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The use of a natural substrate
forimmobilization of microalgae
cultivated in wastewater
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The methods of separation of microalgae has a significant impact in the economic aspects of their
cultivation. In this study, pine bark was used as a substrate forimmobilization of microalgal biomass
cultivated in raw municipal sewage. The experiment was conducted in cylindrical photobioreactors
(PBRs) with circulation of wastewater. Biomass was cultivated for 42 days. After that time, abundant
growth of the biofilm with microalgae on the surface of pine bark as well asimprovement of the quality
of treated sewage were observed. The efficiency of removal of nutrients from wastewater was 64-81%
for total nitrogen and 97-99% for total phosphorus. Moreover, the concentration of suspended solids in
sewage was reduced, which resulted in a decrease in turbidity by more than 90%. Colorimetric analysis
and Volatile Matter (VM) content in the substrate showed a decrease in the Higher Heating Value (HHV)
and concentration of VM due to the proliferation of biofilm.

Cultivation of microalgae is increasingly popular in many industrial sectors. The biomass of these microor-
ganisms and its bioproducts are used in pharmaceutical, food, feed, chemical, cosmetic industries and aqua-
cultures'=. The sectors that implement technologies of microalgae production are also renewable energy and
biorefineries®*. Currently, the most advanced technology for the production of microalgae is the use of photobio-
reactors (PBRs). Their advantages in comparison with open ponds are better control of the conditions of cultiva-
tion, reduced risk of contamination by other microorganisms (fungi, molds, bacteria, protozoa and microalgae),
and operation at high biomass density»**°. Along with the many benefits of production of microalgae biomass,
there are also several restrictions. The main issue is the cost of cultivation of this type of biomass. It is estimated
that the cost of production of 1kg microalgae biomass ranges between 20 and 200$°. Compared to the production
of terrestrial plants biomass (€0.20kg ™! for soybeans and €0.35kg ™! for wheat and corn?), these are significant
amounts. Such large financial outlays in microalgae production in PBRs are generated mainly by the preparation
of cultivation medium, irradiation, harvesting of biomass, CO, supplementation and mixing>~’. Among these
factors, the costs of harvesting and separation of biomass may constitute up to 20-30% of the total production
costs’. Therefore, the selection of a suitable method of separation of biomass is crucial in the economic aspect of
cultivation!. The difficulties in harvesting microalgae are mainly related to their small size and large dispersion in
the cultivation medium®.

One of the methods of separating the microalgae suspension is its immobilization in the form of a biofilm
on a solid substrate®’. This system significantly reduces the costs of cultivation in comparison with conventional
methods of separation (flocculation, membrane filtration, centrifugation etc.) and facilitates the harvesting of
biomass®®’. Biofilm in PBRs constitutes a structure composed mainly of colonies of bacteria and microalgae.
Biofilm is formed by the secretion of extracellular polymeric substances (EPSs) that merge microorganisms>'°.
The main producer of these substances are bacteria, and the more EPSs are extracted, the structure of biofilm will
be more durable!'2. Among the most popular materials used as a substrate for the microalgae cultivation are arti-
ficially manufactured substrates from polyester, cotton or nylon fibers, as well as concrete and polystyrene”!>14,
However, natural substrates, which can be cheaper and easier to gain and even constitute waste materials, are not
commonly used.

To reduce the costs of microalgae cultivation (for energy or biorefinery purposes), it is also possible to replace
the synthetic cultivation medium with wastewater which is a rich source of nitrogen and phosphorus®!>!.

linstitute of Technology and Life Sciences, Falenty, Al. Hrabska 3, 05-090, Raszyn, Poland. Wroctaw University
of Environmental and Life Sciences, Department of Botany and Plant Ecology, Grunwaldzki Square 24a, 50-363,
Wroctaw, Poland. 3Wroctaw University of Environmental and Life Sciences, Institute of Environmental Engineering,
Grunwaldzki Square 24, 50-363, Wroctaw, Poland. ®e-mail: tgarbowski@itp.edu.pl

SCIENTIFIC REPORTS |

(2020) 10:7915 | https://doi.org/10.1038/s41598-020-64656-3


https://doi.org/10.1038/s41598-020-64656-3
mailto:tgarbowski@itp.edu.pl
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-64656-3&domain=pdf

www.nature.com/scientificreports/

- — pine bark
L[ A

/
A | B ~— polyethylene

/

/ mesh

LED lights — &)/

T feed tank pump —

Figure 1. Scheme of cylindrical PBRs used for microalgae cultivation in the experiment.

Microalgae use inorganic nitrogen and phosphorus for growth!'’~'* and due to their high resistance to pollution
and the ability to easily adapt to environmental conditions they are able to proliferate in many types of wastewa-
ter'®. Many researchers suggest using municipal, domestic, agricultural (containing nutrients from fertilizers?)
and industrial wastewater, effluents from landfills and biologically treated sewage for cultivation of microal-
gae>!#1621 The use of biofilm and sewage in algae cultivation contributes not only to a significant reduction of
costs of biomass production, but also to the removal of nutrients, heavy metals, suspended solids, as well as toxic
organic compounds'®72,

The manuscript presents the results of a study in which a natural substrate was used for the immobilization
and separation of microalgae. The substrate was pine bark and microalgae cultivation was conducted in a cylin-
drical PBR supplied with raw municipal sewage. It was examined whether the biofilm can develop on a substrate
so far not used for this purpose, as well as what is the impact of this structure on the quality of treated sewage. The
aim of the study was to direct attention to the possibility of using easily available, fully natural materials as sub-
strates for the cultivation of microalgae. The effect of proposed solution will be to reduce the costs of production
of biomass with a simultaneous benefit for the environment resulting from the wastewater treatment effect and
safe use of the substrate together with the produced biofilm.

