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ABSTRACT

Stoichiometric equations for microalgae-microorganism nexus culture were established by
using 18 sets of experimental data from the literature where clarified domestic wastewater
(CDWW) was used as a growth media. The best correlations between observed and calcu-
lated coefficients in the equations were 0.908, 0.878, 0.838, and 0.849 for reactors R, Ry, Rj,
and the sum of three reactors, respectively. Then, each stoichiometric equation was general-
ized to quantitatively describe the reactions in each set of data for 18 different experimental
conditions. By analysis, the most and second most sensitive limiting parameters were identi-
fied from the 18 stoichiometric equations. The formulas and equations were further
upgraded to a generic form for a general organic growth medium (C,H,O.N Py). Microalgae—
microorganism nexus was established by using the developed coefficients to depict the
limited and balanced reactions. The study showed that nitrogen and phosphorus are
required as additives in CDWW in order to gain a balanced microalgae-microorganism
nexus for a higher yield of microalgae and microorganisms. For a balanced microalgae—
microorganism nexus, the optimal nutritional molar ratio of C, N, and P in the CDWW
growth medium was found to be 53:15:1.
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1. Introduction process influence parameters [1,2]. With the assistance
of experimental data from the literature, a model or

A model or stoichiometric equation is crucial in  stoichiometric equation can be used in preliminary
predicting the most sensitive parameter from a set of studies ahead of small lab scale research experiments
to reduce time, efforts, and cost of the laboratory-scale
studies and to improve the trial-and-error method of
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research practice. For example, optimal molar ratio of
carbon, nitrogen, and phosphorus developed from
stoichiometric equations could be used to design labo-
ratory, pilot- and field-scale microalgae production
using cheap organic waste substrate thus reducing
operational cost, demand for physical labor, and time.
In a different study, Fisher and Huber-Lee [3] applied
an improved model’s capacity to predict sustainable
management, infrastructure planning, and conflict
resolution.

The stoichiometric equations are used to optimize
methane energy gas production and to gain a higher
quality methane gas in the biological processes. The
balanced substrates and macro- and micro-nutrients in
the Acadja reactor demonstrated that a higher quality
algal biomass, which consisted of 50kg of available
total organic biomass. This value is 5 times higher than
the biomass content observed in open lagoon water [4].

To produce every kilogram of dry microalgae,
20.3L of water, 134g salt, 147 g nitrogen, and 20g
phosphorus are required [5]. For a sustainable and
cost-effective process, the growth medium-containing
carbon, nitrogen, phosphorus, micronutrients, and
water have to be reused from the waste such as clari-
fied domestic wastewater (CDWW) [6].

However, the microalgae culture becomes complex
when CDWWs is used as a growth medium as it
contains microorganisms. In this respect, the microor-
ganisms here are defined as all the microbial lives that
naturally exist and grow in CDWW. During the
growth, microalgae generate molar dissolved O,,
which is required for aerobic degradation of organic
contaminants, and to fix the dissolved CO,, that is, a
product of respiration (Figs. 1(a) and 1(b)). Both
microalgae and microorganisms consume carbon,
nitrogen, and phosphorus from CDWWs elementally
characterized as C,H,ON;P;. Microalgae degrade
CDWW by using light and release dissolved O, into
the growth medium. Microorganisms degrade CDWW
by using dissolved O, from the growth medium and
concurrently with the microalgae process, release dis-
solved CO, into the growth medium. The dissolved

Organic waste
0O, + H,O + (CquOcNde)
Mi(ﬁl gae Extracellular compound micro%ﬁsm
(Cs.534H14.50203 338N1.429P0.097) (CsH702NPq 3)
Growth-promoting factor
Sunlight + H,O +

Healthy microalgae-microorganism nexus

CO,

Fig. 1(a). Balanced microalgae-microorganism nexus by
using CDWW as growth medium.
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Algaecidal metabolites

Sunlight + H,O +
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CO,

Fig. 1(b). Unbalanced microalgae-microorganism nexus by
using CDWW as growth medium.

CO; is a core substrate for the microalgae growth. The
microalgae-microorganism nexus is theoretically bal-
anced when microalgae produce the same amount of
molar O, which is required by the microorganisms.
The microorganisms also generate the same amount of
molar CO, which is required by the microalgae. In the
theoretical balanced nexus, there is no extra O, or
CO; evolved from the growth medium, since both of
them are consumed during the growths (Fig. 1(a)).

