are entering the global commodity market, but traditional QDs 
are costly. We have shown that commercial QDs can be used to double the photoproductiv-

ity, and we also show an economic route to QD manufacture via harnessing a waste from 
another biotechnology process into the QD manufacturing without compromising quality or 
performance.
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