Bioprocess Biosyst Eng (2014) 37:441-450
DOI 10.1007/s00449-013-1011-6

ORIGINAL PAPER

Influence of algae species, substrata and culture conditions

on attached microalgal culture

Y. Shen - X. Xu * Y. Zhao - X. Lin

Received: 27 January 2013/ Accepted: 2 July 2013 /Published online: 11 July 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract The objective of this study was to understand
and optimize the formation of microalgae biofilms in spe-
cific culture conditions. Firstly, the adhesion of six fresh-
water algae species was compared. Chlorococcum sp. was
selected because of the high adhesion biomass productivity
(ABP) and adhesion rate achieved. Secondly, the adhesion
of Chlorococcum sp. was compared with nine commonly
used supporting materials, and glass fiber-reinforced plastic
proved to be the optimal substrata. Thirdly, based on
response surface methodology experiments, a second-order
polynomial model was developed to examine the effect of
culture period, initial total nitrogen concentration (ITNC)
in manure wastewater, pH and culture volume of the
growth chamber on the adhesion of Chlorococcum sp.
using glass fiber-reinforced plastic. The experimental and
modeling results showed that ITNC, pH and culture vol-
ume as well as the interactions between culture period and
ITNC, culture period and culture volume were significant
on ABP. Optimum culture conditions were predicted at a
culture period of 11 days, ITNC of 70 mg L™', pH of 8
and culture volume of 340 mL, under which the predicted
maximum ABP was 4.26 g m~2 day~". The prediction was
close to validation experimental results, indicating that the
model could be used to guide and optimize the attached
culture of Chlorococcum sp. using glass fiber-reinforced
plastic.
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Introduction

Microalgae are capable of producing high-valued products,
such as food supplement docosahexaenoic acid, lutein, [-
carotene, astaxanthin, pharmacy products and biofuels [1].
The advantages of high productivity potential, less com-
petition with food production and less negative impact on
the environment when compared with other biomass
feedstock options make microalgae one of the most
promising sources for the potential products, even for
biofuels [2-4]. However, the conventional culture systems,
such as open-pond and tubular photobioreactors containing
over 99 % water and less than 1 % solids, make microalgae
mass culture for biofuels neither economically viable nor
sustainable from both energy and water supply standpoints
[5-7].

Since many microorganisms have a natural tendency to
attach to surfaces and grow on them [8], attached micro-
algal culture was developed. The principle is to form a thin
layer of ‘algal film’ on the substrata with a small volume of
culture medium, which is supplied to the supporting matrix
materials to provide the nutrients and moisture [9]. The
attached culture system could easily reduce the cost in
microalgal harvesting and potentially increase the biomass
productivity [9, 10].

The algal-biofilm formation characteristics depend on
many factors, including microalgae species; culture con-
ditions, such as the nitrogen concentration, CO, supply, pH
level, light intensity, culture density and culture age;
interfacial and physiological factors [9, 11-13]. A few
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algae species (e.g., Scenedesmus dimorphus, Nitzschia
amphibia, Chlorella vulgaris, Chroococcus minutus, Bot-
rycoccus braunii and Nannochloropsis oculata) and vari-
ous supporting materials (e.g., polyurethane, polystyrene,
polyethylene, stainless steel, titanium and glass wool) have
been investigated in attached microalgal culture [9, 11-15].
For example, Sekar et al. [11] studied the adhesion of C.
vulgaris, N. amphibia and C. minutus to hydrophobic
(perspex, titanium and stainless steel 316-L), hydrophilic
(glass) and toxic (copper, aluminum brass and admiralty
brass) substrata. All three organisms attached more on
titanium and stainless steel and less on copper and its
alloys. The results also indicated that the attachment was
higher on rough surfaces when compared with smooth
surfaces [11]. Johnson and Wen investigated the use of
Chlorella sp. biofilms to produce biofuels. The algae were
cultivated on polystyrene foam immersed in dairy manure
wastewater and agitated with a rocking shaker. The authors
reported biomass yield as large as 25.65 ¢ m~2 and bio-
mass productivity of 2.57 g m~= day ™' [13].

