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ABSTRACT: The ability of microalgae to utilize CO2 during photosynthesis and grow 

rapidly shows their potential in CO2 bio-fixation to capture and store the gas. However, 

CO2 capture by this biological approach is very slow compared to chemical reaction-

based processes such as absorption using amine or aqueous ammonia. Integration 

between chemical (aqueous ammonia) and biological (microalgae) aspects might 

enhance the capturing process and at the same time the microalgae can assimilate CO2 

for beneficial bioproduct formation. Thus, it is important to assess the growth of the 

microalgae in various concentrations of ammonia with CO2 supply. Hence, the main 

objective of this study is to investigate Chlorella vulgaris growth and its kinetics in 

aqueous ammonia. To achieve that, C. vulgaris was cultivated in various concentrations 

of aqueous ammonia between 0 to 1920 mg/L at room temperature (i.e. 27 °C) and 

supplied with 15% (v/v) of CO2 under illumination of 3500 lux of white fluorescent 

light. Result shows that the maximum growth capacity (Xmax) of C. vulgaris is 

deteriorating from 1.820 Au to 0.245 Au as the concentration of aqueous ammonia 

increased. However, no significant change in maximum specific growth rate (µmax) was 

observed. The growth data was then fitted into the logistic growth model. The model 

coefficient of determination (R2) is decreasing, which suggests modification of the model 

is required.  

ABSTRAK: Keupayaan alga-mikro untuk menggunakan CO2 semasa proses fotosintesis 

dan pembiakannya yang pesat menunjukkan potensi dalam penggunaan dan 

penyimpanan gas ketetapan-biologi. Walau bagaimanapun, penggunaan CO2  melalui 

cara ini adalah sangat perlahan berbanding proses tindak balas kimia melalui penyerapan 

amina ataupun cecair  ammonia. Percampuran antara tindak balas kimia (cecair 

ammonia) dan tindak balas biologi, memungkinkan penambahan proses percampuran 

dan pada masa sama alga-mikro akan menyerap CO2 bagi kepentingan pembentukan 

hasil biologi. Dengan itu, adalah sangat penting untuk mengawasi pertumbuhan alga-

mikro dalam pelbagai ketumpatan ammonia bersama kandungan CO2. Oleh itu, objektif 

utama penyelidikan ini adalah untuk menyiasat pertumbuhan Chlorella vulgaris dan 

proses kinetik dalam cecair ammonia. Bagi memperoleh hasil tersebut,  C. vulgaris telah 

dikulturkan pada ketumpatan cecair berbeza antara 0 ke 1920 mg/L pada suhu bilik (iaitu 

27 °C) dan dibekalkan dengan 15% (v/v) CO2 di bawah cahaya putih flurosen  3500 lux. 
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Keputusan menunjukkan kapasiti pertumbuhan terbanyak (Xmax) C. vulgaris telah 

berkurang daripada 1.820 Au kepada 0.245 Au apabila ketumpatan cecair ammonia 

dikurangkan. Walau bagaimanapun, tiada perubahan ketara pada kadar pertumbuhan 

(µmax) dapat dilihat. Data kadar pertumbuhan kemudiannya dikemas kini pada model 

pertumbuhan logistik. Model pekali penentu (R2) telah direndahkan di mana cadangan 

untuk mengubah model adalah diperlukan. 

KEYWORDS: aqueous ammonia; Chlorella vulgaris; growth kinetics; logistic growth  

model  

1. INTRODUCTION  

Climate change and global warming issues related to excessive emission of CO2 have 

been deliberatively discussed over years. To address this problem, Malaysia has 

participated and pledged to reduce 40% of CO2 emission intensity by 2020 and re-pledged 

for 45% of CO2 reduction by year 2030 [1,2]. To achieve the goal, CO2 mitigation is part 

of the crucial areas identified by The Paris Agreement [1]. Microalgae and cyanobacteria 

have potential in mitigating CO2 levels in the atmosphere as well as capturing directly 

from industrial plant flue gas [3-5]. The growth of photosynthetic microalgae is directly 

related to the rate of CO2 fixation from the atmosphere. Their ability to grow rapidly and 

undergo photosynthesis makes them strong candidates for use in mitigating CO2 levels [6]. 

However, the removal rate is still slower and the fixation capacity is lower compared to 

the chemical solvent absorption process using amine or aqueous ammonia [7,8].  

Integrating chemical and biological systems to enhance the removal while 

simultaneously fixing or sequestrating CO2 for its bioproducts, such as biofuel [9, 10], 

animal feed, or stable isotopes biochemical compound [11] derived from the microalgae, 

seems appealing. Previous studies show that Chlorella vulgaris a green microalga, was 

able to grow in wastewater containing a high level of ammonia [12,13]. The growth varied 

with the ammonia concentration at the respective process conditions, which is mostly no 

aeration or supply of CO2, and the growth was limited by the toxicity of the free ammonia 

present in the culture. Thus, it is important to assess and understand the growth of C. 

vulgaris in the presence of aqueous ammonia and model the growth. 

