


 

Study on corrosion and protection of concrete structures 

 

 

by 

 

 

Bryce, PAN YI 

 

 

 

 

Final Year Project Report submitted in partial fulfillment 

of the requirement of the Degree of 

 

 

Bachelor of Science in Civil Engineering 

 

2021-2022 

 

 

 

Faculty of Science and Technology 

University of Macau 





I 

 

DECLARATION 

I declare that the project report here submitted is original except for the source materials 

explicitly acknowledged and that this report as a whole, or any part of this report has 

not been previously and concurrently submitted for any other degree or award at the 

University of Macau or other institutions.  

 

I also acknowledge that I am aware of the Rules on Handling Student Academic 

Dishonesty and the Regulations of the Student Discipline of the University of Macau. 

 

 

Signature : ____________________________ 

Name  :  PAN YI 

Student ID  :  DB826992 

Date  :  13/05/2022 

 

 

 

 

 

 

 



II 

 

APPROVAL FOR SUBMISSION 

This project report entitled “Study on corrosion and protection of concrete 

structures” was prepared by PAN YI in partial fulfillment of the requirements for the 

degree of Bachelor of Science in Civil Engineering at the University of Macau. 

 

 

Endorsed by, 

 

 

 

 

 

 



III 

 

ACKNOWLEDGEMENTS 

This paper and the research behind it would not have been completed successfully 

without my supervisor, Ping Zhang. Thanks for his enthusiasm, patience and knowledge 

which have been an inspiration and kept my work on track from my first encounter with 

the chlorella vulgaris to the final draft of this paper. 

Besides, I would like to show my gratitude to the postgraduate students, Ms. Ruyi Zheng, 

Ms. Huaxia Dong and Mr. Shen Zhang. Because of their friendly and active, my 

research can be done successfully. Many thanks here!  



IV 

 

ABSTRACT 

Chlorella vulgaris is a single-celled green algae widely distributed in the ocean. The 

metabolic activities and products of chlorella vulgaris can lead to corrosion of metal 

materials, particularly those in marine environment. Q235 carbon steel is widely 

adopted in marine equipment and facilities due to its good performance and low price. 

However, there are limited studies on the influence of chlorella vulgaris on the corrosion 

behavior of Q235 carbon steel. To fill this knowledge gap, in this report, the corrosion 

effect of chlorella vulgaris on Q235 carbon steel has been systematically investigated 

via a number of surface characterization tools. Physiological and biochemical indicators 

of chlorella vulgaris were tested to verify the growth of chlorella in the environment 

with or without carbon steel. The experimental results show that the initial corrosion 

rate of Q235 carbon steel in system with chlorella vulgaris presence was low. However, 

with the proceeding of the experiments, the biofilm gradually fell off from the surface, 

leading to a gradually accelerated the corrosion rate of carbon steel. The test results of 

various physiological and biochemical indexes also show that the environment without 

Q235 carbon steel was more conducive to the growth of chlorella vulgaris. The findings 

from this study will be very beneficial to the corrosion protection and management of 

the marine structures. 

 

Keywords: chlorella vulgaris; algae; corrosion; carbon steel; marine environment 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Nearly 71% of the earth's surface is covered by oceans. Many marine structures are 

located in the marine environment, subjected to a serious corrosion threat. Capable of 

producing a wide variety of active metabolites, marine algae are one of the most 

significant producers of biological matters into the ocean (Bhadury and Wright., 2004). 

The behaviors of marine algae can corrode building materials in the ocean and cause 

huge economic losses each year (Jayakumar and Saravanane., 2010). 

 

Figure 1.1.1 The influence of Marine environment on building structure 

 

1.2 Introduction of chlorella vulgaris and Q235 carbon steel 

Chlorella vulgaris is a kind of single-celled green algae widely distributed in the ocean, 

which belongs to the following scientific classification: Tre-bouxiophyceae, Order: 

Chlorellales, Family: Chlorellaceae, Genus: Chlorella, Specie: Chlorella vulgaris (Safi 

et al., 2014). Chlorella vulgaris is adaptable with a rapid growth rate. In addition, 
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chlorella vulgaris is  an important component of the microbial membranes (Irving and 

Allen., 2011). Chlorella vulgaris is composed of a variety of functional groups, which 

are acidic and may combine with metal ions in solution. In addition, the metabolic 

activities and products of chlorella vulgaris can lead to metal corrosion, thus reducing 

the service life of metal substances (Wang et al., 2020). 

 

Figure 1.2.1 Schematic ultrastructure of C. vulgaris representing different organelles 

 

Q235 carbon steel is widely used in marine equipment and ship manufacturing due to 

its good performance and low price. However, in complex marine environment, Q235 

carbon steel is prone to corrosion damage, especially microbial corrosion, which can 

pose a serious threat to the normal operation of marine structures and facilities. In this 

study, the impact of chlorella vulgaris on corrosion behavior of Q235 carbon steel was 

systematically investigated by a number of surface and electrochemical characterization 

tools. 



3 

 

CHAPTER 2 LITERATURE REVIEW 

2.1 The corrosion morphology and the EIS of Q235 carbon steel immersed in 

culture medium with and without chlorella vulgaris 

Case Ⅰ: Effect of Chlorella Vulgaris on Corrosion Behavior of Q235 Carbon Steel in 

Seawater (Zheng et al., 2018) 

Zheng et al. (2018) divided Q235 carbon steel into two groups and submerged them in 

the culture medium with and without chlorella vulgaris, respectively, for ten days. The 

surface morphology of these carbon steels was shown in Figure 2.1.1 and Figure 2.2.2. 

By comparing the results of the two groups, it was found that uniform corrosion 

occurred in Q235 carbon steel immersed in the culture medium without chlorella 

vulgaris. The surface of carbon steel was evenly distributed with corrosion pits of 

different sizes. However, uneven corrosion occurred on Q235 carbon steel in culture 

medium with chlorella vulgaris presence. Serious corrosion pits also appeared on the 

surfaces of some steel samples. These results indicate that Q235 carbon steel will 

corrode more severely in the system with chlorella vulgaris. 
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(a)Without chlorella vulgaris, low magnification  (b)Without chlorella vulgaris, high magnification 

Figure 2.1.1 Corrosion morphology of Q235 carbon steel immersed in culture medium without 

chlorella vulgaris for 10 days at low and high magnifications 

 

 

(a)With chlorella vulgaris, low magnification    (b)With chlorella vulgaris, high magnification 

Figure 2.2.2 Corrosion morphology of Q235 carbon steel immersed in culture medium with 

chlorella vulgaris for 10 days at low and high magnifications 
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As reported by Zheng et al. (2018), electrochemical treatment of Q235 carbon steel 

(Figure 2.1.3) shows the electrochemical impedance spectra (EIS) of Q235 carbon steel 

in culture medium with and without chlorella vulgaris. Zsimpwin software was used to 

fit the EIS according to the equivalent circuit shown in Figure 2.1.4 to obtain relevant 

parameters (Table 2.1.1 and Table 2.1.2). 

 

(a) Without chlorella vulgaris 

 

(b) With chlorella vulgaris 

Figure 2.1.3 EIS of Q235 carbon steel immersed in culture medium without (a) and with (b) 

chlorella vulgaris 
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(a)Without chlorella vulgaris                 (b)With chlorella vulgaris 

Figure 2.1.4 Equivalent circuits of EIS of Q235 carbon steel immersed in culture medium without 

(a) and with (b) chlorella vulgaris 

where, 

Rs = solution resistance; 

Qf = constant phase angle element of surface layer; 

Rf = surface layer resistance; 

Qdl = constant phase angle element of interface double electric layer; 

Rct = charge transfer resistance. 

 

Rct can be used to characterize the corrosion rate of metals. The smaller the value , the 

greater the corrosion rate of metals . Table 2.1.1 shows that Rct changes little during the 

whole test cycle with an average of 1500Ω·cm2. This indicates that the electrochemical 

performance of Q235 carbon steel in culture medium without chlorella vulgaris is 

relatively stable. Table 2.1.2 shows that at the beginning of the experiment, the number 

of chlorella vulgaris was small and the corrosion rate of metal was high. However, with 

the increase of soaking time, Rct also became larger and reached the maximum value at 

9d. At this point, chlorella vulgaris is in the exponential growth stage, and its metabolite 

film and corrosion product form a composite film attached to the metal surface, which 

has a protective effect on the metal. At the later stage of the experiment, with the gradual 

decline of chlorella vulgaris, the composite film gradually loosened and fell off. The 

erosion rate increases as the protection of the metal decreases. 
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Table 2.1.1 Fitted parameters of EIS for Q235 carbon steel immersed in culture medium without 

chlorella vulgaris 

 

 

Table 2.2.2 Fitted parameters of EIS for Q235 carbon steel immersed in culture medium with 

chlorella vulgaris 
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2.2 The comparative analysis of EDS corresponding to the SEM images and the 

weight loss test in the presence and absence of chlorella vulgaris 

Case Ⅱ: Study of corrosion behavior and mechanism of carbon steel in the presence of 

Chlorella vulgaris (Liu et al., 2015) 

Liu et al. (2015) used the weight loss test to prove that chlorella vulgaris played an 

very important role in the corrosion behavior of Q235 carbon steel. Table 2.2.1 

displays the different corrosion rates due to the immersing 22 days with and without 

chlorella vulgaris specimens. Obviously, the average corrosion rate of the specimen 

with chlorella vulgaris is almost four times as the average corrosion rate of the 

specimen without chlorella vulgaris. This result shows that chlorella vulgaris can 

obviously enhance the corrosion efficiency of Q235 carbon steel. 