The objective of this study was to understand and
optimize the formation of microalgae biofilms. The adhe-
sion of six freshwater algae species was compared to select
the optimal algal species for attached culture. And then, the
selected alga Chlorococcum sp. was cultivated using nine
different substrata to compare the adhesion biomass pro-
ductivity (ABP) and adhesion rate achieved. Response
surface methodology (RSM) is a general linear or quadratic
model in which attention is focused on the characteristics
of the fit response function, in particular, where optimum
estimate response values occur. In this study, second-order
polynomial models were developed using RSM to inves-
tigate the influence and interaction of culture period, initial
total nitrogen concentration (ITNC), pH and culture vol-
ume on ABP of the attached culture of Chlorococcum sp.

Materials and methods
Algal strain and subculture

The algae Scenedesmus dimorphus (UTEX 417) and
Chlorella protothecoides (UTEX 1806) were obtained from
the University of Texas at Austin Culture Collection of
Algae (Austin, TX). The algae C. vulgaris (FACHB-31),
Scenedesmus oblignus (FACHB-416) and S. dimorphus
(FACHB-496) were obtained from the Freshwater Algae
Culture Collection of the Institute of Hydrobiology
(Wuhan, China). Chlorococcum sp. was donated by
Dr. Wengiao Yuan from North Carolina State University
(Raleigh, NC). The six freshwater algae species were
maintained in Modified Basal medium, which contained
1,000 mg L™ urea, 1,250 mg L™ KH,PO,, 1,000 mg L™*
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MgS0,-7H,0, 500 mg L~ EDTA, 114.2 mg L' H3BO;,
111 mg L™ CaCl,-2H,0, 49.8 mg L™ FeSO,-7H,0,
88.2 mg L™' ZnSO47H,0, 142 mg L~' MnCl,-4H,0,
157 mg L™' CuSO45H,0 and 49 mg L~' Co(N-
03),-6H,0 (1,000 mg L' Urea was used instead of
1,250 mg L_IKN03, and MoOj; and ethylenediaminete-
traacetic acid were not included in the Modified Basal
medium) [16]. The medium was adjusted to pH 7 and
autoclaved at 121 °C for 15 min. The inocula were grown
in 250-mL Erlenmeyer flasks, each containing 120 mL of
medium, and incubated at 26 £ 2 °C in an orbital shaker set
to 125 rpm. The illumination was provided by 18-W cool
white fluorescent light at 60-80 pmol photons m 2 s~
measured with a Victor 1010A. The inoculation culture was
used for experiments once algal cell concentration reached
10° cells mL ™.

Comparison of the adhesion of six microalgae species

The experiments were carried out in three steps. In the first
step of the experiments, the adhesion of six freshwater
algae was compared using stainless steel sheet under the
attached culture system as shown in Fig. 1. The supporting
material was cut into a 10 x 19 cm piece and fixed at the
bottom of a growth chamber. The chamber was incubated
with 10 % (v/v) sub-cultured cells. Modified Basal medium
was used. The growth chamber was placed on a rocking
shaker and continuously illuminated with cool white fluo-
rescent light at 100 pmol photons m~2 s~'. The rocking
shaker provided a smooth gentle rocking motion at 12°
from the horizontal plane at approximately eight revolu-
tions per minute. The surface of the supporting material
was alternatively submerged into the culture medium that
provided nutrients for algal growth and exposed to illu-
mination that provided light for algal photosynthesis. The
culture temperature was 26 + 2 °C. The culture lasted for
15 days, and distilled water was added once every day to
compensate the evaporation.