Generally, like any other microorganisms, there are six phases of C. vulgaris growth 

in a batch culture which are lag, acceleration, growth or exponential, decline, stationary, 

and death phases (Fig. 1). A general growth model is represented by the exponential 

growth model of Eq. (1) [14]. This mathematical model equation, when plotted, will 

produce a J-shape curve where the exponential growth is represented by µmax, whereas, the 

typical growth curve shown in Fig. 1, has an S-shape (lag phase to stationary phase). The 

S-shape growth can be better represented by the logistic growth model of Eq. (2) which 

was originally proposed by Verhulst in the eighteenth century [15]. The model provides 

carrying capacity (Xmax) as a moderating force in the growth rate [15] which is influenced 

by substrate depletion as well as toxic compounds in the environment [16]. The integral 

form of Eq. (2) is shown by Eq. (3). 

𝑑𝑋

𝑑𝑡
= 𝜇𝑚𝑎𝑥𝑋                                    (1) 

𝑑𝑋

𝑑𝑡
= 𝜇𝑚𝑎𝑥 (

𝑋𝑚𝑎𝑥 − 𝑋

𝑋𝑚𝑎𝑥
) 𝑋                                                             (2) 
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𝑿(𝒕) =  
𝑿𝒎𝒂𝒙

𝟏 + (
𝑿𝒎𝒂𝒙

𝑿𝒐
+ 𝟏) 𝒆−𝝁𝒎𝒂𝒙𝒕 

      
(3) 

where µmax, t, Xmax, Xo and X represent the specific growth rate, time, maximum biomass 

concentration, initial biomass concentration and actual biomass concentration, 

respectively. The objective of this study is to assess C. vulgaris growth kinetics for its 

ability to grow in various concentrations of aqueous ammonia with periodically aerated 

CO2 gas during the cultivation and model the growth based on the logistic growth 

equation.   

 

 

 

 

 

 

 

Fig. 1: Growth curve of microalgae culture in batch with phases;  

(1) lag, (2) acceleration, (3) growth, (4) deceleration, (5) stationary, and (6) death.  

2.   MATERIALS AND METHODS  

2.1  Microalgae Cultivation 

Stock culture of C. vulgaris was purchased from the Institute of Ocean and Earth 

Sciences, University Malaya and was kept aseptically in a Bold Basal Medium (BBM). A 

250 mL of culture solution was prepared in triplicates which contained 10% (v/v) of C. 

vulgaris in BBM medium with the addition of aqueous ammonia at different 

concentrations. Eight experimental runs were conducted at various aqueous ammonia 

concentrations i.e. 0 mg/L, 30 mg/L, 60 mg/L, 120 mg/L, 240 mg/L, 480 mg/L,  960 mg/L 

and 1920 mg/L. The culture was grown under illumination of 3500 lux from a white 

fluorescent lamp for 6 days with continuous (24 h) supply of filtered air at 0.5 Lpm. Pure 

CO2 mixed with filtered air was supplied at a concentration of 15% (v/v) every day for 30 

minutes continuously. The control of this experiment was conducted without aqueous 

ammonia (0 mg/L) with continuous supply of filtered air without extra CO2 (i.e. culture 

acquired CO2 from the air only). All experimental runs were conducted at room 

temperature (27 oC) in triplicate. Each flask was fitted with two silicon tubes (one for gas 

inlet and the other for gas outlet) and the culture was aerated for 24 hours with filtered air 

generated by air pump through a silicon tube. The sampling for each flask was carried out 

on a daily basis to measure C. vulgaris growth and the pH of the medium. 

2.2  Determination of Growth Kinetic 

Growth observation was based on the optical density (OD). The absorbance of C. 

vulgaris was determined by measuring the optical density of a 3 mL sample at a 

wavelength of 660 nm for every 24 hours using a UV-vis spectrophotometer. The data was 

then fitted nonlinearly using a nonlinear regression software, CurveExpert Professional 

software, version 2.4.0. The logistic equation model (Eq. 3) was selected to fit the data. 

Eq. (4) was used to calculate µmax and compared it to µmax obtained from the logistic 

growth model of Eq. (3). Doubling time was calculated based on Eq. (5). 
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              𝜇𝑚𝑎𝑥 =
ln (

𝑥𝑛−1

𝑥𝑛
)

(
𝑡𝑛−1

𝑡𝑛
)                                                                                

⁄  (4) 

𝑡𝑑 =  
ln 2

𝜇𝑚𝑎𝑥
                                                                                                 (5) 

 

3.  RESULTS AND DISCUSSION 

3.1  Growth of C. vulgaris in BBM with air supply 

Growth of C. vulgaris in BBM with the continuous air supply was studied before 

introducing aqueous ammonia and CO2. This is to observe the typical growth kinetic and 

the stationary phase of C. vulgaris as illustrated in Fig. 1. Since the stationary phase of 

growth was observed as it entered the 4th day of cultivation, a subsequent cultivation run 

was conducted up to the 6th day after inoculation.  