 

Table 2.2.1 Corrosion rates of specimens calculated from the results of weight loss with and 

without chlorella vulgaris after immersion for 22 days. 

 

 

The EDS results by Liu et al. (2015) show in the Figure 2.2.1 that the elements C, O, P 

and Fe are present on the specimen surface. It also indicates the formation of biofilm 

and corrosion products on the specimen surface because of the higher contents of O, P 

and Fe. The content of the element O in the specimen with chlorella vulgaris is twice 

more than the specimen without chlorella vulgaris(Table 2.2.2). This suggests that the 

high concentration of oxygen was produced by photosynthesis carried out by chlorella 

vulgaris. 
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(a)With chlorella vulgaris                (b)Without chlorella vulgaris 

Figure 2.2.1 The corrosion products film and the corresponding EDS after 11-day incubation 

with (a) and without (b) chlorella vulgaris. 

 

Table 2.2.2 Comparative analysis of EDS corresponding to the SEM images in the presence and 

absence of C. vulgaris respectively. 

Elements C O Mg P Si Ca K Fe 

C. vulgaris 

(Wt%) 

4.46 21.07 0.84 8.92 0.45 0.39 0.55 63.32 

Control 

(Wt%) 

4.74 10.54 0.73 6.69 0.61 1.22  75.45 

 

 

2.3 Effect of adhesion rate of Chlorella on carbon steel Q235 on corrosion of 

carbon steel 

Case Ⅲ: Influence of Calcareous Deposit on Corrosion Behavior of Q235 Carbon 

Steel in Marine Microalgae Containing Medium (Zhang et al., 2018) 

Zhang et al. (2018) explored the effect of calcareous deposition on chlorella adhesion 

was studied by comparing chlorella adhesion on bare steel surface and calcareous layer 

surface. And Figure 2.3.1 shows the fluorescence photos of chlorella attachment on the 
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sample surface with the change of immersing time. The result of Table 2.3.1 shows that 

the amount of adhesion on the surface of the two samples is significantly different. The 

adhesion rate of chlorella vulgaris on bare steel increased slowly after 24 hours, and the 

adhesion rate in the first three hours was very low which is only 0.12 percent. 

Because of the Q235 carbon steel for active metal, the corrosion rate is bigger. And the 

surface updates fast, part of micro algae with corrosion products on the surface of the 

material falls off. Even the microalgae in the culture medium reattached to the material 

on the surface, it can also be difficult to grow. Because the environment is near to a 

stripping absorption dynamic balance state, the material surface micro algae coverage 

almost no longer increases. The higher the adsorption rate of chlorella vulgaris on the 

surface, the more favorable it is to form a relatively dense biofilm, which can play a 

better protective effect on the material. 
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Figure 2.3.1 Fluorescence microscope images of bare steel (a1~a5) and calcareous deposit steel 

(b1~b5) samples after immersion in C. vulgaris culture media for 3 h (a1, b1), 6 h (a2, b2), 24 h 

(a3, b3), 48 h (a4, b4) and 72 h (a5, b5) 
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Table 2.3.1 Variations of coverage ratio of C. vulgaris on the surface of bare steel and calcareous 

deposit steel samples after immersion in chlorella vulgaris culture media for different time 

 

 

 

 

2.4 Surface morphology after removing corrosion products and the XPS analysis 

in the presence and absence of chlorella vulgaris 

Case Ⅳ: Microbiologically influenced corrosion of 316L stainless steel in the presence  

of Chlorella vulgaris 

Figure 2.4.1 shows that the surface of the coupon without chlorella vulgaris is very 

smooth. Besides, the polish lines can be seen clearly. This indicates that a light and 

uniform corrosion occur on the 316L stainless steel without chlorella vulgaris. However, 

for the coupon with chlorella vulgaris which surface occurs some scattered corrosion 

pits. These two results indicate that chlorella vulgaris can cause localized corrosion and 

accelerate its pitting corrosion of 316L stainless steel (Liu et al., 2018). 
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Figure 2.4.1 The surface morphology of coupons after removing corrosion products in the 

absence (a) and presence (b) of chlorella vulgaris after 21 days of incubation 
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Figure 2.4.2(a) shows that the peaks of C 1s spectra in the presence of chlorella vulgaris 

are attributed to the organic C of the chlorella vulgaris biofilm. The high content of C 

demonstrates that the formation of biofilms on the surface of 316L stainless steel. In 

Figure 2.4.2(b), the peaks are all the same iron oxides: Fe, Fe2O3 and Fe3O4 for the 

coupon in the presence and absence of chlorella vulgaris. Also, the coupon in the 

presence of chlorella vulgaris has the higher content of iron oxides. This result indicates 

that chlorella vulgaris contributes significantly to the formation of corrosion products 

and iron dissolution. Figure 2.4.2(c) shows that the organic O came from the biofilm or 

the adsorbed organics for the coupons with and without chlorella vulgaris. Organic N 

and P can cause eutrophication of water. Eutrophication of water will promote the 

production of microorganisms, resulting in biological pollution and corrosion. Figure 

2.4.2(d) and Figure 2.4.2(e) show that the presence of nitrogen and phosphorus 

promoted the growth and attachment of chlorella vulgaris on the surface of 316L 

stainless steel, resulting in corrosion. 
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Figure 2.4.2 High resolution XPS spectra of C 1s, Fe 2p, O 1s, N 1s and P 2p for 316L stainless 

steel after 21-days of incubation with and without chlorella vulgaris 
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Case Ⅴ: Effect of chlorella vulgaris on corrosion behavior of Mg-3Y-1.5Nd alloy in 

natural seawater 

In Lin et al. (2020) experiment, Figure 2.4.3 shows the corrosive effects on alloy with 

and without chlorella vulgaris. Figure 2.4.3(a-1) to Figure 2.4.3(d-1) displays the 

surface corrosion morphology of the alloy after removing the corrosion products after 

immersing in f/2 culture medium with chlorella vulgaris at different time points. By 

comparing Figure 2.4.3(a-2) and Figure 2.4.3(d-2), it is obvious that the corrosion on 

the alloy surface is more serious in the presence of chlorella vulgaris. With the increase 

of immersing time, the corrosion pits on the surface of the alloy in the system containing 

chlorella vulgaris became larger and larger. This is because anodic dissolution of the 

active metal occurs on the alloy surface during immersion. In addition, chlorella 

vulgaris produced high concentration of dissolved oxygen through photosynthesis and 

oxygen depolarization reaction occurred to promote the dissolution of the alloy. In 

conclusion, the presence of chlorella vulgaris enhances the corrosion of the alloy surface. 
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Figure 2.4.3 SEM images of Mg-3Y-1.5Nd alloys surfaces (corrosion products removed after 

immersion in f/2 culture medium with (1) and without (2) chlorella vulgaris for different soaking 

time (a)8h; (b)16h; (c)32h; (d)48h ) 
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CHAPTER 3 METHODOLOGY 

3.1 Culture of Chlorella 

Chlorella vulgaris for this experiment was purchased from the Yellow Sea Fisheries 

Research Institute. The culture medium of chlorella vulgaris was f/2 seawater medium. 

The composition of f/2 culture medium is shown in Table 3.1.1. The culture medium 

was autoclaved at 121oC for 30 minutes. Then placed the chlorella vulgaris in a light 

incubator with a light intensity of 4000 lx and a temperature of 25oC and a light cycle 

of every 12 hours. 