Immobilized | Light
algae on
supporting 19 cm cul
material ulture

medlum

Rocking shaKer Supporting material

Fig. 1 Schematic of the attached algal culture system



Bioprocess Biosyst Eng (2014) 37:441-450

443

Selection of the optimal supporting material

To choose the appropriate supporting material for attached
microalgal culture, nine materials were compared in the
second step of the experiments, including glass fiber-rein-
forced plastic (1-mm thick, Anping Chunsheng Hardware
Mesh Co., Ltd.), plastic film (1-mm thick, Shandong
Taikang Biodegradable Packing Materials Co., Ltd.), sili-
cone film (1-mm thick, Guangzhou Clean and Simple
Cleaning Products Co., Ltd.), Maifan stone sheet (2-mm
thick, Yantai Jiaze International Trading Co., Ltd.), poly-
ethylene foam (3-mm thick, Ningbo Mylon Rubber and
Plastic Co., Ltd.), frosted glass (2-mm thick, Qingdao
AEON Glass Co., Ltd.), polyurethane sheet (1-mm thick,
Zibo Saitong Polyurethane Co., Ltd.), stainless steel sheet
(1-mm thick, Tianjin Xinao Hongye Steel Sales Co., Ltd.)
and polycarbonate sheet (I-mm thick, Guangdong
Guoweixing Plastic Technology Co., Ltd.). All the mate-
rials are easily obtained from the local market and can also
be purchased through vendors. The materials selected
basically followed three rules: (1) hydrophobic property—
although not universal, a general trend is that a higher
adhesion density is observed over a hydrophobic surface
[17-19]; (2) easy collection—avoiding materials with
porous surface, such as loofah sponge, polyurethane foam

Table 1 The central composite design of RSM experiments

and nylon sponge. Substantial algae may grow inside the
pores, which makes harvesting of the biomass from these
materials very difficult [13]; (3) durability—it is important
to maintain the rigid structure during the growth and har-
vest cycle. The experiments were duplicated and carried
out with the same conditions as in the first step of the
experiments.

Response surface methodology (RSM) and validation
experiments

RSM is widely used in the optimization design of multi-
parameter multi-level experiments [20, 21]. In the third
step of the experiments, the central composite design
(CCD) of RSM was introduced to analyze the effect of
culture period, initial total nitrogen concentration (ITNC),
pH and culture volume on adhesion biomass productivity
(ABP) of Chlorococcum sp. using glass fiber-reinforced
plastic. Pre-treated manure wastewater was used as culture
medium. The manure wastewater was obtained from a
piggery farm close to Fuzhou University (Fuzhou, Fujian,
China). The wastewater was centrifuged to remove any
large solid particles and then autoclaved at 121 °C for
15 min to avoid any contaminations from live microor-
ganisms. The total nitrogen and phosphorus concentration

No Coded factors

Actual values

Culture period ITNC pH Culture volume Culture period (day) ITNC (mg LY pH Culture volume (mL)
Bl 1 1 1 —1 16 60 8.3 275
B2 1 1 -1 -1 16 60 6.8 275
B3 1 -1 1 1 16 40 8.3 425
B4 -1 1 -1 1 10 60 6.8 425
B5 1 -1 -1 1 16 40 6.8 425
B6 —1 -1 1 —1 10 40 8.3 275
B7 —1 1 1 1 10 60 8.3 425
B8 -1 -1 -1 —1 10 40 6.8 275
B9 -2 0 0 0 7 50 7.5 350
B10 2 0 0 0 19 50 7.5 350
B11 0 -2 0 0 13 30 7.5 350
B12 0 2 0 0 13 70 7.5 350
B13 0 0 -2 0 13 50 6 350
B14 0 0 2 0 13 50 9 350
BI15 0 0 0 -2 13 50 7.5 200
B16 0 0 0 2 13 50 7.5 500
B17 0 0 0 0 13 50 7.5 350
B18 0 0 0 0 13 50 7.5 350
B19 0 0 0 0 13 50 7.5 350
B20 0 0 0 0 13 50 7.5 350
B21 0 0 0 0 13 50 7.5 350
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of the autoclaved wastewater was around 70 + 0.2 and
4.7 4+ 0.1 mg L™, respectively. To investigate the optimal
ITNC level for the best adhesion of microalgae, diluted
wastewater was carried out by adding adequate distilled
water into the autoclaved wastewater. The same batch of
wastewater was used throughout the experiments. The
wastewater was stored at —20 °C and immediately used for
algal culture after thawing and warming to room
temperature.