The microalgae encourages the growth of microor-
ganisms by providing extracellular compounds [7,8].
Similarly, the growth rate of microorganisms might
enhance microalgae metabolism by providing growth-
promoting factors [7-10] or by reducing dissolved O,
concentration in the growth medium [7,8,11]. A high
amount of extra O, or CO, in the growth medium
might alter the chemical equilibrium, leading to an
unbalanced relationship because the extra dissolved
O, from microalgae could inhibit the aerobic microor-
ganisms. The growth of aerobic microorganisms might
reduce the amount of CO, supply required as sub-
strate for microalgae (Fig. 1(b)).

A stoichiometric equation is essential to monitor
microalgae-microorganism interaction. The stoichiom-
etric equations with the biomass compositions of the
microorganisms and microalgae are available in the
literature as Eqs. (la)-aeration, (1b)-photosynthesis,
and (1c)-resultant [8].

C7HO5 + 0.396NO; + 0.396H" + 4.080,
= 502C02 + 152H20 + 1.98CH1(70()(4N0‘2 (1&)
5.02CO, + 3.82H,0 + 0.75NO; + 0.89H" + 0.047PO;~
= 5.02CH1.7O(),4N0‘15P0A009 + 71502 (1b)

C;HO; + 1.15NOj; + 0.047PO; +2.31H,0 + 1.29H"
= 3.070; + 1.98CH; ;O 4Ny, + 5.02CH; 704N 15P0.000
(1)
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The chemical formulas of essential chemicals in
microorganisms (CH; 704Np> [12]) and microalgae
(CH; 7004No.15P0.000 [13]) were reported in the litera-
ture for the growth rate and substrate composition.

Microalgae are larger in size and typically grow
slower when compared to heterotrophic microorganisms
[14]. The specific growth rate of toluene-degrading
Pseudomonas sp. is 0.4-0.8h™' [15] while that of Chlorella
pyrenoidosa in photosynthetic and heterotrophic culture is
0.082 and 0.038h™ ', respectively [16]. The maximum spe-
cific growth rate of Chlorella vulgaris in photosynthetic,
mixotrophic, and heterotrophic culture is 0.110, 0.098,
and 0.198h ™!, respectively [16]. In comparison with the
microorganisms, it is therefore easier to inhibit microal-
gae growth by a higher level of substrate concentration.
Microalgae can subsequently be used as sensors of acute
toxicity [17,18]. Park et al. [19] recommended
Ci106H181045N16P as the formula for the microalgae
biomass typical composition and emphasized that the
molar ratio of N/P in elemental composition of microal-
gae can diverge from about 4:1 to almost 40:1 based on
the species and nutrient accessibility in the growth
medium [19,20].

Since elemental composition of microalgae varies
with species and nutrient availability from the growth
medium, we hypothesize that the elemental composi-
tion of microalgae growing on CDWW may differ
from the values reported in the literature due to the
different species and the source of growth medium.
The objectives of this study were to:

(1) determine elemental composition of microalgae
that use nutrients from and grown in CDWW,

(2) examine the rate-limiting coefficients, and

(3) develop a generic stoichiometric equation for
balancing reactions in the microalgae—microor-
ganism nexus when CDWW is employed as a
model organic substrate and growth medium.

Table 1
Referred and used characteristics of CDWW

Referred from the Used in calculation

literature

Parameters ~ mg/L References Parameters mg/L
COD 200220 = COD 210
SS 165-186  * TVS 158
Total N 20-22 * Organic N 20
Total P 2640 x OrganicP 3

pH, unitless 7.6-8.4 *

COD/C 3.162 ok

Notes: "Referred from Aziz and Ng [21].
**Tchobanoglous and Burton [23], Tchobanoglous et al. [24].
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Table 2
Design of experiments from Aziz and Ng [21] by using
CDWW as growth medium

Test Nutrients added

# N% P%
1 0 0
2 15 0
3 30 0
4 45 0
5 60 0
6 75 0
7 0 0
8 0 15
9 0 30
10 0 45
11 0 60
12 0 75
13 0 0
14 15 15
15 30 30
16 45 45
17 60 60
18 75 75

2. Materials and methods

The stoichiometric equation for microalgae culture
was developed based on experimental data of Aziz
and Ng [21] (Table 1) by curve-fitting technique [2]
using Microsoft Excel.

Eighteen sets of the laboratory data were divided
into three groups based on nitrogen supplement,
phosphorus supplement, and nitrogen and phospho-
rus supplements (Table 2). Based on the 18 different
conditions, a generic stoichiometric equation was
developed by using molecular elements of organic
carbon (a), hydrogen (b), oxygen (c), nitrogen (d), and
phosphorous (f) from the substrate CDWW.

Before establishing the stoichiometric equation, the
elemental chemical formula of CDWW was
formulated based on COD and molecular weight of
substrate as shown in Egs. (2) and (3) [22].