 

Table 3.1.1 Compositions of f/2 culture medium 

f/2 microelement solution f/2 vitamin solution f/2 culture solution 

Composition Content Composition Content Composition Content 

ZnSO4·4H2O 23mg Vitamin B12 0.5mg NaNO3 74.8mg 

CuSO4·5H2O 10mg Vitamin B1 100mg NaH2PO4 4.4mg 

FeC6H5O7·5H2O 3.9mg Vitamin H 0.5mg Na2SiO3·9H2O 13mg 

CoCl2·6H2O 12mg Purified water 1L f/2 

microelement 

solution 

1ml 

Na2MoO4·2H2O 7.3mg   f/2 vitamin 

solution 

1ml 

MnCl4·4H2O 178mg   Seawater 1L 

Na2EDTA 4.35mg     

Purified water 1L     
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3.2 Determination of chlorella vulgaris density 

The cell density of chlorella vulgaris and the absorbance value of chlorella vulgaris cells 

in OD680 was measured by blood counting plate under the optical microscope of 400 

times to establish a standard curve for subsequent experiments. At 24h, 96h, 8d, 12d 

and 16d, the density of chlorella vulgaris was measured and the change of chlorella 

vulgaris content in the solution was observed. 

 

Figure 3.2.1 The absorbance-biomass standard curve of chlorella vulgaris 

 

3.3 Immersion experiment 

3.3.1 Preparation for immersion experiment 

Q235 carbon steel was wound with copper wire and the exposed fraction of the wire is 

sealed with epoxy resin. The surface of the Q235 carbon steel was sanded to smooth 

during the experiment. The prepared carbon steel samples were immersed into three 

different culture media of  chlorella vulgaris, pure culture medium without chlorella 

vulgaris, and culture medium containing chlorella vulgaris but without carbon steel. The 
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three groups of samples were cultured in a light incubator. The experiment lasted for 16 

days. At 0h, 24h, 48h, 72h, 96h, 4d, 8d, 12d, and 16d, 3 mL of the sample was taken 

out into the centrifuge tube for each group, and 3mL of f/2 medium was added to ensure 

the constant volume of the sample. The absorbance of the removed 3 mL algal liquid 

was measured at 680nm with UV spectrophotometer and recorded with f/2 medium as 

blank control, and the corresponding algal density was obtained. 

 

3.3.2 Derusting processing 

16d after the experiment, the carbon steel in the sample was taken out, and the carbon 

steel surface was gently wiped with dust-free paper. Then the carbon steel was washed 

with a phosphate-buffered saline (PBS) solution and the material on the carbon steel 

surface was brushed with a brush. The rinsed solution and brushed material are held in 

a 50 mL centrifuge tube. Then centrifuged the 50 mL tube at 4000 rpm for 10 minutes. 

After centrifugation, discarded the supernatant. Then dried the solid material and stored 

it in a test tube. 

 

3.3.3 Weight loss measurement 

The treated carbon steel was then immersed in a Clarke's solution. Subsequently, 

remove the carbon steel. Then cleaned and dried the steel with deionized water and 

anhydrous ethanol. An analytical balance was used to determine the quality of carbon 

steel samples before and after corrosion. The formula for calculating the average 

corrosion rate by weight loss measurement is: 

                              𝑤 =
8.76×104𝛥𝑚

𝐴𝑡𝜌
                                (3.3.3.1) 
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where, 

w = average corrosion rate (mm/y) 

𝛥m = quality difference of the sample before and after corrosion (g) 

A = sample surface area (cm2) 

t = corrosion time (h) 

ρ = the density of carbon steel 

 

3.4 Electrochemical measurements 

Electrochemical experiments were performed on Gamry1000 electrochemical 

workstation. A three-electrode system was adopted, with saturated calomel electrode 

(SCE) as the reference electrode, platinum sheet (1 cm×1 cm) as the auxiliary electrode, 

and the sample as the working electrode (Figure 3.4.1). Gamry Framework was used to 

test open circuit potential first and electrochemical impedance spectroscopy (EIS) was 

measured after its stability. The test frequency of EIS was 100 mHz~10 kHz, and the 

amplitude of sinusoidal voltage (disturbance signal) was 10 mV. The test period was 

16d (1h, 4h, 8h, 16h, 1d, 2d, 3d, 4d, 8d, 12d, 16d). The test area is 1cm2. The scanning 

potential of the potentiodynamic polarization curve ranged from -0.05V to 1V and the 

scanning rate was 1 mV/s. After the test, Gamry Echem Analyst and OriginPro 2017 

64Bit were used to analyze and fitted the test results. Tafel slope βa, βc, self-corrosion 

current density Icorr and self-corrosion potential Ecorr of cathodic and anodic 

polarization curves were obtained. The calculation formula of corrosion rate is: 

   𝑣 =
0.00327𝐼𝑐𝑜𝑟𝑟𝑀

𝑛𝜌
                       (3.4.1) 

where, 
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M = molar mass of carbon steel (Take 56.3g/mol) 

n = number of electron transfer in corrosion reaction (Take 2) 

ρ = the density of carbon steel (Take 7.82g/cm3) 

 

 

Figure 3.4.1 System of electrochemical experiment 

 

3.5 Surface analysis experiment 

Part of the samples were treated with rust remover on the surface of carbon steel samples 

and the corrosion surface was observed by scanning electron microscope (SEM) after 

drying. The acceleration voltage was 15 kV. The other part of the sample was washed 

with distilled water on the surface of the carbon steel sample and then dried at room 

temperature. X-ray energy dispersive Spectrometer (EDS) was used for elemental 
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analysis. X-ray diffractometer (XRD) was used to determine the phase composition on 

the surface of carbon steel samples and their corrosion products. 

 

3.6 Physiological and biochemical indexes of chlorella vulgaris 

3.6.1 Hydrogen peroxide(H2O2) content detection 

Detection principle: 

Hydrogen peroxide is the most common reactive oxygen molecule in organisms, mainly 

generated by catalysis such as SOD and XOD, and degraded by catalysis such as CAT 

and POD. Hydrogen peroxide is not only one of the important reactive oxygen species, 

but also the hub of mutual conversion of reactive oxygen species. On the one hand, 

hydrogen peroxide can directly or indirectly oxidize nucleic acid, protein and other 

biological macromolecules in the cell, and damage the cell membrane. Thus, 

accelerating the aging and disintegration of cells. On the other hand, hydrogen peroxide 

is a key regulator in many oxidation emergency responses. Hydrogen peroxide and 

titanium sulfate produce yellow titanium peroxide complex with characteristic 

absorption at 415nm. 

 

Components of the detection kit: 

Component Quantity Storage temperature Method of 

application 

First reagent Acetone 100mL*1 

bottle 

2-8℃  

Second reagent Powder *1 bottle 2-8℃ Add 6mL 

concentrated 
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hydrochloric acid to 

dissolve thoroughly 

before use 

Third reagent Liquid 12mL*1 bottle 2-8℃  

Fourth reagent Liquid 60mL*1 bottle 2-8℃  

Standard sample Liquid 1mL*1 bottle 2-8℃ 1mmol/mL H2O2 

standard solution 

Dilute the 1mmol/mL 

standard solution to 

1μmol/mL of 

standard solution 

with acetone 

 

Specimen treatment: 

Collect the algal liquid into the centrifuge tube and discard the supernatant after 

centrifugation. According to every 5 million cells add 1ml first reagent, ultrasonic 

broken cells. Centrifuge again (8000g, 4℃ for 10 min), remove the supernatant and 

place it on ice waiting for testing. 

 

Operating steps: 

a) Preheat the spectrophotometer for more than 30 minutes, adjust the wavelength to 

415nm and zero with distilled water. 

b) Place the second reagent, third reagent and fourth reagent in a water bath at 25℃ 

for at least 10 minutes. 

c) Add the following reagents in order to the Eppendorf tube: 
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Reagent Measuring tube Standard tube Blank tube 

Specimen Absorb all of the 

supernatant 

- - 

1μmol/mL 

standard solution 

- 1000μL - 

First reagent - - 1000μL 

Second reagent 100μL 100μL 100μL 

Third reagent 200μL 200μL 200μL 

Centrifugation at normal temperature of 4000g for 10 min 

Discard the supernatant, leaving the precipitate 

Fourth reagent 1000μL 1000μL 1000μL 

Add the fourth reagent to dissolve the precipitate, let stand for 5 minutes at room 

temperature, and pour into a colorimetric dish. The absorbance of the tube was 

recorded at 415nm, denoted as Ameasuring, Astandard and Ablank. 