Materials and methods

Microalgae cultivation. Microalgae were cultivated in laboratory scale in two cylindrical PBRs, each con-
sisting of a cylinder (1 m high and 0.15m diameter) made of acrylic glass (PMMA). The cylinders were filled
with pine bark (height 0.40 m) previously cleaned, rinsed with water and dried at 105 °C for 24 hours. The bark
was crushed into a few centimeters pieces and secured in a polyethylene mesh at a distance of 0.20 m from the
bottom of the cylinder, which prevented the clogging of outlet of the PBRs. The total weight of the bark used as a
substrate was approximately 0.70kg in two cylinders. Pine bark in the PBRs formed a packed bed with thickness
approximately 0.4 m. It was decided to use bark from pine trees because of the large range of this species in Europe
and ease of acquisition. High porosity and roughness of the substrates are also important in the development of
biofilm*” and lignocellulose materials have additionally hydrophilic properties?. In addition, preliminary studies
using artificial (PET bottles and mats with polymer fibers)® and natural materials (bark of pine, birch, oak, beech,
ash, wood chips and charcoal) have shown the presence of a clear biofilm (visible to the naked eye) containing
microalgae only on the surface of the pine bark. The cultivation medium in the PBRs was raw municipal sewage
previously filtered through a 4 mm sieve to remove larger solid particles that could damage the pumps.

The cylinders were closed on both sides, and the wastewater was supplied from two 25 dm? tanks to the upper
part of the PBRs. Thanks to the centrifugal pumps immersed in sewage, it was possible to transport the cultivation
medium to a height of 1.50 m. The treated sewage was discharged from the bottom of the PBRs to the feed tanks.
PBRs were operated in a closed sewage system with a flow rate of 1.50 dm® min~'. The circulation of the sewage
ensures a continuous nutrient supply, which results in better productivity than in batch reactors’. The scheme of
the experimental set-up is shown in Fig. 1. In order to ensure optimal conditions for algae growth, a source of
inorganic carbon in the form of CO, and CaCO; was introduced into wastewater. Thanks to this, a mixture easily
absorbed by microalgae bicarbonates (HCO;™) is formed®**?>. The proportions of these components were regu-
lated so as to maintain a relatively constant pH value in the cultivation. The CaCOj; dose was calculated using the
carbonate-calcium equilibrium nomogram for water?® based on the measurement of the alkalinity and current
pH of sewage. The pH of wastewater was maintained at the level of 7.0-8.0, because at this pH, the largest amount
of bicarbonate ions occurs in sewage. The culture was illuminated by LED light with intensity of 612 lux. LED
lights were submerged in the sewage and placed in the central part of each cylinder. The artificial illumination
of microalgae cultures provided control of Photosynthetic Photon Flux Density (PPFD), photoperiod and wave-
length of light””. The applied LED tape with a length of 3 m contained diodes of red and blue light in a 5/1 ratio.
The color of the supplied light was in the PAR range (400-700 nm)"*” and the value of PPFD was 13.528 umol m—
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s~1. The PBRs were illuminated with LED light during the night for 12 hours. During the day, microalgae used
sunlight for photosynthesis. The internal light was applied in order to prevent light scattering on the walls of the
PBRs, which may affect the growth of microalgae®. Moreover, each cylinder was twice inoculated by microalgae
(V=400ml) from a separate cultivation conducted in suspension.

Analysis of wastewater and substrate parameters. The cultivation of microalgae was conducted for
42 days at 25°C. At that time, samples of treated wastewater were studied, with a 7-day frequency. The concen-
tration of nitrogen (NO; ™, NO,~, NH,", N, and Total Nitrogen), phosphorus (PO,*~ and Total Phosphorus),
turbidity and reaction (pH) were determined in the sewage. Nitrogen, phosphorus and pH were determined in
accordance with accepted standards®. Phosphates were determined by spectrophotometric method with ammo-
nium molybdate, whereas turbidity was measured by CyberScan TBD IR 1000 nephelometer. Samples for the
determination of mineral forms of nitrogen and phosphorus were previously subjected to sedimentation. Total
nitrogen and total phosphorus were determined together with the suspension, because the sewage was subject to
mineralization process prior to these analyses. All measurements were also made for raw sewage.

In order to verify the growth of microalgae, microscopic observations of the bark surface with biofilm were
conducted. Observations were carried out under Nikon Eclipse TE2000-S digital microscope equipped with a
Nikon DS-Fil camera. Slide cover surface (18 x 18 mm) was considered the standard surface.

The so-called visible “calculation units” were counted (individual cells, coenobia, colony, 100 pm filament
fragments were treated as “calculation units”). The calculations were conducted in order, along the parallel speci-
men lines, through moving the field of vision by one unit. The taxonomy of cyanobacteria and algae is based on™®.
Cyanobacteria and algae were identified according to the following studies*'-*. The quantitative content of par-
ticular taxa was determined under the microscope using modified Starmach’s scale’’, where 1 means individual
occurrence of a given species (up to 10 calculation units on standard surface); 2 - from 11 to 50 units on standard
viewing surface; 3 - from 1 to 5 calculation units in every field of vision; 4 —> 5 calculation units in every field of
vision; 5 dominant or water bloom (occupying >50% surface of field vision).