D =8 (4a +b — 2c — 3d + 5f) )

TVS = 12a + b+ 16¢ + 14d + 32f (3)

a=C/12
b=H/1

c=0/16
d=N/14
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f=P/31

where D: COD of organic matter in grams or mea-
sured COD; C: organic carbon in grams from TOC
analysis; N: organic nitrogen in grams from Kjeldahl
test; O: O, in grams; H: H, in grams; TVS: total vola-
tile solid.

Microalgae and microorganism cell yields were
found to be:

Microalgae yield = {(4a + 4v — r — 5y) + (b + 5v + 2w)
—2(c+3v+4w) — (3d +3v+9q)
+ (5f + 5w — p) 1 + Naddea. 1)"
X (1 4 Padded, f)ZF /(MW picroatgae)
(4)

Microorganism yield = {(4a + 4v — r — 5.399x)
+ (b + 50+ 2w) — 2(c + 3v + 4w)
+(3d +3v —q) + (5 + 5w —p)}
X (14 Nadded, )' (1 + Padded, 1)
x F/(MW_a1) (5)

v: molar coefficient for HCOj; in generic stoichiome-
tric equation in Table 4

r: molar coefficient for dissolved CO, in generic stoi-
chiometric equation in Table 4

y: molar coefficient for CsH;O,NPj 3 in generic stoi-
chiometric equation in Table 4

w: molar coefficient for H,’O, in reactant of generic
stoichiometric equation

g: molar coefficient for NH; in generic stoichiometric
equation in Table 4

p: molar coefficient for H,PO, in resultant of generic
stoichiometric equation

x: molar coefficient for microalgae in generic stoichi-
ometric equation in Table 4

MW: molecular weight.

3. Results and discussion

Chemical formulas for CDWW modeled from Aziz
and Ng [21] and for microalgae grown in CDWW
were found to be Css34H1450203338N1.420P0.007 and
C5_399H8_79802A173NP0_241, respectively (Tables 3 and 4)
The modeled stoichiometric coefficients in each reac-
tion equation were summarized in Table 3 for each
experiment of the 18 tests.

The fitted coefficients of correlation R? for microal-
gae and microorganisms yield were 0.908 in CDWW
supplemented with nitrogen (Fig. 2(a)) and 0.878 in
CDWW supplemented with phosphorus (Fig. 2(b)).
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The R*> of 0.838 between measured and calculated
coefficients in CDWW supplemented with nitrogen
and phosphorus was observed (Fig. 2(c)), and the total
R® of 0.849 was observed for CDWW with three differ-
ent types of supplement (Fig. 2(d)). The strength of
the linear relationship between the predicted and
experimental data is high as shown on Fig. 2(a—d).

3.1. Reactions in microalgae bioreactor

The stoichiometric equation can be used to quan-
tify the reactions in a reactor, optimize the microalgae
yield, reduce the cost of added substances, increase
the use of recycled waste materials to lower produc-
tion cost, and minimize environmental pollution. Aziz
and Ng [21] showed that the original contents of
nitrogen and phosphorous in CDWW were not high
enough to supplement the growth of microalgae and
microorganisms. Their experiments showed that mic-
roalgae and microorganism yields increased when
either nitrogen or phosphorous or both elements were
added as supplements to CDWW in the amount of 15,
30, 45, and 60% increase in original value of nitrogen
or phosphorus in CDWW. However, the yields
decreased in the tests 6, 12, and 18 where 75%
increase in the original values of either nitrogen or
phosphorus or both in CDWW were added as supple-
ments (Fig. 3). The tests with 75% supplemental con-
tent of nitrogen or phosphorus or both in the growth
medium may have inhibited the growth of both mic-
roalgae and microorganisms. The decrease in yields
might have been due to unbalanced substrate to nutri-
ent ratio (C/N/P) and/or substrate to microalgae
(microorganism).

The concentrations of nitrogen and phosphorus
were 20-22 and 2.6-4.0mg/L, respectively, in CDWW
(Table 1), and the amounts of nitrogen and phospho-
rus 2.1 x10°g/g and 3.3 x 10 °g/g CDWW were in
macro-level and micro-level, respectively, in one liter
of growth medium for one liter equal to 998,200 mg
(0.9982kg) water in 20°C. However, such small
amounts of nitrogen and phosphorus do not homoge-
nously mix in one liter of growth medium. Therefore,
it is necessary to add nutrients in the excess to com-
pensate for the unused amount which resulted from
inadequate mixing and precipitation from reactions
with other substances. The quantities of unused nitro-
gen and phosphorus were defined as Nynysea and
Punusea to signify reactants not available to the micro-
algae and microorganism. From the modeling
processes, the amounts Nypysea and Pypysea were
found to be as 0.407 and 0.004 mol per mole of sub-
strate, respectively.
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Equation
23
24