 

Active computing: 

Hydrogen peroxide content in cells (μmol/104 cells) 

= ΔAmeasuring÷(ΔAstandard÷Cstandard)×Vspecimen÷(500×Vspecimen÷Vextracting) 

= 0.002×ΔAmeasuring÷ ΔAstandard 

where, 

ΔAmeasuring = Ameasuring - Ablank 

ΔAstandard = Astandard - Ablank 

Cstandard = hydrogen peroxide standard solution concentration (1μmol/mL) 

Vspecimen = the volume of the specimen that was added (1mL) 
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Vextracting = volume used in the extraction process (1mL) 

 

3.6.2 Superoxide dismutase (SOD) content detection 

Detection principle: 

SOD is a metal enzyme widely existing in organisms and an important oxygen free 

radical scavenger, which can catalyze the disproportionation of superoxide anions to 

generate hydrogen peroxide and oxygen. SOD is not only superoxide anion scavenger 

enzyme, but also the main hydrogen peroxide producing enzyme, which plays an 

important role in biological antioxidant system. The superoxide anion O2 
- was produced 

by the xanthine and xanthine oxidase reaction system, and the O2 
- reduced nitro-blue-

tetrazolium to form blue formazan, which was absorbed at 560nm. SOD was able to 

clean up O2 
-. The darker the blue of the reaction liquid was, the lower the SOD activity 

was, and the higher the SOD activity was. 

 

Components of the detection kit: 

Component Quantity Storage temperature Method of 

application 

Extracting solution Liquid 60mL*1 bottle 2-8℃  

First reagent Liquid 15mL*1 bottle 2-8℃  

Second reagent Liquid 100μL*1 bottle 2-8℃ Centrifuge and mix 

well before use 

Third reagent Liquid 11mL*1 bottle 2-8℃  

Fourth reagent Powder *1 bottle 2-8℃  

Fifth reagent Liquid 2mL*1 bottle 2-8℃ Add the fourth 

reagent to the fifth 
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reagent and shake to 

dissolve before use 

 

Specimen treatment: 

Collect the algal liquid into the centrifuge tube and discard the supernatant after 

centrifugation. According to every 5 million cells add 1ml first reagent, ultrasonic 

broken cells. Centrifuge again (8000g, 4℃ for 10 min), remove the supernatant and 

place it on ice waiting for testing. 

 

Operating steps: 

a) Preheat the spectrophotometer for more than 30 minutes, adjust the wavelength to 

560nm and zero with distilled water. 

b) Place the second reagent, third reagent and fifth reagent in a water bath at 25℃ for 

at least 10 minutes. 

c) Add the following reagents in order to the Eppendorf tube: 

Reagent Measuring tube Control tube Blank tube 1 Blank tube 2 

Specimen 90μL 90μL - - 

First reagent 240μL 240μL 240μL 240μL 

Second reagent 6μL - 6μL - 

Third reagent 180μL 180μL 180μL 180μL 

Distilled water 480μL 486μL 570μL 576μL 

Fifth reagent 30μL 30μL 30μL 30μL 

The absorbance at 560nm was measured in a 1ml glass colorimetric dish after 30 

minutes of water bath at 37 ° C, denoted as Ameasuring, Acontrol, Ablank1 and Ablank2 
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Active computing: 

a) Calculation of inhibition percentage: 

Inhibition percentage = (ΔAblank - ΔAmeasuring) ÷ ΔAblank ×100% 

(Try to make the sample inhibition percentage within the range of 30-70%, the 

closer to 50% the more accurate. If the calculated percentage of inhibition rate is 

less than 30% or greater than 70%, it is necessary to adjust the sample amount and 

re-test. If the percentage of inhibition measured is high, the sample should be diluted 

appropriately. If the percentage of inhibition measured is low, a new sample with a 

higher concentration should be prepared) 

b) Calculation of SOD enzyme activity 

SOD activity in cells (U/104 cells) 

= [Inhibition percentage ÷ (1- Inhibition percentage) × Vreaction] ÷ (500 ×

Vspecimen÷Vextracting)×F 

= 0.0228×Inhibition percentage÷(1- Inhibition percentage)×F 

where, 

ΔAmeasuring = Ameasuring – Acontrol 

ΔAblank = Ablank1 - Ablank2 

Vreaction = total volume of the reaction system (1.026mL) 

Vspecimen = the volume of specimen added to the reaction (0.09mL) 

Vextracting = volume of added extract (1mL) 

F = times the dilution rate of the specimen 
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3.6.3 Glutathione reductase (GR) content detection 

Detection principle: 

Glutathione disulfide(GSSG) is catalyzed by glutathione reductase and hydrogen is 

supplied by NADPH. After GSSG is reduced to glutathione, GSH increases and 

NADPH decreases. A decrease in the absorbance value of NADPH can be detected at 

340nm. 

 

Components of the detection kit: 

Component Quantity Storage temperature Method of 

application 

First reagent Liquid 60mL*2 bottle 4℃  

Second reagent Powder *4 bottle 4℃ Add 1mL double 

distilled water to each 

bottle to dissolve it 

fully for reserve 

Third reagent Powder *2 bottle -20℃ Add 1mL double 

distilled water to each 

bottle to dissolve it 

fully for reserve 

Preparation of working reagent: According to the ratio of first reagent: second reagent: third 

reagent = 2300: 60: 30 preparations 

 

Specimen treatment: 

Collect the algal liquid into the centrifuge tube and after centrifugation (8000g, 4℃ for 

10 min), remove the supernatant and place it on ice waiting for testing. 
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Operating steps: 

a) Set the uv spectrophotometer at 340nm. Zero quartz cuvette with 1cm specific light 

diameter by using double distilled water. 

b) Add 20μl of chlorella vulgaris supernatant into each test tube. Drain 2.4mL of 

working reagent into the test tube, mix quickly and time. 

c) Quickly pour into a quartz colorimetric dish, using ultraviolet spectrophotometer at 

340nm colorimetric. The absorbance value A1 is read at 30 seconds 

d) The quartz colorimeter is accurately bathed in water at 37 ° C for 2 minutes, and the 

absorbance value A2 is read at 2 minutes and 30 seconds. 

e) Find the absorbance difference (𝛥A=A1-A2). 

 

Active computing: 

GR activity in cells (U/gprot) 

= 
(𝐴1−𝐴2)

6.22×𝑑
÷ 𝑡 ÷ (𝑉 × 𝐶) × 𝑁 

= 
(𝐴1−𝐴2)

3.11
÷ (𝑉 × 𝐶) 

where, 

t = reaction time (2 minutes) 

d = specific light diameter (1cm) 

V = specimen volume taken (ml) 

C = the protein concentration of the specimen to be measured (gprot/mL) 

N = dilution ratio of specimen before determination 
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3.6.4 Soluble sugar content detection 

Determination of standard curve of soluble sugar: 

1g anthrone is taken out, dissolve in 50mL ethyl acetate and store in a brown bottle as 

anthrone ethyl acetate reagent. Accurately weigh 1g glucose, add a small amount of 

water to dissolve it. Put it into a 100mL volumetric flask and use distilled water to a 

constant volume to the scale to prepare 1% mother liquor. Add 1mL of 1% mother 

liquor into a 100mL volumetric flask and add distilled water to the scale. This will be 

prepared for a glucose solution with a concentration of 100μg/mL. 

Absorb 0, 0.2, 0.4, 0.6, 0.8 and 1.0mL glucose solution with a concentration of 

100μg/mL into a 25mL colorimetric tube. Then add an appropriate amount of distilled 

water to 2mL. 0.5mL anthrone ethyl acetate reagent and 5mL concentrated sulfuric acid 

are successively added to each colorimetric tube. Each colorimetric tube is immediately 

put into a boiling water bath at 95℃ and keep warm for 10 minutes. After taking them 

out, they are cooled to room temperature. Then their absorbance is measured at 620nm 

wavelength with blank as reference. The standard curve is drawn with the sugar content 

as the abscissa and the corresponding absorbance as the ordinate. 

 

Determination of soluble extracellular polysaccharide content： 

Collect 3mL algal liquid into the centrifuge tube and after centrifugation (8000g, 4℃ 

for 10 min), remove the supernatant and place it on ice waiting for testing. Take out 

0.5mL supernatant and dilute to 2mL with distilled water. Transfer to another clean 

25mL colorimetric tube. Then add 0.5mL anthrone ethyl acetate reagent and 5mL 

concentrated sulfuric acid. Each colorimetric tube is immediately put into a boiling 

water bath at 95℃ and keep warm for 10 minutes. After taking them out, they are cooled 
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to room temperature. Then their absorbance is measured at 620nm wavelength with 

blank(0.5mL medium + 1.5mL deionized water) as reference. 

soluble extracellular polysaccharide content (%) 

= 
(𝑚×𝑉𝑟×𝑁)

𝑚𝑠×𝑉𝑠×10
4 × 100 

where, 

m = the amount of sugar from the standard curve (μg) 

ms = total quantity of specimen (μg) 

Vr = total volume of extract (mL) 

Vs = specimen volume taken during detection (mL) 

N = diluted multiples 

 

Determination of soluble colloidal polysaccharide content： 

Collect the algal liquid into the centrifuge tube and discard the supernatant after 

centrifugation. Add 5mL PBS, ultrasonic broken cells. Centrifuge again (8000g, 4℃ 

for 10 min), remove the supernatant and place it on ice waiting for testing. Take out 