The indirect parameters monitoring the growth of biofilm on pine bark were the content of Volatile Matter
(VM) in the substrate as well as the changes in its Higher Heating Value (HHV). The HHV was measured using
an Isoperibol Calorimeter Parr 6400. HHV and VM were tested for samples of crude pine bark and bark with
proliferated biomass from both PBRs. The material for calorimetric measurements was pulverized, dried at 105°C
for 24h and formed into pellets weighing approximately 1g (3 pellets for each sample), which were subsequently
combusted in a calorimetric bomb. Volatile Matter was measured by combustion of 2 g pulverized and dried
material at 550 °C up to obtain a pure mineral fraction.

Results and discussion

The observations showed that the biofilm on the pine bark substrate started to develop after the first 7 days of the
experiment. The important factor influencing the growth of biofilm was light’, introduced inside the cylinders
of PBRs. Due to the limited penetration of external light through the pine bark into the central part of the PBRs,
it was decided to introduce internal lighting of the cylinders. Thanks to this, the outer layers of the bark received
daylight, whereas the inner layers of the bark were illuminated by artificial light during the night. The effect of
this solution was the development of biofilm in the entire volume of cylinders. According to*, the effect of light
hindering in PBRs with internal lighting can be reduced by using a stronger light source and reducing the dis-
tance between the light sources (e.g. greater packing of the LED tape in the reactor). In addition, the advantage of
internal illumination is the possibility of expanding the dimensions of the reactor without loss of photosynthesis
efficiency®® which is important when using PBRs on a large-scale. Slightly more abundant growth of microalgae
on the pine bark was noted in reactor B (Fig. 2). These small differences in the growth of biomass could result
from the differences in the efficiency of the use of sunlight by photoautotrophs during the day. According to*,
most of the light energy is absorbed in the 2 mm layer of biofilm, hence the use of internal artificial light which
shortens the light path and seems to be an effective solution to enhance photosynthesis. The biofilm formed in
PBRs consists of consortia of microorganisms (diatoms, green algae, cyanobacteria, fungi, protozoa etc.) as well
as detritus and mineral fraction'®'*!*. Due to the symbiosis of bacteria and microalgae in the biofilm, it is possi-
ble to reduce the concentration of oxygen produced during photosynthesis, and thus protect microalgae against
oxidative stress which is important especially in closed PBRs®. The presence of consortium of microalgae and
bacteria in the biofilm increases the tolerance of the culture to changing environmental conditions and periodic
nutrient deficiencies. Moreover, it improves the efficiency of nitrogen and phosphorus uptake from the cultivation
medium!®. The application of biofilm to microalgae cultivation causes their concentration, which reduces the
costs of production of biomass, however, it makes it difficult to measure the amount of biomass**. In addition,
biofilm limits the availability of light due to the phenomenon of self-shading and the presence of bacteria, which
affects the synthesis of bioproducts®”.

Table 1 shows the composition of species present in the biomass of cyanobacteria and microalgae populating
pine bark in both PBRs. 11 taxa of cyanobacteria and algae were identified in the studied samples. Coccoid forms
dominated in biofilm: Chlorella sp., Oocistis sp. and Scenedesmus obliquus. Filamentous forms were also abun-
dantly present on bark surface, e.g. Microspora quadrata, Ulothrix tenerrima and Tribonema minus. Moreover, in
PBR-B the study recorded abundant presence of small round epiphytic green algae growing on filamentous algae.
Among the microalgae introduced as an inoculum, Ulothrix tenerrima Kiizting (3), Nitzschia palea (Kiitzing) W.
Smith (4), Chlorella sp. (4), Oocistis sp. (4), and other coccoid green algae (3) occurred. Other species presented in
the biofilm came from the wastewater feeding reactors. Filamentous algae are a significant element of the biofilm.
Their development strengthens the biofilm structure!**! and contributes to stopping the pollution from sewage
due to its cross-linked absorption surface!*. Additionally, filamentous forms facilitate other species attachment
(e.g. coccoid species) (Fig. 2d)?, which supports nutrient removal due to more effective biomass immobilization
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Figure 2. The presence of biofilm with microalgae on pine bark (a-crude bark, b-bark from PBR-A, c-bark from
PBR-B, d-filamentous and coccoid algae in biofilm, e-microscopic image of biofilm on the pine bark) [phot. T.
Garbowski, M. Pietryka, D. Richter].

Bark Bark
Groups Species PBR-A | PBR-B
Leptolyngbya sp. — 2
Cyanobacteria Pseudanabaena limnetica (Lemm.) Komarek 1 —
coccoid cyanobakteria 1 —
Chlorophyta - filamentous Microspora quadrata Hazen 3 3
species Ulothrix tenerrima Kiizting 3 2
Chlorella sp. 4 4
Chlorophyta - coccoid species Qocistis sp. : :
epiphyte green algae — 4
Scenedesmus obliquus Tirph. Kiitzing 2 4
Bacillariophyceae Nitzschia palea (Kiitzing) W. Smith 2 2
Xantophyceae Tribonema minus Hazen 2 3

Table 1. Cyanobacteria and microalgal species present in the biofilm on a substrate of pine bark in PBRs A and
B at the end of experiment.

on the surface. Among the identified micro-algae occurring on pine bark, cyanobacteria and diatoms represented
by Nitzschia palea were less numerous.