Residue Residue

+Vy C5H702NPO_03 +t HQO +S CH4 +7r C02 +q NH3 +p H2P04 #

Microorganisms

x Cs.399Hg 70802.173NP 241

Microalgae

Added
+w H2P04

3

Added Added

CﬂHbOCNde+ u Oz +0 I\IHlL +v HCO

{(4a+40—r-5y) + (b +50+2w)~2(c + 30+ 4w)—Bd + 30+ ) + Gf +50—p)} (1 +Naddea, P* 1+ Padded, 9* F/ MW nicroalgac)

mol microorganism/mol CDWW
{(4a +40—71—5.399x) + (b+50+2w)—2(c +3v+4w) + (3d +3v—q) + Gf+50—p)} (1 +Nagded, p* 1+ Paddea, P> F/ MWeen)

mol of microalgae/mol CDWW

Coefficient formulas for generic stoichiometric equation

Table 4
CDWW

x
x
y
y
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With reference to the stoichiometric parameters,
the microalgae and microorganism yields either
increased or decreased when CDWW was or was not
supplemented with nitrogen or phosphorous are
shown in Table 3. For example, in reactions of tests 1,
2, 7 to 10, and 13, the nitrogen and phosphorus were
not limiting factors as the nitrogen and phosphorus
were still available due to respective residual nitro-
gen>Nynuseds phosphorus >Pynuseq in  the growth
medium at the end of reactions in the right side of
Egs. (5), (6), (11)=(14), and (17), respectively. Similarly,
in reaction Egs. (7)—(10) and (18)—(21) of experiments
numbers 3 to 6 and 14 to 17, phosphorus might have
been the limiting factor because the residual phospho-
rus was equal to Pynusea. Nitrogen might have been
the limiting factor in the reactions of experiments 11
and 12, since the residual nitrogen was equal to
Nunused in the right side of Egs. (15) and (16).

Figs. 2(a—c) and 3 showed the best correlation
between calculated and experimental values from
the Aziz and Ng data. All the 18 stoichiometric
equations showed that phosphorus was the leading
limiting factor followed by nitrogen as the processes
consistently lead to Prin <Nmin (Figs. 4(a) and 4(b)).

25
26
27
28
29
30
31
32

—(d-1) (a+v)+0.357 (b+5v +2w)—0.714 (c + 3v + 4w)—1.071d +2.143f + 0.664
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0.2 T

Dry weight of microalgae
& biomass in reactor, g/L
(€]
O
O«

0 T T T T T T T
0 2 4 6 g8 10 12 14 16 18 20
Experiment test run number

v Predicted dry weight of microalgae & biomass at the end of test

o Measured dry weight of microalgae & biomass at the end of
test referred from Aziz and Ng, 1994

Fig. 3. Microalgae and microorganism yields by using
CDWW as growth medium.

Tests 1, 7, 13: CDWW as growth medium without nitrogen
and phosphorus supplements.

Tests 2-6: CDWW with the different amounts of nitrogen
as supplement in growth medium. Tests 8-12: CDWW
with the different amounts of phosphorus as supplement
in growth medium.

Tests 14-18: CDWW with the different amounts of
nitrogen and phosphorus as supplements.

3.2. Microalgae—microorganism nexus

Based on the values of stoichiometric coefficients
determined from the experimental run by the model
(Table 3), microalgae-microorganism nexus was
established (Fig. 5). Fig. 5(a—e) show phosphorus,
nitrogen, dissolved CO,, microorganism, and microal-
gae concentrations at the end of the experiments for
each test. In Table 3, the right side of all the reaction

(S}
N
| 4
| 4

!
<
<
<
<
<

Nitrogen concentration
in reactor, mole/mole
>

(=}

0 2 4 6 § 10 12 14 16 18 20
Experiment test run number

4 Nitrogen concentration before the experiment
v Nitrogen concentration after the experiment

- Nitrogen 0.407 mole/mol required to be added as extra as Nu“mCd

Fig. 4(a). Comparisons of nitrogen concentrations in
reactor before and after the experiments.

Tests 1, 7, 13: CDWW as growth medium without nitrogen
and phosphorus supplements.

Tests 2-6: CDWW with the different amounts of nitrogen
as supplement in growth medium.

Tests 8-12: CDWW with the different amounts of
phosphorus as supplement in growth medium.