0.5mL supernatant and dilute to 2mL with distilled water. Transfer to another clean 

25mL colorimetric tube. Then add 0.5mL anthrone ethyl acetate reagent and 5mL 

concentrated sulfuric acid. Each colorimetric tube is immediately put into a boiling 

water bath at 95℃ and keep warm for 10 minutes. After taking them out, they are cooled 

to room temperature. Then their absorbance is measured at 620nm wavelength with 

PBS buffer(0.5mL PBS + 1.5mL deionized water) as reference. 
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soluble extracellular polysaccharide content (%) 

= 
(𝑚×𝑉𝑟×𝑁)

𝑚𝑠×𝑉𝑠×10
4 × 100 

where, 

m = the amount of sugar from the standard curve (μg) 

ms = total quantity of specimen (μg) 

Vr = total volume of extract (mL) 

Vs = specimen volume taken during detection (mL) 

N = diluted multiples 

 

 

Figure3.6.4.1 The centrifuge tube used in the experiment 
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Figure 3.6.4.2 Centrifuges used in experiments 
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CHAPTER 4 RESULTS AND DISSCUSION 

4.1 The growth cycle of chlorella vulgaris 

Figure 4.1.1 and Figure 4.1.2 illustrate the growth cycle of chlorella vulgaris 

experimental groups with carbon steel with polarization curves obtained at the different 

time points (1h, 4h, 8h, 16h, 1d, 2d, 3d, 4d, 8d, 12d, 16d). Figure 4.1.3 and Figure 4.1.4 

display the growth cycle of chlorella vulgaris experiment groups with carbon steel 

which was only immersed for 8d. Then the Q235 carbon steel was removed for 

derusting and surface analysis. Figure 4.1.5 and Figure 4.1.6 show the growth cycle of 

chlorella vulgaris experiment groups with carbon steel which was immersed for 16d. 

Then the Q235 carbon steel was removed for derusting and surface analysis. Figure 

4.1.7 and Figure 4.1.8 depict the growth cycle of chlorella vulgaris experiment groups 

without carbon steel which was immersed for 16d. Figure 4.1.9 present the growth cycle 

of all the chlorella vulgaris experiment groups. The growth process of chlorella vulgaris 

can be divided into four stages which are lag phase, exponential phase, stationary phase 

and death phase (Sachit., 2018). And these figures clearly showed the chlorella 

experience the lag phase and the exponential phase. At the lag phase, chlorella vulgaris 

was just inoculated into the culture medium. The density of chlorella was low, and it 

divided slowly. It was the reason that why the growth of chlorella was relatively slow. 

At the exponential phase, The culture medium of the newly inoculated algae contained 

rich nutrients. After the chlorella vulgaris adapted to the culture medium for a period of 

time, it began to reproduce rapidly in the form of secondary division, and its growth 

was exponential. However, these figures did not show the two remaining stages of 
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chlorella vulgaris growth, because the experimental growth cycle was too short to 

observe the entire growth cycle. 

 

 

Figure 4.1.1 The growth cycle of experiment group chlorella vulgaris  CS A with carbon steel, 

need to make polarization curves 

 

 

Figure 4.1.2 The growth cycle of experiment group chlorella vulgaris  CS B with carbon steel, 

need to make polarization curves 
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Figure 4.1.3 The growth cycle of experiment group chlorella vulgaris  8d A with carbon steel, 

immerse for 8d 

 

 

Figure 4.1.4 The growth cycle of experiment group chlorella vulgaris  8d B with carbon steel, 

immersed for 8d 
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Figure 4.1.5 The growth cycle of experiment group chlorella vulgaris  16d A with carbon steel, 

immersed for 16d 

 

 

Figure 4.1.6 The growth cycle of experiment group chlorella vulgaris  16d B with carbon steel, 

immersed for 16d 
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Figure 4.1.7 The growth cycle of experiment group chlorella vulgaris A without carbon steel, 

immersed for 16d 

 

 

Figure 4.1.8 The growth cycle of experiment group chlorella vulgaris B without carbon steel, 

immersed for 16d 
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Figure 4.1.9 The growth cycle of all the experiment groups 
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4.2 Weight loss of Q235 carbon steel for 8d and 16d with and without chlorella 

vulgaris 

The corrosion rates of Q235 carbon steel for 8d and 16d with and without C. vulgaris 

were showed on the Table 4.2.1 and 4.2.2. The control groups A and B meant the Q235 

immersed in pure medium. For the control groups, the average corrosion rates were 

0.433 mm/y at 8d and 0.394 mm/y at 16d. For the C. vulgaris groups, the average 

corrosion rates were 0.163 mm/y at 8d and 0.209 mm/y at 16d. These results suggest 

that the initial corrosion rate of Q235 carbon steel in pure medium was large at 8d but 

decreased gradually as time increased. For the Q235 carbon steel immersing in C. 

vulgaris, the initial corrosion rate was small at 8d but the increased gradually as time 

increased. These results indicated that chlorella vulgaris formed a protective film on the 

surface of carbon steel at the initial stage of corrosion, which had a certain protective 

effect on carbon steel. However, with the passing of time, the corrosion products on the 

surface of carbon steel are constantly updated, the protective film falls off, chlorella 

vulgaris was difficult to adhere to the surface of carbon steel, and the corrosion rate 

began to increase significantly. 
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Table 4.2.1 The corrosion rates of Q235 carbon steel for 8d with and without C. vulgaris 

 𝛥m(g) A(cm2) t(h) ρ(g/cm3) 𝑤(mm/y) �̅�(mm/y) 

Control. A 0.0057 1 192 7.85 0.33129  

0.433 Control. B 0.0092 1 192 7.85 0.53471 

C. vulgaris 

A 

0.0034 1 192 7.85 0.19761  

0.163 
C. vulgaris 

B 

0.0022 1 192 7.85 0.12787 

 

Table 4.2.2 The corrosion rates of Q235 carbon steel for 16d with and without C. vulgaris 

 𝛥m(g) A(cm2) t(h) ρ(g/cm3) 𝑤(mm/y) �̅�(mm/y) 

Control. A 0.0141 1 384 7.85 0.40975  

0.394 Control. B 0.0130 1 384 7.85 0.37779 

C. vulgaris 

A 

0.0080 1 384 7.85 0.23248  

0.209 
C. vulgaris 

B 

0.0064 1 384 7.85 0.18599 
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4.3 Corrosion morphology after removing corrosion products 

Figure 4.3.1 and Figure 4.3.3 show the corrosion morphology of Q235 carbon steel 

immersed in pure culture medium without C. vulgaris for 8 days and 16 days at low and 

high magnifications. Figure 4.3.2 and Figure 4.3.4 show the corrosion morphology of 

Q235 carbon steel immersed in culture medium with C. vulgaris for 8 days and 16 days 

at low and high magnifications. By comparing Figure 4.3.1 and Figure 4.3.3 to Figure 

4.3.2 and Figure 4.3.4, the results indicate Q235 carbon steel was uniformly corroded 

in the pure culture medium without chlorella vulgaris, and the surface of the material 

was evenly distributed with large and small corrosion pits. However, uneven corrosion 

occurred on the surface of carbon steel Q235 in the culture medium containing chlorella 

vulgaris, and serious corrosion occurred on some surfaces. Compared with the system 

without chlorella, the corrosion pit was larger. This indicate that the corrosion of carbon 

steel Q235 in chlorella vulgaris system was more serious. In the algae-containing 

system, the photosynthesis of chlorella vulgaris would produce a large amount of 

oxygen, which significantly increased the dissolved oxygen content in the culture 

medium. Thus accelerated the oxygen depolarization reaction of the cathode. Chlorella 

vulgaris can also form a protective film on the surface of carbon steel. However, the 

uneven distribution of biofilms on the metal surface under oxygen conditions will lead 

to oxygen concentration differential battery and accelerate the corrosion of Q235 carbon 

steel (Yasuko and Shigeo., 1999). 
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Figure 4.3.1 Corrosion morphology of Q235 carbon steel immersed in pure culture medium of 

group a (a-1 to a-4) and b (b-1 to b-4) without C. vulgaris for 8 days at low and high 

magnifications 
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Figure 4.3.2 Corrosion morphology of Q235 carbon steel immersed in culture medium of group A 

(A-1 to A-4) and B (B-1 to B-4) with C. vulgaris for 8 days at low and high magnifications 
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Figure 4.3.3 Corrosion morphology of Q235 carbon steel immersed in pure culture medium of 

group c (c-1 to c-4) and d (d-1 to d-4) without C. vulgaris for 16 days at low and high 

magnifications 
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Figure 4.3.4 Corrosion morphology of Q235 carbon steel immersed in culture medium of group C 

(C-1 to C-4) and D (D-1 to D-4) with C. vulgaris for 16 days at low and high magnifications 
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4.4 Surface biofilm analysis 

Figure 4.4.1 and Figure 4.4.4 show the SEM images of biofilm with chlorella vulgaris 

for 8 and 16 days at low and high magnifications. Figure 4.4.7 and Figure 4.4.10 show 

the SEM images of corrosion products film without chlorella vulgaris for 8 and 16 days 

at low and high magnifications. And Figure 4.4.2, 4.4.3, 4.4.5 and 4.4.6 indicate the 

corresponding EDS for different spectrograms with chlorella vulgaris after 8- and 16-

days incubation. Figure 4.4.8, 4.4.9, 4.4.11 and 4.4.12 indicate the corresponding EDS 

for different spectrograms without chlorella vulgaris after 8- and 16-days incubation. 