The combination of algae and bacteria properties allows the use of microbiological biofilm in bioremediation
technologies'’. Due to the high concentration of biomass in the PBR, it was possible to achieve high efficiency of
removing nitrogen and phosphorus from sewage.

Figure 3 shows the changes in the concentration of different forms of nitrogen in sewage treated in PBRs A
and B. The growth of the biofilm with microalgae biomass caused a regular decrease in the concentration of Total
Nitrogen (TN) in sewage from both PBRs. The reduction rate of total nitrogen in comparison to raw sewage in
reactor A was 81%. According to”!*', the efficiency of TN removal from wastewater by biofilm in algal cultiva-
tion varies in the range of 80-97%. In reactor B a lower removal efficiency of TN (64%) was obtained. This may
have resulted from differences in the efficiency of the photosynthesis due to the efficiency of the use of solar
energy by photoautotrophs. Light affects the activity of intracellular enzymes responsible for the uptake and use
of nutrients”. In the raw sewage (control), the dominant form of nitrogen was organic (Nyg.u;c) and ammonium
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Figure 3. Changes in the concentration of nitrogen in sewage fed to PBRs A and B during the cultivation of
microalgae.
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Figure 4. Changes in the concentration of Total Phosphorus (TP) and phosphates (PO,*) in sewage fed to
PBRs A and B during the cultivation of microalgae.

(NH,*) nitrogen. Part of N, was converted by the bacteria into ammonium ions (ammonification). As a
result of this process, a decrease in the concentration of organic nitrogen and an increase in the concentration of
ammonium nitrogen was observed on the 7 day of the experiment. The different forms of nitrogen are intro-
duced into the sewage as a result of leaching of pine bark. About 80% of the nitrogen leached form pine bark
occurs in organic form?. This may affect the presence of organic nitrogen in the wastewater during the whole
experiment. The coexistence of bacteria and microalgae in biofilm causes competition for ammonium nitrogen.
Bacteria use NH," in the process of nitrification, while microalgae uptake these ions directly from sewage and
build them into biomass”?*, On the 14" day of the experiment, the process of nitrification was observed, in which
ammonium ions are transformed into nitrites and nitrates under aerobic conditions. On that day, an increase
in the concentration of TN was also observed, which was caused by re-inoculation of sewage in both PBRs by
microalgae cultivated in the solution of NH,NO;. As a result of the introduction of microalgae suspension along
with the cultivation solution, the concentration of NH,* and NO; ™ in wastewater increased. Ammonium nitro-
gen, accumulated by microalgae and oxidized by bacteria, became depleted, ipso facto over the following days of
the experiment (21-42 days) the dominant form of nitrogen in the sewage was nitrates. This form of nitrogen is
also used by microalgae for the synthesis of nitrogen compounds, however, it must be previously reduced in their
cells to NH, 2%, As a result of nitrates uptake by growing microalgal biomass, the concentration of TN in sewage
continuously decreased. Taking into account the high efficiency of nitrogen removal from sewage by microalgae
immobilized on solid substrate, this technology can be used, among other things, for the treatment of wastewater
from Service Areas. This kind of sewage contains high concentrations of TN (up to 400 mgdm™?), mainly in the
form of NH,™2.

The available form of phosphorus for microalgae are phosphates (PO,*>~)%!” which are found in raw sewage
and require removal. The microbial biofilm can reduce the concentration of Total Phosphorus (TP) by over 70%
(even up to 97%)”'*!6. The concentration of TP is also influenced by the content of organic phosphorus, of which
large amounts are also present in raw sewage. Figure 4 shows changes in the concentration of PO,*~ and TP in
wastewater that feeds PBRs A and B. Phosphorus is one of the key components in the growth of microalgae,
because 1g of P can contribute to the development of approximately 1.70kg of microalgae biomass**.

In both PBRs, compared to raw sewage (control), a decrease in the concentration of phosphates was observed.
The reduction of the concentration of PO,>~ was 99% for reactor A and 97% for reactor B. These results demon-
strate that the uptake of this component by microorganisms in biofilm is intensive. In order to prevent pre-
cipitation of phosphates into sparingly soluble salts, pH adjustment is required. Phosphates at high pH can
form salts with A", Mg?*, Ca*", Fe*" ions and become unavailable to microalgae?***. Due to maintaining the
carbonate-calcium equilibrium in the PBRs by adding CO, and CaCOj, the phenomenon of phosphate pre-
cipitation was limited. In contrast to phosphates, the concentration of TP increased until 21* day of the exper-
iment. The reason for the increase in the concentration of TP was the leaching of pine bark by flowing sewage.
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Figure 5. The value of pH and turbidity in sewage fed to PBRs A and B during the cultivation of microalgae.

Parameters

Higher Heating Volatile
Samples Value (M] kg—') SD Matter (%) | SD
Control bark 22.00 +0.06 98.81 +0.13
Bark-A 21.31 +0.63 95.37 +0.22
Bark-B 20.92 +0.67 93.46 +0.06

Table 2. Higher Heating Value and content of Volatile Matter in crude pine bark (control bark) and after the
proliferation of microalgal biomass in PBRs A (bark-A) and B (bark-B). Data are shown as the mean (n = 3)
with value of standard deviation (SD).