Figure 2(a) shows growth data in absorbance unit of optical density at 660 nm, while 

Fig. 2(b) is the same growth data in the form of natural-logarithms. Generally, the growth 

curve consists of six phases that have been discussed earlier. The same phases were also 

observed in C. vulgaris growth except for the death phase. This is due to a longer 

stationary phase (more than 12 days) of C. vulgaris which some have recorded being up to 

one month depending on the growth conditions [17,18]. In this study, the growth was 

monitored only for the duration of up to 12 days, thus the death phase was not perceived.  

 
Fig. 2: The growth profile of C. vulgaris in BBM medium with (a) fitted model  

in dash line for circle symbol data and (b) growth curve in logarithms.  

According to Doran [14], lag phase is best observed and confirmed in a logarithmic 

plotted curve as shown in Fig. 2(b). The figure shows that the cells required one day of 

adaptation (lag phase) to the new environment before entering the exponential (growth) 

phase. The exponential phase was started from day 2 to day 4 before entering the 

stationary phase (day 4 onwards). The maximum specific growth rate (µmax) and doubling 

time (td) of the microalgae were 0.847 day-1 (0.036 h-1) and 0.818 day (0.034 h-1), 

respectively, as shown in Table 1. The µmax obtained in this research is much lower 

compared to Lehana [19] (i.e. 0.24 h-1)  in a continuous culture but higher than Converti et 

al. [20] (i.e. 0.14 day-1) grown in batch culture at about the same culture conditions as the 

current study. However, those studies used larger culture volumes of 3 L with 8% of CO2 

in air and 2 L with air only supplied to the culture, respectively whereas the current study 

is in a 250 mL culture medium with filtered air. Microalgae culture grown with aeration of 

(a) 

(b) 
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extra CO2 as in Lehana [19] in continuous culture, has been shown to improve its growth 

rate compared to the culture grown with air only [4]. However, the lower maximum 

specific growth rate by Converti et al. [20] is due to the size of the culture, which in our 

study the air was supplied at flowrate of 2 vvm (0.5 Lpm). The growth of the current study 

was then modelled using the logistic growth equation with a coefficient of determination 

(R2) of 0.95. However, the model predicted a very low rate of initial growth compared to 

the experimental data and this affected the values of other parameters shown in Table 1. 

Table 1: Comparison of parameters obtained from logistic growth model fitting  

(Fig. 2(a)) and experimental data (Fig. 2(b)) for growth in BBM only. 

Parameter Value 

predicted by 

model 

Value from 

experimental 

data 

Xo (Au) 0.017 0.233 

Xmax(Au) 1.399 1.524 

µmax(day-1) 2.190 0.847 

td (day) 0.317 0.818 

R2 0.95 1 

 

3.1  Growth Kinetics of C. vulgaris at Different Concentrations of Ammonia  

This experiment was conducted to understand how C. vulgaris responded to different 

concentrations of ammonia with the aeration rate of 0.5 Lpm for 15% (v/v) CO2 in filtered 

air for 30 minutes every day under the illumination of 3500 lux. Since C. vulgaris growth 

reached the stationary phase in the beginning of day 5 (Fig. 2), subsequent observation of 

the microalgae growth was only recorded until day six in variation of ammonia 

concentrations (Fig. 3). The control run (0 mg/L ammonia with 15% CO2) achieved the 

highest growth capacity (Xmax) of 1.8 Au (Absorption unit) at OD660 (Fig. 3(a)). The 

growth was higher compared to the growth supplied with air only (Fig. 2). This shows 

that, even though 15% (v/v) of CO2 was supplied for only 30 minutes every day, it had a 

positive influence on C. vulgaris growth (note that the initial cell density was maintained 

at around 0.2 Au for all runs). Many have reported how CO2 influences the growth of 

photosynthetic microorganisms such as C. vulgaris [4,21,22] under illumination of light. 

The surrounding air, which contains only 0.03–0.06% CO2, had limited C. vulgaris 

photosynthetic activity and slowed down its cell growth [23].    