Table 4.4.1 to 4.4.8 show that the specimen surface had high contents of the elements 

for O, P and Fe. And this result also proved that the corrosion products and the formation 

of biofilm on the specimen surface. Compared Table 4.4.1 to 4.4.3 and Table 4.4.5 to 

4.4.7, the element of O contents for the EDS with chlorella vulgaris were higher than 

the EDS without chlorella vulgaris. Because the chlorella vulgaris can photosynthesize 

which increases oxygen levels. For the Table 4.4.1 and 4.4.2, these two tables show the 

element of Si and Mg which did not exist on the Table 4.4.5 and 4.4.6.  Because silicon 

is one of the nutrients that chlorella needs to grow and help it photosynthesize. 

Magnesium is one of the most important components of chlorophyll. When the chlorella 

dies on the surface of the sample, the pigment in the chlorella is released and therefore 

contains magnesium (Zheng et al., 2018). 
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Figure 4.4.1 SEM images (a-1 to a-5) of biofilm with C. vulgaris for 8 days at low and high 

magnifications 
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Figure 4.4.2 The corresponding EDS for spectrogram 7 (a-6) with C. vulgaris after 8 days 

incubation 

 

Table 4.4.1 Comparative analysis of corresponding EDS for spectrogram 7 with C. vulgaris after 

8 days incubation 

Spectrogram 7 

Elements Line type wt (%) At (%) 

C K line 11.02 20.65 

O K line 41.96 59.03 

Si K line 1.31 1.05 

P K line 0.76 0.56 

Cl K line 2.62 1.66 

Fe K line 42.33 17.06 

 



65 

 

 

Figure 4.4.3 The corresponding EDS for spectrogram 8 (a-6) with C. vulgaris after 8 days 

incubation 

 

Table 4.4.2 Comparative analysis of corresponding EDS for spectrogram 8 with C. vulgaris after 

8 days incubation 

Spectrogram 8 

Elements Line type wt (%) At (%) 

C K line 16.31 26.65 

O K line 45.92 56.34 

Mg K line 2.35 1.90 

Si K line 0.91 0.63 

P K line 4.12 2.61 

Cl K line 5.13 2.84 

K K line 0.58 0.29 

Ca K line 0.44 0.22 

Fe K line 24.24 8.52 
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Figure 4.4.4 SEM images (b-1 to b-5) of biofilm with C. vulgaris for 16 days at low and high 

magnifications 
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Figure 4.4.5 The corresponding EDS for spectrogram 3 (b-6) with C. vulgaris after 16 days 

incubation 

 

Table 4.4.3 Comparative analysis of corresponding EDS for spectrogram 3 with C. vulgaris after 

16 days incubation 

Spectrogram 3 

Elements Line type wt (%) At (%) 

C K line 12.75 23.19 

O K line 41.47 56.64 

Si K line 2.38 1.85 

P K line 0.71 0.50 

Cl K line 4.12 2.54 

Ca K line 1.19 0.65 

Fe K line 37.37 14.62 
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Figure 4.4.6 The corresponding EDS for spectrogram 3 (b-6) with C. vulgaris after 16 days 

incubation 

 

Table 4.4.4 Comparative analysis of corresponding EDS for spectrogram 4 with C. vulgaris after 

16 days incubation 

Spectrogram 4 

Elements Line type wt (%) At (%) 

C K line 6.64 17.83 

O K line 16.17 32.60 

Na K line 0.46 0.65 

Mg K line 0.20 0.27 

Si K line 2.80 3.22 

P K line 0.87 0.91 

Cl K line 6.10 5.54 

K K line 0.27 0.22 

Ca K line 1.65 1.32 

Fe K line 64.83 37.44 
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Figure 4.4.7 SEM images (A-1 to A-5) of corrosion products film without C. vulgaris for 8 days at 

low and high magnifications 
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Figure 4.4.8 The corresponding EDS for spectrogram 19 (A-6) without C. vulgaris after 8 days 

incubation 

 

Table 4.4.5 Comparative analysis of corresponding EDS for spectrogram 19 without C. vulgaris 

after 8 days incubation 

Spectrogram 19 

Elements Line type wt (%) At (%) 

C K line 13.30 25.14 

O K line 35.44 50.28 

P K line 2.21 1.62 

Cl K line 12.53 8.02 

K K line 0.36 0.21 

Ca K line 0.26 0.15 

Fe K line 35.91 14.59 
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Figure 4.4.9 The corresponding EDS for spectrogram 20 (A-6) without C. vulgaris after 8 days 

incubation 

 

Table 4.4.6 Comparative analysis of corresponding EDS for spectrogram 20 without C. vulgaris 

after 8 days incubation 

Spectrogram 20 

Elements Line type wt (%) At (%) 

C K line 11.77 24.70 

O K line 4.54 7.15 

Na K line 25.63 28.11 

Cl K line 53.21 37.84 

Fe K line 4.85 2.19 

 



76 

 

  

  



77 

 

  

  



78 

 

  

Figure 4.4.10 SEM images (B-1 to B-5) of corrosion products film without C. vulgaris for 16 days 

at low and high magnifications 
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Figure 4.4.11 The corresponding EDS for spectrogram 17 (B-6) without C. vulgaris after 16 days 

incubation 

 

Table 4.4.7 Comparative analysis of corresponding EDS for spectrogram 17 without C. vulgaris 

after 16 days incubation 

Spectrogram 17 

Elements Line type wt (%) At (%) 

C K line 12.17 24.42 

O K line 32.62 49.12 

Na K line 1.21 1.27 

Si K line 1.72 1.47 

P K line 0.67 0.52 

Cl K line 3.25 2.21 

K K line 0.45 0.28 

Ca K line 0.23 0.14 

Fe K line 47.67 20.57 
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Figure 4.4.12 The corresponding EDS for spectrogram 18 (B-6) without C. vulgaris after 16 days 

incubation 

 

Table 4.4.8 Comparative analysis of corresponding EDS for spectrogram 18 without C. vulgaris 

after 16 days incubation 

Spectrogram 18 

Elements Line type wt (%) At (%) 

C K line 10.55 21.10 

O K line 35.89 53.89 

Si K line 1.80 1.54 

P K line 0.64 0.49 

S K line 0.14 0.11 

Cl K line 3.21 2.18 

K K line 0.59 0.36 

Ca K line 0.18 0.11 

Fe K line 47.00 20.22 
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4.5 Electrochemical measurement results 

Figure 4.5.1 show the electrochemical impedance spectra of Q235 carbon steel for 8 

days with and without chlorella vulgaris. Figure 4.5.2 show the electrochemical 

impedance spectra of Q235 carbon steel for 16 days with and without chlorella vulgaris. 

Zsimpwin software was used to fit the EIS according to the equivalent circuit shown in 

Figure 4.5.3. The parameters obtained by fitting are shown in Table 4.5.1 to 4.5.3.  

where, 

Rs = solution resistance 

Qf = the constant phase angle element of the surface layer 

Rf = the surface layer resistance 

Qdl = the constant phase element of the interface double electric layer 

Rct = the charge transfer resistance 

And Rct can be used to characterize the metal corrosion rate. The smaller Rct is, the 

higher the metal corrosion rate is (Zhang et al., 2012). 