Phosphorus is one of the main components leached from pine bark. It is extracted both in the form of phos-
phates and organic phosphorus*#. The study showed that after 1 day of leaching of pine bark with distilled water
approximately 0.065 mg g ' of TP was leached®. Phosphates were absorbed by microalgae, thus there was no
increase in their concentration due to leaching of the bark. However, organic phosphorus is difficult to remove,
hence its accumulation in the sewage flowing through the pine bark was observed. Between 21* and 28 day of
the experiment, a significant reduction of the concentration of PO,*~ as well as TP was noted. During that time,
an intensive growth of microalgae in the PBRs was observed, which favored the intensive uptake of PO,*~ ions.
The concentration of organic phosphorus could be reduced due to precipitation and retention in the biofilm
structure as well as adsorption on the surface of microalgae cells®!*. Furthermore, the EPSs secreted by microor-
ganisms could serve as bioflocculants', which in combination with filtration on a bed of pine bark could contrib-
ute to a significant reduction in the concentration of organic phosphorus. An increase in the pH value noted on
the 28 day of the experiment (Fig. 5), and the presence of Ca?* ions could additionally intensify the process of
phosphorus precipitation.

According to’, PBRs with biofilm give better results in removing pollutants from sewage than in the case with
cultivation of microalgae in suspension, and biomass bound on the substrate can constitute over 72% of the total
biomass produced. Moreover, hybrid PBRs (with microalgae-bacterial biofilm) demonstrate greater efficiency
in the reduction of nutrients than PBRs operating in the monoculture system!°. The optimal pH for the cultiva-
tion of microalgae ranges between 7 and 9%!. This value of pH was also maintained in the conducted cultivation
(Fig. 5). Inadequate pH of the cultivation medium can disrupt cellular processes and, as a consequence, cause the
death of microalgae culture®.

The applied substrate from pine bark together with growing biofilm was characterized by high efficiency in
removing suspended solids from the sewage. Already in the first week of the experiment, turbidity in the sewage
was reduced by over 90% in both PBRs (Fig. 5). Pine bark like other biosorbents is able to retain various types of
organic and inorganic pollution*~*. The bark also acts as a natural biofilter for solid particles*, thus contributes
to the retention of microalgae biomass and wastewater treatment. The suspended particles were mechanically
retained on the pine bark surface which confirms a significant decrease in turbidity of sewage after 7 days of the
experiment. Pine bark in the cylinders of PBRs was firmly packed and the sewage flowed gravitationally through
the bark that caused effective removal of suspension. Moreover, the suspension from wastewater is absorbed on
the surface of the biofilm and microalgal cells?*. Raw sewage contains solid particles such as sand, clay, sludge,
mineral crystals, sparingly soluble salts and others, which are retained on the surface of the biofilm due to the
EPSs!*%0. Adsorption of the mineral fraction increases ash content in biomass and decreases the Higher Heating
Value of the substrate containing microalgae. Microalgae may contribute more ash in biomass (mean of 30%)
compared to terrestrial plants (mean of 7%), which reduces the calorific value®"*2 The decrease in HHV of the
pine bark and the content of Volatile Matter after the experiment (Table 2) may provide indirect evidence for the
development of biofilm that removes inorganic solid fraction from wastewater. The bark from reactor B, in which
a more abundant growth of algae on the substrate was observed, was characterized by a slightly greater decrease
in HHV and VM. This confirms the hypothesis that along with the growth of biomass, the efficiency of removing
the suspension from wastewater increases.

The HHV of pine bark decreased compared to the control sample by more than 3% for PBR A and more
than 5% for PBR B. A similar percentage decrease was noted for VM. Therefore, the content of Volatile Matter in
microalgal biomass significantly affects its calorific value. The concentration of lipids in the cells of microalgae,
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which in inversely proportional to the rate of growth and nutrient concentration, may also be responsible for
reducing the calorific value of biomass"***'. The proliferated biomass can be a valuable raw material for energy
recovery, for example in the process of composting or fermentation®*, despite its growth decreasing the energy
value of the substrate used. Pine bark with microalgal biomass can be used for bio-oil extraction and production
of pyrolysis char with high heating value. Bio-oil obtained from pyrolysis of microalgal biomass has HHV ~ 29 M]
kg~!>?, whereas the higher heating value of pyrolysis char from bark is> 30 MJ kg%

The use of sewage in the cultivation of microalgae entails many advantages, such as lower production and
operational costs, the possibility of obtaining abundant biomass and sewage treatment. There will also be issues
requiring further research, such as e.g. optimal wastewater flow rate, appropriate light intensity and its effective
use, as well as CO, supplementation. These factors affect the economic aspects of the construction and operation
of technological systems for the cultivation of microalgae'®. The material of a substrate for the immobilization of
biomass has a great importance for the cultivation system and currently no universal substrate for this purpose
exists’. Pine bark, despite its many advantages, causes an intensification of the color of treated sewage, due to the
release of natural pigments and humic acids®. In the future, the PBRs can operate in wastewater treatment plant
as an additional element of the treatment system. Due to the use of artificial light, the reactors can be independent
of the day and night cycles. It is also possible to use additional external light to illuminate the outer layers of the
pine bark. A reduction of the costs of microalgae cultivation in a biofilm can also be achieved by replacing pure
CO, with a gas mixture containing this compound, for example flue gases or biogas®. Pine bark as a substrate
for immobilization of algal biomass can also be used in open tanks (artificial or natural) during the algal bloom
season, and then the development of biofilm will depend on weather conditions. However, this utilization of the
pine bark requires further studies.