However, when aqueous ammonia was introduced in the culture at different 

concentrations, it is apparent that C. vulgaris growth was significantly influenced by the 

addition of aqueous ammonia. This is reflected by the decrease in the carrying capacity 

(Xmax) values from both the model and the experimental data (Table 2). Nitrogen is a 

crucial nutrient for microalgae growth, which is assimilated in the form of nitrate (NO3
-) 

or ammoniacal nitrogen (NH4
+/NH3). However, higher ammonia concentration can be 

toxic to the microalgae growth. This is especially depicted by Fig. 3 (g) and (h) where 

ammonia concentration of 960 mg/L and above showed that the growth of the microalgae 

was nearly inhibited. However, this is not the case for µmax. Generally, µmax (Table 2) 

obtained from experimental data (calculated based on Eq. (4)) are about the same, even 

though concentration of ammonia increased in a double amount of the previous 

concentration. The same was also observed by Tam and Wong [24]. A few papers 

suggested that µmax is an important parameter in modelling microalgae or microbial 

population in batch production that is influenced by environmental factors [15,25]. In our 
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case, no significant change in µmax was observed at various concentrations of ammonia. 

However, the Xmax should also be considered as it is directly influenced by the 

environmental factor such as pH, temperature, nutrient, and others, which in this case is 

the ammonia toxicity. 

  

  

  

  
Fig. 3: Growth of C. vulgaris  fitted in modified logistic equation at  

(a) 0 mg/L, (b) 30 mg/L, (c) 60 mg/L, (d) 120 mg/L, (e) 240 mg/L,  

(f) 480 mg/L, (g) 960 mg/L and (h) 1920 mg/L. 

 

 

(a) (b) 

(c) (d) 

(g) 

(f) (e) 



IIUM Engineering Journal, Vol. 19, No. 2, 2018 Azmi et al. 

 7 

C. vulgaris growth is well fitted into the logistic growth kinetic model as depicted in 

Fig. 2 with R2 between 0.88 to 1 (Table 2) except for the ammonia at the concentration of 

1920 mg/L. The equation perfectly modelled the growth without ammonia with CO2 

supply. However, as the ammonia concentration increased, the R2 was reduced and 

overestimated some of the parameters. This suggests that a model modification or 

application of another growth model that takes ammonia concentration and toxicity into 

account might be needed.  

Table 2: Comparison of parameters obtained from logistic growth model  

and experimental data for variation of ammonia concentration. 

NH3 

concentration 

(mg·L-1) 

Parameters predicted by model  Parameter from experimental data 

R2 
Xmax   

(Au) 

Xo  

(Au) 

µmax  

(day-1) 

 Xmax 

(Au) 

Xo 

(Au) 

µmax 

(day-1) 

0 1.00 1.8200 0.4300 0.7787  1.8200 0.43 0.7787 

30 0.95 1.5135 0.0433 2.1813  1.6660 0.239 1.2909 

60 0.94 1.3217 0.0169 2.1137  1.4840 0.201 1.1075 

120 0.96 1.6024 0.0704 1.9631  1.7890 0.231 1.2410 

240 0.96 0.8128 0.0039 4.2902  0.8870 0.127 1.3481 

480 0.92 0.7367 0.0080 2.6265  0.8170 0.115 1.4614 

960 0.88 0.4997 0.0000 8.8764  0.5620 0.111 1.6968 

1920 0.67 0.0001 0.0728 0.0001  0.2450 0.12 1.1670 

 

The pH of the medium was originally adjusted to 6.8 with 1 N KOH before 

inoculation of the green microalgae. There were no significant changes in pH when 

ammonia was added in the medium until the ammonia concentration increased to 240 

mg/L and above, the pH changed to 9.97 and higher as shown in Fig. 4. However when 

CO2 was introduced in the culture medium, the pH reduced before it increased back as cell 

growth was observed. The increase of pH level as growth increased was also reported by 

others [26-28]. The growth of C. vulgaris in cultures containing ammonia is usually 

accompanied with a change in pH as the medium becomes acidic in the lag phase and then 

changes to alkaline when the cells are in the log or stationary phase. 

 

Fig. 4: Medium pH of C. vulgaris culture at different ammonia concentrations . 
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6.   CONCLUSION  

Growth of C. vulgaris in BBM with continuous air pumped into the culture was 

observed for a duration of 12 days to study the growth characteristic of C. vulgaris before 

introducing CO2 and ammonia. The growth profile exhibits all phases (except death 

phase), with a significant extended stationary phase starting from day 4 onwards. Due to 

that, subsequent experimental runs were conducted for only six days.  

Subsequently, eight runs were conducted at various concentrations of ammonia from 0 

mg/L to 1920 mg/L with 15% (v/v) of CO2 aerated at the volumetric flow rate of 0.5 Lpm  

under illumination at 3500 Lux (12 light:12 dark) at 27oC. The highest growth was 

observed from the culture with 0 mg/L of aqueous ammonia aerated with CO2. C. 

vulgaris growth capacity however declined with the increase of ammonia concentration. 

The data were also not well fitted into the logistic growth model as the concentration 

increased, suggesting modification of the model is required. The pH of the culture 

medium is influenced by growth of the cell in the presence of ammonia. 
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