 

Analyzed the equivalent circuits of Q235 carbon steel for two-time constant which 

shown on Table 4.5.2 and 4.5.3. At the beginning of reaction (1h), the Rf value in 

chlorella vulgaris absence system was much lower than that in chlorella vulgaris 

presence system. This indicates that the protective effect of composite membrane 

structure formed in chlorella vulgaris presence system on the matrix metal is far greater 

than that of pure calcareous deposition layer. At the same concentration (160mg/L), the 

Rct value of chlorella vulgaris absence system was lower than that of chlorella vulgaris 

presence system. This indicates that the chlorella vulgaris presence system formed a 

biofilm at the initial stage of the reaction, which blocked the charge passing through the 
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solution and led to the direct corrosion of carbon steel. In the middle of reaction (4d), 

the Rf value in chlorella vulgaris absence system increased compared with the initial 

reaction, while the Rf value in chlorella vulgaris absence system with the same 

concentration (160mg/L) decreased compared with the initial reaction. And the Rf value 

in chlorella vulgaris absence system was still lower than that in chlorella vulgaris 

presence system. These results indicate that in 4d time, the composite membrane 

structure formed in the chlorella vulgaris presence system played a dominant role in 

protecting the matrix metal. At the same concentration (160mg/L), the Rf value of 

chlorella vulgaris presence system almost reached the minimum value in the middle of 

the reaction and then began to rise. This indicates that the middle stage of the reaction 

was an inflection point for the chlorella vulgaris presence system. At this stage, all the 

corrosion product films on the surface of the matrix metal lost their efficacy, and the 

algae liquid or pure f/2 medium directly corroded the matrix metal. The Qdl value of 

chlorella vulgaris presence system was smaller than that of chlorella vulgaris absence 

system. This is because the surface of the sample formed a microbial membrane, and 

the membrane is mainly composed of some biological macromolecules and organic 

macromolecules. The low dielectric constant of the molecule promoted the adhesion of 

chlorella vulgaris to the surface of the material. When the material immersed in chlorella 

vulgaris environment for a period, chlorella vulgaris attached to the metal surface in 

large quantities, thus reducing the Qdl value. At the later stage of reaction (16 d), the Rf 

value in chlorella vulgaris absence system increased compared with that in the early 

stage of reaction. The Rf value of the chlorella vulgaris presence system at the same 

concentration (160mg/L) decreased compared with the initial reaction. This indicates 

that chlorella vulgaris has a more severe corrosion response to carbon steel. This is 

consistent with the SEM figure of 16d. It can be seen from the figure that the corrosion 
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pit of carbon steel in the chlorella vulgaris presence system is larger, and the concave 

surface and convex surface are more obvious. The Rct value of chlorella vulgaris 

absence system was smaller than that of chlorella vulgaris presence system. This 

indicates that carbon steel corrodes more easily in chlorella vulgaris absence systems 

than in chlorella vulgaris presence systems after 16 days of immersion. This was 

consistent with the results of 16-day electrochemical impedance spectra. 

Analyzed the equivalent circuits of Q235 carbon steel for both one-time and two-time 

constant which shown on Table 4.5.1 and 4.5.3. The results of the analysis are roughly 

the same as the two-time constant. 
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Figure 4.5.1 Nyquist plots of Q235 carbon steel for 8 days with and without chlorella vulgaris 

 

 

Figure 4.5.2 Nyquist plots of Q235 carbon steel for 16 days with and without chlorella vulgaris 
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Figure 4.5.3 Equivalent circuits of Q235 carbon steel for one-time and two-time constant 

 

Table 4.5.1 Fitted parameters of EIS of Q235 carbon steel for one-time constant without C. 

vulgaris 

Time Rct 

(Ω·cm2) 

Rs 

(Ω·cm2) 

Qdl 

(10-6Ω-1·cm-2·s-n) 

1h 674.90 8.33 496.10 

4h 1046.00 17.48 1060.00 

8h 781.60 14.46 799.80 

16h 592.30 21.99 543.50 

1d 779.60 11.43 265.70 
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2d 605.80 13.94 180.90 

3d 183.10 8.39 861.00 

4d 217.40 12.32 884.00 

8d 346.30 21.75 1612.00 

12d 396.40 17.43 874.60 

16d 434.70 23.26 794.30 

 

 

Table 4.5.2 Fitted parameters of EIS of Q235 carbon steel for two-time constant without C. 

vulgaris 

Time Rct 

(Ω·cm2) 

Qf 

(10-6Ω-1·cm-2·s-n) 

Rf 

(Ω·cm2) 

Qdl 

(10-6Ω-1·cm-2·s-n) 

1h 664.50 179.30 41.85 462.90 

4h 1085.00 485.00 120.40 1103.00 

8h 803.10 305.70 93.18 948.70 

16h 600.50 249.20 144.10 1018.00 

1d 847.50 121.70 158.10 487.90 

2d 684.00 96.74 198.50 586.50 

3d 388.70 189.40 49.70 3686.00 

4d 444.00 182.80 60.64 3687.00 

8d 560.10 308.50 79.56 4243.00 

12d 740.50 188.20 93.75 2631.00 

16d 578.90 165.60 97.89 2024.00 
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Table 4.5.3 Fitted parameters of EIS of Q235 carbon steel for two-time constant with C. vulgaris 

Time Rct 

(Ω·cm2) 

Qf 

(10-6Ω-1·cm-2·s-n) 

Rf 

(Ω·cm2) 

Qdl 

(10-6Ω-1·cm-2·s-n) 

1h 2178.00 100.20 101.20 414.40 

4h 1229.00 152.80 220.00 292.50 

8h 1236.00 126.60 263.40 261.90 

16h 885.60 81.77 344.80 228.10 

1d 360.50 101.10 99.65 1011.00 

2d 466.10 110.30 87.09 2448.00 

3d 354.90 111.70 73.82 3113.00 

4d 379.30 128.00 70.06 3199.00 

8d 589.00 230.50 71.43 3784.00 

12d 733.70 312.00 75.12 3847.00 

16d 700.60 342.00 64.76 3804.00 
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4.6 Physiological and biochemical test results 

4.6.1 Hydrogen peroxide(H2O2) content detection result 

According to Figure 4.6.1.1, the content of hydrogen peroxide in chlorella vulgaris 

solution with Q235 carbon steel was higher than that in chlorella vulgaris solution 

without Q235 carbon steel at any time point. Due to the presence of Q235 carbon steel, 

the ability of chlorella vulgaris to degrade hydrogen peroxide decreased and the content 

of hydrogen peroxide increased. The concentration of hydrogen peroxide has a 

significant effect on the growth of algae. The higher the concentration of hydrogen 

peroxide, the greater the removal rate of chlorophyll, thus affecting the normal growth 

of chlorella vulgaris (Li et al., 2015). 

 

 

Figure 4.6.1.1 H2O2 content in the C. vulgaris solution for different time with and without Q235 

carbon steel 
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4.6.2 Superoxide dismutase (SOD) content detection result 

Figure 4.6.2.1 shows the SOD activity in the chlorella vulgaris solution with Q235 

carbon steel was higher than the chlorella vulgaris solution without Q235 carbon steel 

at 0h, 24h and 8d. This indicates that the presence of carbon steel destroys the metabolic 

balance of microalgae cells, leading to the accumulation of more O2
- in cells, thus 

inducing the expression of SOD (Mallick et al., 2000). The mechanism of 

disproportionation O2
- is as follows: 

 

2𝑂2
− + 2𝐻+

𝑆𝑂𝐷
→  𝐻2𝑂2 + 𝑂2 (4.6.2.1) 

 

 

Figure 4.6.2.1 SOD content in the C. vulgaris solution for different time with and without Q235 

carbon steel 

4.6.3 Glutathione reductase (GR) content detection result 

Figure 4.6.3.1 clearly shows that the GR content in the chlorella vulgaris solution 

without Q235 carbon steel was higher than the chlorella vulgaris solution with Q235 
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carbon steel at 0h, 24h and 8d. CAT and GR can catalyze the decomposition of 

hydrogen peroxide. CAT has a high affinity with hydrogen peroxide and is the main 

scavenger of hydrogen peroxide. GR is the second line of defense for intracellular ROS 

elimination. This suggests that the high content of hydrogen peroxide in the algal fluid 

due to the presence of carbon steel leads to the enhancement of CAT activity. However, 

the content of hydrogen peroxide in the algae solution without carbon steel was not 

enough to cause the increase of CAT activity. In order to eliminate this part of hydrogen 

peroxide, the second line of defense GR is needed (Liu et al., 2016). 

 

Figure 4.6.3.1 GR content in the C. vulgaris solution for different time with and without Q235 

carbon steel 

4.6.4 soluble extracellular polysaccharide content result 

Figure 4.6.4.1 shows the standard curve of soluble extracellular polysaccharide which 

would be used to calculate the content of the soluble extracellular polysaccharide in 

Figure 4.6.4.2. According to the Figure 4.6.4.2, the content of soluble extracellular 

polysaccharide in chlorella vulgaris solution without Q235 carbon steel was higher than 
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the chlorella vulgaris solution with Q235 carbon steel at 0h, 8d and 16d. 

Exopolysaccharide is an important component in the formation and maintenance of 

algal cell population. It can not only alleviate the feedback inhibition of photosynthate, 

but also play a certain protective effect on algae cells (Kang et al., 2008). Higher content 

of soluble extracellular polysaccharide indicates that chlorella vulgaris can grow better 

without Q235 carbon steel. 