Table 1 shows the small-scale CCD that has 21 exper-
iments, including eight fractional factorial designs (2*71),
eight star points (2 x 4) and five replicates at center points.
Based on the experience regarding algal growth [22], the
culture period was chosen from 7 (early exponential
growth period) to 19 days (stationary growth period) with a
center point of 13 days (exponential growth period). ITNC
ranged from 30 to 70 mg L™' with a center point of
50 mg L™, which was in accordance with the optimal total
nitrogen concentration of manure wastewater for algae
culture in most of the researches [22-24]. pH was selected
from 6 to 9 with a center point of 7.5, because weakly
alkaline media were preferred by most of the microalgae
species for either growth or flocculation [25, 26]. Since the
light contact area of each chamber was the same, culture
volume was chosen from 200 mL (33 %) to 500 mL
(100 %) with a center point of 350 mL (50 %) based on the
submerging level of the substrata in the maximum dip
angle. According to spherical design of the response sur-
face, the parameter of o was chosen to be 2. The RSM and
validation experiments were duplicated under the same
conditions.

Analysis

Biomass dry weight (DW) of suspended algae (DW;) was
measured by filtering aliquot algal sample on pre-weighed
glass fiber-filter paper with pore size of 0.45 pum (Q/
IEFJO01-1997, Xingya purification material factory,
Shanghai, China). The filters were then dried at 105 °C in
an oven for 4 h. Algal biomass DW was determined by the
difference between the two weights. The adhesion biomass
was collected by scraping the attached cells from the
supporting material surface and then re-suspending with
distilled water to determine the biomass DW (DW,). The
calculations of ABP and adhesion rate are presented in
Egs. I and 2.

DW V.
ABPp = o2 X "2 (1)
A x CP

DWz X Vz

Adhesion rate =
CSION T = HW, X Vs + DWW, x V;

x100%  (2)

where DW,, and V, are the biomass dry weight (g L") and
volume (1) of the re-suspended algal solution from the

@ Springer

attached algae; A is the area (0.019 m?) of the supporting
material; DW; and V; are the biomass DW (g L' and
volume (1) of the suspended algae.

pH was measured using pH paper (Q/GHSC 1544-2009,
Shanghai SSS reagent CO., LTD.), once every day and
adjusted with 0.5 M HCI or NaOH solution to maintain the
objective pH value. The total nitrogen and phosphorus
concentrations were measured using the alkaline potassium
persulfate digestion—-UV spectrophotometric method and
ammonium molybdate  spectrophotometric ~ method,
respectively [27, 28]. Both methods were carried out with a
Mi-parameter meter (SH-3BA, Lian-hua Tech. Co., Ltd,
China).

The first-order and second-order response surface
models, which are commonly used in fitting RSM experi-
mental data [20, 21], were developed to study the effects of
culture period, ITNC, pH and culture volume and their
interactions on ABP. Because ABPs fit the second-order
model (R2 = 0.95) much better than the first-order model,
the first-order regression results were not reported. A sec-
ond-order polynomial equation was developed to investi-
gate the effect of independent variables in terms of linear,
quadratic and interactions as in the following equation:

4 4 4
Y =X, + Z a;X; + Z (li,‘Xiz + Z Z a,'inXj (3)
i=1 i=1 =1 i<j
where Y is ABP (g m~?2 day_l); Xo stands for the model
intercept; X;, X», X3 and X, are the levels of culture period,
ITNC, pH and culture volume, respectively; a;...q;; are the
regression coefficients. The P value of each term was
determined to remove insignificant terms. The analysis of
variance was carried out through the Design Expert soft-
ware version 7.0 (Statease, Minneapolis, MN).