Conclusion

The effectiveness of separation of microalgae depends to a large extent on the density of biomass, thus the use of
a solid substrate for the development of biofilm which contains microalgae seems to be an effective solution in
order to reduce the costs of cultivation. Moreover, the biofilm with microalgal biomass contributes to a significant
improvement in the quality of wastewater in terms of nitrogen, phosphorus and suspended solids concentrations.
Pine bark is suitable as a substrate for the harvesting and separation of algal biomass and is also a natural, cheap
and easily available material. The HHV and VM content in organic substrate may constitute indirect indicators
of biofilm growth during wastewater treatment. Further efforts are required in the search for a substrate for the
immobilization of algae, as well as other ways to reduce the cultivation costs in order to increase the utilization
of this type of biomass.

Received: 13 January 2020; Accepted: 20 April 2020;
Published online: 13 May 2020

References

1. Hamed, I. The Evolution and Versatility of Microalgal Biotechnology: A Review. Comprehensive Reviews in Food Science and Food
Safety 15,1104-1123 (2016).

2. Tredici, M. R., Rodolfi, L., Biondi, N., Bassi, N. & Sampietro, G. Techno-economic analysis of microalgal biomass production in a
1-ha Green Wall Panel (GWP) plant. Algal Research 19, 253-263 (2016).

3. Ting, H. et al. Progress in microalgae cultivation photobioreactors and applications in wastewater treatment: A review. International
Journal of Agricultural and Biological Engineering 10, 1-29 (2017).

4. Ferndndez, I. et al. Hierarchical Non-linear Control of a Tubular Photobioreactor. IFAC-Papers OnLine 48, 224-229 (2015).

5. Gupta, P. L., Lee, S.-M. & Choi, H.-J. A mini review: photobioreactors for large scale algal cultivation. World Journal of Microbiology
and Biotechnology 31, 1409-1417 (2015).

6. Prajapati, S. K., Kaushik, P., Malik, A. & Vijay, V. K. Phycoremediation coupled production of algal biomass, harvesting and
anaerobic digestion: Possibilities and challenges. Biotechnology Advances 31, 1408-1425 (2013).

7. de Assisa, L. R. et al. Evaluation of the performance of different materials to support the attached growth of algal biomass. Algal
Research 39, 101440 (2019).

8. Boelee, N. C., Temmink, H., Janssen, M., Buisman, C. J. N. & Wijffels, R. H. Nitrogen and phosphorus removal from municipal
wastewater effluent using microalgal biofilm. Water Research 45, 5925-5933 (2011).

9. Garbowski, T., Bawiec, A., Pulikowski, K. & Wiercik, P. Algae proliferation on substrates immersed in biologically treated sewage.
Journal of Ecological Engineering 18, 90-98 (2017).

10. Paniagua-Michel, J. Wastewater Treatment Using Phototrophic-Heterotrophic Biofilms and Microbial Mats, In Tripathi, B. N. &
Kumar, D. (Eds.), Prospects and Challenges in Algal Biotechnology (pp. 257-275). Singapore: Springer (2017).

11. Jarvis, P, Jefterson, B., Gregory, J. & Parsons, S. A. A review of floc strength and breakage. Water Research 39, 3121-3137 (2005).

12. Fettweis, M., Baeye, M., Van der Zande, D., Van den Eynde, D. & Lee, B. J. Seasonality of floc strength in the southern North Sea.
Journal of Geophysical Research: Oceans, 119, 1911-1926 (2014).

13. Szlauer-Lukaszewska, A. Succession of periphyton developing on artificial substrate immersed in polysaprobic wastewater reservoir.
Polish Journal of Environmental Studies 16, 753-762 (2007).

14. Sukacovd, K., Trtilek, M. & Rataj, T. Phosphorus removal using a microalgal biofilm in a new biofilm photobioreactor for tertiary
wastewater treatment. Water Research 71, 55-63 (2015).

15. D’Imporzano, G., Silvia, S., Davide, V., Barbara, S. & Fabrizio, A. Microalgae Mixotrophic Growth: Opportunity for Stream
Depuration and Carbon Recovery, In Tripathi, B. N. & Kumar, D. (Eds.), Prospects and Challenges in Algal Biotechnology (pp.
141-177). Singapore: Springer (2017).

16. Dudek, M., Dgbowski, M., Zieliniski, M. & Nowicka, A. Use of a wastewater after anaerobic pretreatment to microalgae Platymonas
subcordiformis growth. Ecological Engineering, 18, 14-20 In Polish (2017).

17. Costa, J. A. V. et al. Microalgae-Based Biorefineries as a Promising Approach to Biofuel Production, In B. N. & Tripathi, D. Kumar
(Eds.), Prospects and Challenges in Algal Biotechnology (pp. 113-140). Singapore: Springer (2017).

18. Marselina, M. & Burhanudin, M. Phosphorus load concentration in tropical climates reservoir for each water quantity class. Journal
of Water and Land Development 36, 99-104 (2018).