Tests 14-18: CDWW with the different amounts of
nitrogen and phosphorus as supplements.
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0 2 4 6 § 10 12 14 16 18 20
Experiment test run number

4 Phosphorus concentration in reactor before the experiment
v Phosphorus concentration in reactor after the experiment

- - Phosphorus 0.004 mole/mole required to be added as extraas P

Fig. 4(b). Comparisons of phosphorus concentrations in
reactor before and after the experiments.

Tests 1, 7, 13: CDWW as growth medium without nitrogen
and phosphorus supplements.

Tests 2-6: CDWW with the different amounts of nitrogen
as supplement in growth medium.

Tests 8-12: CDWW with the different amounts of
phosphorus as supplement in growth medium.

Tests 14-18: CDWW with the different amounts of
nitrogen and phosphorus as supplements.

equations shows the resultants. Three types of carbon
resultants were described as: microalgae carbon,
microorganism carbon, and dissolved carbon dioxide.
A high content of phosphorus, nitrogen, and dissolved
carbon remained at the end of tests 1, 7, and
13 as shown by Egs. (5), (11), and (17) of Table 3,
Fig. 5(a—c). In tests 1, 7, and 13 microorganisms and
microalgae growths were small as shown in Egs. (5),
(11), and (17) of Table 3, Fig. 5(d and e). Tests 1, 7,
and 13 were presented an ineffective use of reactants
into resultants, while tests 14-18 effectively used
resources into products as smaller concentrations of
phosphorus, nitrogen, and dissolved carbon remaining
at the end of the tests as shown in Eqs. (18)-(22),
Fig. 5(a—c). At the same time, the microorganism and
microalgae growths were high as shown in Eqs. (18)-
(22), Fig. 5(d and e). Unbalanced microalgae—microor-
ganism nexus occurred in tests 4-6, where 50, 60, and
75% increase in original nitrogen was added into
CDWW, respectively. In the tests 4-6, molar microal-
gae concentration decreased (Fig. 5(e)) but molar
microorganism concentration increased (Fig. 5(d))
compared with the concentrations of test 3 probably
due to the presence of algicidal metabolites (Fig. 1(b)).
These results were a consequence of an excess of dis-
solved CO, concentration generated by the microor-
ganisms (Egs. (8)-(10) on Table 3), which might have
inhibited microalgae growth [8]. Balanced microalgae—
microorganism nexus were observed in test runs 8-12
and 14-18 (phosphorus was added in tests 8-12; nitro-
gen and phosphorus were added in test 14-18) where
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Fig. 5. Microalgae—microorganism nexus. (a) Phosphorus, (b) nitrogen, (c) dissolved carbon dioxide, (d) microorganism,
and (e) microalgae concentrations at the end of the experiments.

Tests 1, 7, 13: CDWW as growth medium without nitrogen and phosphorus supplements.

Tests 2-6: CDWW with the different amounts of nitrogen as supplement in growth medium.

Tests 8-12: CDWW with the different amounts of phosphorus as supplement in growth medium.

Tests 14-18: CDWW with the different amounts of nitrogen and phosphorus as supplements.

both molar concentrations of microalgae and microor-
ganisms increased (Fig. 5(d and e)), while the molar
concentrations of CO, decreased (Fig. 5(c)). However,
the molar concentrations of microalgae and microor-
ganisms for the test 11 (in which 60% P was added)
and 12 (where 75% of phosphorus was added) were
the same due to the nitrogen limitation in test 12
(Fig. 5(b)). The optimal C/N/P molar ratio was pre-
dicted from test 17 (Eq. (21) of Table 3) in which the
highest dry weight of microalgae and microorganism
yields were observed ([21] and Fig. 3). The optimal
nutritional molar ratio in the medium for microalgae
and microorganism growth was established to be C/
N/P =53:15:1.

4. Conclusion

A generic stoichiometric equation for microalgae
growth by using CDWW was developed based on 18
sets of experimental data from Aziz and Ng. Microal-
gae-microorganism nexus was established by using
the developed stoichiometric coefficients. The study
showed that nitrogen and phosphorus should be
added to CDWW in order to acquire a balanced
microalgae-microorganism nexus. To generate a high
microalgae and microorganisms yield from a balanced
microalgae-microorganism nexus and the effective
recycling of waste resource, an optimal nutritional
molar C/N/P ratio was proposed to be 53:15:1. The
developed stoichiometric equation and optimal molar
ratio of carbon, nitrogen, and phosphorus could
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be used to design laboratory, pilot, and large-scale
microalgae production using cheap organic waste sub-
strate thus cutting operational cost, reduce demand
for physical labor, and minimize time constraints.
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