Results and discussion

Optimization of algae species

Table 2 shows the adhesion biomass productivity (ABP)
and adhesion rate achieved with six microalgae species

using a stainless steel sheet. Chlorococcum sp., the

Table 2 Comparison of the adhesion of six freshwater algae species

Algae specie No ABP (gm 2day”') Adhesion rate (%)
UTEX 417 Al 0.39 £ 0.05 423 £ 0.7
UTEX 1806 A2 0.11 £ 0.04 13.0 £ 04
FACHB 31 A3  0.04 £ 0.01 44 £05
FACHB 416 A4 0.18 £ 0.05 238 £ 04
FACHB 496 A5 032 £+ 0.04 28.1 £ 04
Chlorococcum sp. A6 0.53 £ 0.05 533 £ 0.8
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unicellular alga with spherical or slightly oblong cells of
varied size around 10-12 pum, was selected as the optimal
species for attached culture because of the maximum ABP
of 0.53 + 0.05 g m~2 day ' and the highest adhesion rate
of 53.3 £ 0.8 % achieved. The variation in attachment
observed in the present study may be related to the
attachment mechanism and their differential ability to
produce exopolymeric substances (EPS). EPS are adhesive
metabolites which provide a three-dimensional hydrated
matrix that cements the growing cells, forming the biofilm
[29]. EPS are not unique to bacteria. Some of the most
abundant EPS producers are microalgae (in particular,
diatoms). The green alga Penium margaritaceum has been
shown to produce large amounts of EPS (predominantly
polysaccharides) [30, 31]. Researches indicate that EPS are
involved in the processes of flocculation, adhesion and
biofilm formation [32].

Selection of the optimal supporting material

The adhesion of Chlorococcum sp. varied significantly
with different supporting materials as shown in Fig. 2.
Glass fiber-reinforced plastic, which was characterized by
its micro-porous surface with high roughness and wave
shape (shown in Fig. 1), was selected as the optimal sub-
strata based on the maximum ABP of 147 +
0.06 gm > day”' and highest adhesion rate of
81.2 £ 2.0 % achieved. Most researches reveal that the
characteristics of supporting materials are crucial to the
attachment of microalgae [11-13]. Cao et al. [33] studied
the effect of surface texture on algal adhesion for a
mechanical-biological system that was intended to grow
algae biofilms over a metal conveyor belt floating in open
sea for biofuel production. They reported that microscale
textures made by laser over stainless steel surface increased
the attachment of green algal S. dimorphus [33].
Generally, the adhesion of microalgae can be grouped
into two stages: (1) initial adhesion and (2) deliberate
secondary adhesion. Initial adhesion of cells is preceded
by adsorption of algal cells to the solid surface forming a
conditioning film. This initial adhesion is often reversible.
Adhesion of cells to a surface is followed by a committed
secondary adhesion through the production of adhesive
EPS resulting in an irreversible adhesion [34]. Microalgae
formed a thick “mat” on the concave area of glass fiber-
reinforced plastic as shown in Fig. 1. It is believed that
the specific shape of the glass fiber-reinforced plastic may
help to trap the algal cells in the concave area and
increase the stability of the initial attachment. According
to Morikawa’s research, the use of immobilized cells is
an effective technique to increase cell mass concentration
inside the reactor [35]. Due to the gravity forces, algal
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Fig. 2 Quantitative results of algal growth on different supporting
materials. GFRP glass fiber-reinforced plastic, PF plastic film, SF
silicone film, MSS Maifan stone sheet, PEF polyethylene foam, FG
frosted glass, SSS stainless steel sheet, PUS polyurethane sheet, PCS
polycarbonate sheet

cells may easily be settled in the concave area of glass
fiber-reinforced plastic to form the first layer biofilm, and
then the biofilm could be possibly enlarged with a more
stable adhesion force produced by EPS.