SCIENTIFIC REPORTS |

(2020) 10:7915 | https://doi.org/10.1038/s41598-020-64656-3


https://doi.org/10.1038/s41598-020-64656-3

www.nature.com/scientificreports/

19.

20.

21.

22.

23.

24.

25

26.
27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.
38.

39.

40.

41

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

Bawiec, A., Garbowski, T., Paweska, K. & Pulikowski, K. Analysis of the algae growth dynamics in the hydroponic system with LEDs
nighttime lighting using the laser granulometry method. Water Air & Soil Pollution 230, 17, https://doi.org/10.1007/s11270-018-
4075-8 (2018).

Burzynska, I. Monitoring of selected fertilizer nutrients in surface waters and ssoils of agricultural land in the river valley in Central
Poland. Journal of Water and Land Development 43, 41-48 (2019).

Kwietniewska, E., Tys, J., Krzeminska, I. & Koziel, W. Microalgae - cultivation and application of biomass as a source of energy: A
review, Acta Agrophys. Monographiae, Instytut Agrofizyki im. Bohdana Dobrzariskiego Polskiej Akademii Nauk, Lublin (Poland),
http://produkcja.ipan.lublin.pl/uploads/publishing/files/ AAM_2012(2).pdf (2012).

Boelee, N. C., Temmink, H., Janssen, M., Buisman, C. J. N. & Wijffels, R. H. Scenario Analysis of Nutrient Removal from Municipal
Wastewater by Microalgal Biofilms. Water 4, 460-473 (2012).

Zhang, Q. et al. Cultivation of algal biofilm using different lignocellulosic materials as carriers. Biotechnology for Biofuels 10, 115
(2017).10.1186%2Fs13068-017-0799-8.

Graham, L. E., Graham, J. E. & Wilcox, L. W. Algae. Second Edition (Benjamin Cummings 1-616 (2009).

. Ji, M.-K. et al. Effect of flue gas CO, on the growth, carbohydrate and fatty acid composition of a green microalga Scenedesmus

obliquus for biofuel production. Environmental Technology 38, 2085-2092 (2017).

Kowal, A. L. & Swiderska-Br6z, M. Oczyszczanie wody (PWN 1-794 In Polish (2007).

Schulze, P. S. C., Barreira, L. A., Pereira, H. G. C., Perales, J. A. & Varela, J. C. S. Light emitting diodes (LEDs) applied to microalgal
production. Trends in Biotechnology 32, 422-430 (2014).

Blanken, W., Postma, P. R., de Winter, L., Wijffels, R. H. & Janssen, M. Predicting microalgae growth. Algal Research 14, 28-38
(2016).

Garbowski, T. Changes in the Physico-Chemical Parameters of Water as a Result of Long-Term Contact with Biomass, on the
Example of Pine Bark (Pinus sylvestris). Water Air & Soil Pollution 230(104), https://doi.org/10.1007/s11270-019-4160-7 (2019).
Hoek, C. D., Mann, C. G. & Johns, H. M. Alga: an introduction to phycology (Vol. 623). Cambridge: Great Britain at University Press
(1995).

Ett], H. Xantophyceae. In A Pascher, H. Ettl, J. Gerloff, & H. Heynig (Eds.), Sii3wasserflora von Mitteleuropa, 3/1. Stuttgart-New
York: Gustaw Fischer (1978).

Komarek, J. & Fott, B. Chlorophyceae (Griinalgen). Ordnung: Chlorococcales. In G. Huber-Pestalozzi (Ed.), Das Phytoplankton des
SiiBwassers 7(1) (pp. 1-1044). Stuttgart: Systematik und Biologie. Schweizerbart’sche Verlagsbuchhandlung, Stuttgart (1983).
Lokhorst, G. M. Taxonomic study of genus Microspora Thuret (Chlorophyceae) an integrated field, culture and herbarium analysis.
Algological Studies 93, 1-38 (1999).

Komarek, J. & Anagnostidis, K. Cyanoprocaryota; Oscillatoriales II, In A. B. Biidel, L. Krienitz, G. Gértner, & M. Schagerl (Eds.),
Siiwasserflora von Mitteleuropa 19 (Vol. 2., p. 759). Miichen: Spektrum Akademischer Verlag (2005).

Bak, M. et al. Klucz do oznaczania okrzemek w fitobentosie na potrzeby oceny stanu ekologicznego wod powierzchniowych w
Polsce. Biblioteka Monitoringu Srodowiska, 452 In Polish (2012).

Skaloud, P, Rindi, E, Boedeker, C. & Leliaert, E. (2018). Chlorophyta: Ulvophyceae. In Biidel B., Girtner G., Krienitz L. & Schagerl
M. (Eds.), StiBwasserflora von Mitteleuropa (Vol. 13, p. 288). Berlin: Springer (2012).

Starmach, K. Methods of Plankton Investigation (Warszawa: Powszechne Wydawnictwo Rolnicze i Lesne 1-105 In Polish (1995).
Hu, J.-Y. & Sato, T. A photobioreactor for microalgae cultivation with internal illumination considering flashing light effect and
optimized light-source arrangement. Energy Conversion and Management 133, 558-565 (2017).

de Mooij, T., de Vries, G., Latsos, C., Wijffels, R. H. & Janssen, M. Impact of light color on photobioreactor productivity. Algal
Research 15, 32-42 (2016).

Gong, Q,, Feng, Y., Kang, L., Luo, M. & Yang, J. Effects of Light and pH on Cell Density of Chlorella Vulgaris. Energy Procedia 61,
2012-2015 (2014).