Second-order model analysis

Second-order polynomial Model A was developed to
analyze the effect and interactions of independent vari-
ables (culture period, initial total nitrogen concentration
(ITNC), pH and culture volume) on ABP. The equation
in terms of coded factors (not actual factor) is shown
below:
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ABP = 2.38 — 0.004 x CP +0.37 x ITNC + 0.13 x pH
—0.26 x CV — 0.5 x CP x ITNC — 0.12 x CP
x pH+0.51 x CP x CV —0.072 x ITNC x pH
—0.16 x ITNC x CV — 0.095 x pH x CV
—0.059 x CP? 4+ 0.1 x ITNC? + 0.078 x pH?
—0.2xCV? (4)

The significance of the regression model and individual
variables were determined at 95 % confidence level. As
shown in Table 3, the P value of Model A is lower than
0.05, which indicates that the model is statistically
significant. Based on the P values, the variables of ITNC,
pH and culture volume, as well as the interactions between
culture period and ITNC, culture period and culture volume
were significant on ABP.

Influence of ITNC

The influence of ITNC on ABP when culture period, pH and
culture volume were constant at the center point is shown in
Fig. 3. In the researched area, ABP was enhanced as the
ITNC increased. Nutrients, especially nitrogen supplement,
are important for algae biomass growth [36, 37] and also for
the adhesion of microalgae [23]. By raising nitrogen con-
centration, the biomass productivity of most algae species
increases [37, 38]. EPS, as an important factor on the
adhesion of microalgae, is also affected by the nitrogen
supplement [39, 40]. Hoa et al. [40] revealed that the EPS
components, namely proteins and carbohydrates, had a

more profound effect on adhesion compared to total EPS,
with protein being more significant than carbohydrate.
When nitrogen increased from 0 to 56 mg L™", the protein
component of EPS increased from 1.47 to 9.4 mg g~ '; as
the nitrogen concentration continued to go up, the protein
component of EPS dropped down [40]. ABP was posi-
tively related to both biomass productivity and EPS
quantity. When nitrogen concentration increased in the
present study, the biomass productivity and protein com-
ponent of EPS may get enhanced, leading to the increase of
ABP.

Influence of pH

The influence of pH on ABP when culture period, ITNC
and culture volume are constant at the center point is
shown in Fig. 4. ABP was slightly decreased first as the pH
increased from 6 to 7 and then enhanced when pH con-
tinued to go up to 9. It is well known that pH plays an
important role in both microalgal growth and flocculation.
It is possible for most of the algae species to achieve higher
biomass productivity as the pH goes up from 6 to 9 [25,
26]. However, since microalgae membrane and EPS are
mainly composed of polysaccharides, proteins and lipids,
the components of extracellular metabolites could be var-
ied with different pH [41]. At low pH, the dissociation of
carboxyl groups is inhibited, while the dissociation of
amine groups is enhanced, so the negative surface charge
of algae is weakened [42], which may increase the adhe-
sion of microalgae. The results were in accordance with

Table 3 Analysis of variance

of model A Source Sum of squares Mean square F value p value
Model 4.841991 0.345856 8.179644 0.0083"
Culture period 0.000155 0.000155 0.003665 0.9537
ITNC 1.106795 1.106795 26.17614 0.0022"
pH 0.256161 0.256161 6.058303 0.0490"
Culture volume 0.548577 0.548577 12.97406 0.0113"
Culture period x ITNC 0.990808 0.990808 23.433 0.0029"
Culture period x pH 0.116127 0.116127 2.746453 0.1485
Culture period x culture volume 1.047328 1.047328 24.76973 0.0025"
ITNC x pH 0.04174 0.04174 0.987158 0.3588
ITNC x culture volume 0.105234 0.105234 2.488833 0.1657
pH x culture volume 0.072468 0.072468 1.713891 0.2384
Culture period” 0.087824 0.087824 2.07707 0.1996
ITNC? 0.265314 0.265314 6.274771 0.0462"
pH? 0.153105 0.153105 3.620992 0.1057
Culture volume?® 1.003751 1.003751 23.73911 0.0028"
Residual 0.253696 0.042283
Lack of fit 0.253696 0.126848
Pure error 0 0

Asterisks indicate significance Cor total 5.095686

(p value < 0.05)
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Fig. 3 Influence of ITNC on ABP (culture period = 13 day,
pH = 7.5, culture volume = 350 mL)
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Fig. 4 Influence of pH on ABP (culture period = 13 day,

ITNC = 50 mg L_l, culture volume = 350 mL)

those of the present study that slightly higher ABP was
achieved at a low pH level of 6. On the other hand,
according to Zhang et al.’s [42] research, when pH was
above 9, microalgae cells may release EPS to protect
themselves from the environment, which may cause the
change in surface charges. The results were also in
accordance with Sekar et al.’s [11] research showing that
the attachment of N. amphibia was significantly higher at
pH 9 when compared with pH 7 on glass substrata.

Influence of culture volume

The influence of culture volume on ABP when culture
period, ITNC and pH were constant at the center point is
shown in Fig. 5. ABP was enhanced first as the culture
volume increased from 200 to 300 mL and then sharply
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g
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I I I I I
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Culture volume (ml)

Fig. 5 Influence of culture volume on ABP (culture period = 13 -
day, ITNC = 50 mg L™", pH = 7.5)

decreased when culture volume continued to go up to
500 mL. Rising culture volume may increase the nutrient
supplement for cell growth, but also decrease the cell
concentration of the suspended solution. Sekar et al. [11]
studied the effect of cell concentration on the adhesion of
N. amphibia using both titanium and glass substrates. As
the cell concentration increased from 2 x 10% to
2.3 x 10° cells mL ™!, the attachment of N. amphibia on
both substrates was significantly enhanced [11]. It is
believed that the increase in cell concentration may
increase the frequency of the cell—cell encounters and lead
to the enhancement of the attachment of microalgae, and
vice versa in general [25]. As a result, the culture volume
provided should be balanced between sufficient nutrient
supplement and high cell concentration.

Interactions between culture period and ITNC

The interactions between culture period and ITNC on ABP
when pH and culture volume are constant at the center
point are shown in Fig. 6. In a nitrogen-deficient situation
(ITNC around 30-50 mg L"), increasing culture period
increases ABP to some extent. Generally, a smooth bio-
mass growth curve is often found in nitrogen-deficient
situations [22]. However, as culture period increases, the
production of EPS is enhanced. Becker [36] investigated
the EPS production, adhesion strength and density of
Amphora coffeaformis over surfaces with different surface
energy. They reported that EPS production and adhesion
strength were increased with time [36]. Therefore, it is
reasonable to achieve higher ABP as culture period
increases in a nitrogen-deficient situation. On the other
hand, in a nitrogen-sufficient situation (ITNC around
50-70 mg L_l), the maximum ABP resulted in low level
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Fig. 6 Interactions between culture period and ITNC on ABP
(pH = 7.5, culture volume = 350 mL)

of culture period and ABP decreased as culture period
increased. In a nitrogen-sufficient situation, it is usual for
algae cells to reach an exponential growth period around
7-10 days [22], achieving the maximum cell growth rate.
The high cell concentration may increase the cell—cell
encounters and lead to the maximum ABP. Generally, mic-
roalgal cells carry negative charges that prevent them from
aggregation in suspension [25]. The adhesion of microalgae
cells to substrata is often affected by the cell surface charges.
Since culture volume and pH were constant, the cationic ions
in the solution that could be used to neutralize or reduce the
cell surface charges were constant. When cell concentration
increased to some extent, there were limited cationic ions for
neutralization and, therefore, the attachment of microalgae
could be weakened, leading to the decrease of ABP.

Interactions between culture period and culture volume

The interactions between culture period and culture volume
on ABP when ITNC and pH are constant at the center point
is shown in Fig. 7. When culture volume was low,
increasing culture period decreased the ABP, probably due
to the deficient nutrient supplement for biomass growth. On
the other hand, when culture volume was high, increasing
culture period increased the ABP. As previously men-
tioned, rising culture volume decreased the cell concen-
tration in the solution. In this case, prolonging culture
period may be an effective way of increasing cell con-
centration to achieve a higher ABP.