. Aguilera, A., Souza-Egipsy, V., Gomez, F. & Amils, R. Development and Structure of Eukaryotic Biofilms in an Extreme Acidic

Environment, Rio Tinto (SW, Spain). Microbial Ecology 53, 294-305 (2007).

Paweska, K., Bawiec, A. & Pulikowski, K. Wastewater treatment in submerged aerated biofilter under condition of high ammonium
concentration. Ecological Chemistry and Engineering S 24, 431-442 (2017).

Wiejak, A. Reduction of phosphorus in sewage from household-based sewage treatment plants. Prace Instytutu Techniki Budowlanej,
42, 21-27 In Polish (2013).

Werkelin, J., Skrifvars, B.-]., Zevenhoven, M., Holmbom, B. & Hupa, M. Chemical forms of ash-forming elements in woody biomass
fuels. Fuel 89, 481-493 (2010).

Vassilev, S. V., Vassileva, C. G. & Vassilev, V. S. Advantages and disadvantages of composition and properties of biomass in
comparison with coal: An overview. Fuel 158, 330-350 (2015).

Wang, B., Lan, C. Q. & Horsman, M. Closed photobioreactors for production of microalgal biomasses. Biotechnology Advances 30,
904-912 (2012).

Gendrault, S., Bayard, R. & Gourdon, R. Biofiltration onto pine bark for the treatment of water contaminated with atrazine: influence
of sorbent on Pseudomonas sp. strain adp. Agronomy for Sustainable Development 25, 317-321 (2005).

Montes-Atenas, G. & Valenzuela, F. Wastewater Treatment through Low Cost Adsorption Technologies in Physico-Chemical
Wastewater Treatment and Resource Recovery (eds. R. Farooq, & Z. Ahmad) (InTech. https://doi.org/10.5772/67097 (2017).

Litefti, K., Freire, M. S., Stitou, M. & Gonzalez-Alvarez, J. Adsorption of an anionic dye (Congo red) from aqueous solutions by pine
bark. Scientific Reports 9(1), 16530, https://doi.org/10.1038/s41598-019-53046-z (2019).

Ghosh, R, Barman, S. & Mandal, N.C. Phosphate deficiency induced biofilm formation of Burkholderia on insoluble phosphate
granules plays a pivotal role for maximum release of soluble phosphate. Scientific Reports, 9, 5477, d0i:10.1038%2
Fs41598-019-41726-9 (2019).

Ghayala, M. S. & Pandyaa, M. T. Microalgae biomass: a renewable source of energy. Energy Procedia 32, 242-250 (2013).

Vassilev, S. V. & Vassileva, C. G. Composition, properties and challenges of algae biomass for biofuel application: An overview. Fuel
181, 1-33 (2016).

Saber, M., Nakhshiniev, B. & Yoshikawa, K. A review of production and upgrading of algal bio-oil. Renewable and Sustainable Energy
Reviews 58, 918-930 (2016).

Ben, H. et al. A Comprehensive Characterization of Pyrolysis Oil from Softwood Barks. Polymers 11, 1387 (2019).

Author contributions

Tomasz Garbowski wrote the main manuscript text and along with Krzysztof Pulikowski prepared the results
contained on Figures 3,4,5 and in Table 2. Mirostawa Pietryka and Dorota Richter were responsible for analysis
of microalgae and preparation of information about composition of microalgae species present in biomass (Table
1). All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2020) 10:7915 | https://doi.org/10.1038/s41598-020-64656-3


https://doi.org/10.1038/s41598-020-64656-3
https://doi.org/10.1007/s11270-018-4075-8
https://doi.org/10.1007/s11270-018-4075-8
http://produkcja.ipan.lublin.pl/uploads/publishing/files/AAM_2012(2).pdf
https://doi.org/10.1007/s11270-019-4160-7
https://doi.org/10.5772/67097
https://doi.org/10.1038/s41598-019-53046-z

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to T.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:7915 | https://doi.org/10.1038/s41598-020-64656-3


https://doi.org/10.1038/s41598-020-64656-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The use of a natural substrate for immobilization of microalgae cultivated in wastewater

	Materials and methods

	Microalgae cultivation. 
	Analysis of wastewater and substrate parameters. 

	Results and discussion

	Conclusion

	Figure 1 Scheme of cylindrical PBRs used for microalgae cultivation in the experiment.
	Figure 2 The presence of biofilm with microalgae on pine bark (a-crude bark, b-bark from PBR-A, c-bark from PBR-B, d-filamentous and coccoid algae in biofilm, e-microscopic image of biofilm on the pine bark) [phot.
	Figure 3 Changes in the concentration of nitrogen in sewage fed to PBRs A and B during the cultivation of microalgae.
	Figure 4 Changes in the concentration of Total Phosphorus (TP) and phosphates (PO43-) in sewage fed to PBRs A and B during the cultivation of microalgae.
	Figure 5 The value of pH and turbidity in sewage fed to PBRs A and B during the cultivation of microalgae.
	Table 1 Cyanobacteria and microalgal species present in the biofilm on a substrate of pine bark in PBRs A and B at the end of experiment.
	Table 2 Higher Heating Value and content of Volatile Matter in crude pine bark (control bark) and after the proliferation of microalgal biomass in PBRs A (bark-A) and B (bark-B).