Optimization and validation

Based on the second-order polynomial Model A presented in
Eq. 4, the predicted maximum ABP was 4.26 g m~2 day '
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Fig. 7 Interactions between culture period and culture volume on
ABP (ITNC = 50 mg L', pH = 7.5)

at culture period 11 days, ITNC 70 mg L™", pH 8 and cul-
ture volume 340 mL. The predicted condition was validated
by duplicate experiments, and the measured ABP was
3.96 + 0.12 g m~ 2 day ' with adhesion rate 90.8 + 0.8 %.
The prediction was close to validation of experimental
results, indicating that the model can be used to guide and
optimize the attached culture of Chlorococcum sp. using
glass fiber-reinforced plastic.

ABP versus adhesion rate

Although the objective of this study was to optimize ABP, it
does not mean that adhesion rate is not important to attached
microalgal culture. Table 4 summarizes both adhesion rate
and ABP obtained from RSM experiments. The adhesion
rate varied from48.0 £ 0.5t095.2 £ 0.8 % and averaged at
81.1 %. The results indicated that for attached culture of
Chlorococcum sp. using glass fiber-reinforced plastic,
adhesion rate was high even without optimization; however,
ABPs were lower than 2.4 g m™2 day ™' on average. It is
therefore more important to maximize ABP than adhesion
rate for attached culture of Chlorococcum sp. However,
because adhesion rate is dependent on both algal species and
substrata, the same conclusion may not be true for other algae
species or substrata.

Summary and conclusions

The formation of microalgae biofilms with various algae
species, substrates and culture conditions was investigated.
Among the six freshwater algae species and nine different
substrates studied, Chlorococcum sp. and glass fiber-rein-
forced plastic proved to be the optimal algae species and
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Table 4 Results obtained from the RSM experiments

No ABP (g m2 day ") Adhesion rate (%)
B1 2.00 £+ 0.04 82.8 £ 0.6
B2 1.92 4+ 0.08 67.1 £ 0.5
B3 2.71 £ 0.10 78.2 £ 0.6
B4 2.02 £ 0.08 72.7 £ 0.6
B5 2.72 £ 0.08 92.1 £ 0.8
B6 235 £ 0.05 749 £ 0.7
B7 2.21 £ 0.05 48.0 £ 0.5
B8 1.50 & 0.06 67.4 +£ 0.5
B9 2.28 +£0.09 78.7 £ 04
B10 2.26 £ 0.08 89.5 £ 0.8
BI1 2.17 £ 0.07 78.1 £ 0.7
B12 3.66 + 0.10 952 +£0.8
B13 2.59 £ 0.06 90.8 £ 0.5
B14 3.05 £ 0.09 80.2 + 0.6
B15 223 £0.07 85.4 £ 0.6
B16 1.18 &+ 0.04 57.1 £ 0.5
B17 2.38 £ 0.08 93.0 £ 0.6
B18 2.38 £ 0.08 93.0 £ 0.6
B19 2.38 £ 0.08 93.0 £ 0.6
B20 2.38 £ 0.08 93.0 £ 0.6
B21 2.38 £ 0.08 93.0 £ 0.6
Average 2.32 81.1

substrata for attached culture based on the high adhesion
biomass productivity (ABP) and adhesion rate achieved.
Response surface methodology (RSM) experiments were
carried out to analyze the influence and interactions of
independent variables (culture period, initial total nitrogen
concentration (ITNC), pH and culture volume) on ABP. A
second-order polynomial model was also developed to
optimize the attached culture conditions for maximum
ABP. Results showed that increasing the culture period was
conducive to enhance ABP in a nitrogen-deficient situation,
but decreased ABP in a nitrogen-sufficient situation. Pro-
longing the culture period increased ABP when culture
volume was high, but decreased ABP when culture volume
was low. The predicted maximum ABP was
426 gm > day”' at culture period 11 days, ITNC
70 mg L™', pH 8 and culture volume 340 mL. The pre-
dicted ABP was validated by experiments with acceptable
accuracy, indicating that the model could be used to guide
and optimize the attached culture of Chlorococcum sp.
using glass fiber-reinforced plastic.
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