 

 

Figure 4.6.4.1 The standard curve of soluble extracellular polysaccharide 
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Figure 4.6.4.2 Soluble extracellular polysaccharide content in the C. vulgaris solution for 

different time with and without Q235 carbon steel 
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4.6.5 soluble colloidal polysaccharide content result 

Figure 4.6.5.1 shows the standard curve of soluble colloidal polysaccharide which 

would be used to calculate the content of the soluble colloidal polysaccharide in Figure 

4.6.5.2. According to the Figure 4.6.5.2, the content of soluble colloidal polysaccharide 

in chlorella vulgaris solution without Q235 carbon steel was higher than the chlorella 

vulgaris solution with Q235 carbon steel at 0h, 8d and 16d. Colloidal polysaccharide 

has important resistance to extreme environment (Markosyan et al., 2019). Therefore, 

chlorella vulgaris can grow better without Q235 carbon steel. 

 

 

Figure 4.6.5.1 The standard curve of soluble colloidal polysaccharide 
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Figure 4.6.5.2 Soluble colloidal polysaccharide content in the C. vulgaris solution for different 

time with and without Q235 carbon steel 
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CHAPTER 5 CONSLUSION 

In this study, the influence of chlorella vulgaris on the corrosion behavior of Q235 

carbon steel in marine environment has been systematically investigated by use of a 

number of surface characterization and electrochemical tools including SEM, EDS and 

electrochemical workstation. Chlorella vulgaris could form a protective film on the 

surface of carbon steel at the initial stage of corrosion process, which had a certain 

protective effect on carbon steel. However, with the proceeding of the experiments, the 

corrosion products on the surface of carbon steel were constantly produced followed by 

the dislocation of the protective film from the surface. Consequently, chlorella vulgaris 

became difficult to adhere to the surface of carbon steel, and the corrosion rate began 

to increase significantly. After immersing the carbon steel in the medium for 16 days, 

uneven corrosion occurred on the surface of Q235 carbon steel in the culture medium 

containing chlorella vulgaris, and a severe corrosion phenomenon occurred on the 

surfaces of some steel samples. Compared with the system without chlorella, the 

corrosion pit was observed to become larger. According to SEM characterization of 

chlorella vulgaris corrosion product film and corresponding EDS analysis, it was further 

proved that corrosion products and biofilm were formed on the surface of the specimen. 

The results of electrochemical test showed that in the carbon steel system containing 

chlorella vulgaris, the protective effect of the composite film structure formed by 

chlorella vulgaris on the matrix metal was much stronger than that of pure calcareous 

deposition. In the middle stage of corrosion reaction, the composite membrane structure 

formed by chlorella vulgaris played a leading role in protecting the matrix metal. At this 

stage, all the formed corrosion product film on the surface of the matrix metal failed to 

prevent corrosion. In the later stage of reaction, chlorella vulgaris had a strong corrosion 
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reaction on carbon steel. Corrosion pit on carbon steel at this stage became larger with 

more obvious concave and convex surface. Physiological and biochemical test results 

based on H2O2 content, SOD content, GR content, soluble extracellular polysaccharide 

content and soluble colloidal polysaccharide content showed that the environment 

without Q235 carbon steel was more conductive to the growth of chlorella vulgaris. The 

findings from this study will be very beneficial to the corrosion protection and 

management of the marine structures. 

 

 

 

 

 



97 

 

REFERENCES 

Bhadury, P., Wright, P.C. (2004), “Exploitation of marine algae: biogenic compounds 

for potential antifouling applications”, Planta 219, 561–578.  

 

Irving, T. E., & Allen, D. G. (2011), “Species and material considerations in the 

formation and development of microalgal biofilms”, Applied microbiology and 

biotechnology, 92(2), 283–294. 

 

Jayakumar, S., & Saravanane, R. (2010), “Biodeterioration Of Coastal Concrete 

Structures By Marine Green Algae”, International Journal of Civil Engineering, 

8(4), 352-361.  

 

Kang, L., Juan. (2008), “Effects of alkalinity variations on photosynthetic activity and 

exopotysaccharides of Chlorella pyrenoidosa”, Journal of Lake Sciences, 20(2), 

251-256. 

 

Li, J., Wang, Y., and Gao, P. (2015), “Damaging effects of hydrogen peroxide on 

Microcystis aeruginosa”, Acta Scientiae Circumstantiae, 35(4), 1183-1189. 

 

Lin, M., Xiao. (2020), “Effect of chlorella vulgaris on corrosion behavior of Mg-3Y 

1.5Nd alloy in natural seawater”, Journal of Materials Engineering, 48(1), 98- 

107. 

 

 



98 

 

Liu, H., Wei. (2015), “Study of corrosion behavior and mechanism of carbon steel in 

the presence of Chlorella vulgaris”, Corrosion Science, Vol.101, pp. 84-93. 

 

Liu, H., Wei. (2018), “Microbiologically influenced corrosion of 316L stainless steel in 

the presence of Chlorella vulgaris”, International Biodeterioration & 

Biodegradation, Vol.129, pp. 209-216. 

 

Liu, S., Ya. (2016), “EFFECT OF MODIFIED CLAY FLOCCULATION ON 

PHYSIOLOGICAL ACTIVITY OF CHLORELLA VULGARIS”, 

Oceanologia et Limnologia Sinica, 47(4), 748-754. 

 

Mallick, N., & Mohn, H., Friedrich. (2000), “Reactive oxygen species: response of algal 

cells”, Journal of Plant Physiology, Vol.157, pp. 183-193. 

 

Markosyan, L. (2019), “Study of Colloidal Polysaccharides Produced by Iron Oxidizing 

Bacteria Leptospirillum ferriphilum CC”, Geomicrobiology Journal, Vol.36, pp. 

188-193. 

 

Safi, C. (2014), “Morphology, composition, production, processing and applications of 

Chlorella vulgaris: A review”, Renewable and Sustainable Energy Reviews, 

Vol.35, pp. 265-278. 

 

Wang, J., Lei. (2020), “Inhibition effects of benzalkonium chloride on Chlorella 

vulgaris induced corrosion of carbon steel”, Journal of Materials Science & 

Technology, Vol.43, pp. 14-20. 



99 

 

Yasuko, I., & Shigeo, T. (1999), “Effect of bacteria combined with diatom on 

ennoblement of electrode potential for stainless in natural sea water; Shizen 

kaishu shu sutenresu no sizen denikika ni oyobosu bakuteria no eikyo”, Zairyo 

to Kankyo, Vol.48, pp. 520-527. 

 

Zhang, J. (2012), “Effect of Shiva alginate on the corrosion performance of Zn-Al-Cd 

sacrificial anode”, Journal of Metal, Vol.12, pp. 1495-1502. 

 

Zhang, J. (2018), “Influence of Calcareous Deposit on Corrosion Behavior of Q235 

Carbon Steel in Marine Microalgae Containing Medium”, Journal of Chinese 

Society for Corrosion and protection, 38(1), 18-25. 

 

Zheng, C., Bo. (2018), “Effect of Chlorella Vulgaris on Corrosion Behavior of Q235 

Carbon Steel in Seawater”, Corrosion & Protection, 39(4), 247. 

 

 

 

 

 

 

 


	DECLARATION
	APPROVAL FOR SUBMISSION
	ACKNOWLEDGEMENTS
	ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER 1 INTRODUCTION
	1.1 Background
	1.2 Introduction of chlorella vulgaris and Q235 carbon steel

	CHAPTER 2 LITERATURE REVIEW
	2.1 The corrosion morphology and the EIS of Q235 carbon steel immersed in culture medium with and without chlorella vulgaris
	2.2 The comparative analysis of EDS corresponding to the SEM images and the weight loss test in the presence and absence of chlorella vulgaris
	2.3 Effect of adhesion rate of Chlorella on carbon steel Q235 on corrosion of carbon steel
	2.4 Surface morphology after removing corrosion products and the XPS analysis in the presence and absence of chlorella vulgaris

	CHAPTER 3 METHODOLOGY
	3.1 Culture of Chlorella
	3.2 Determination of chlorella vulgaris density
	3.3 Immersion experiment
	3.3.1 Preparation for immersion experiment
	3.3.2 Derusting processing
	3.3.3 Weight loss measurement

	3.4 Electrochemical measurements
	3.5 Surface analysis experiment
	3.6 Physiological and biochemical indexes of chlorella vulgaris
	3.6.1 Hydrogen peroxide(H2O2) content detection
	3.6.2 Superoxide dismutase (SOD) content detection
	3.6.3 Glutathione reductase (GR) content detection
	3.6.4 Soluble sugar content detection


	CHAPTER 4 RESULTS AND DISSCUSION
	4.1 The growth cycle of chlorella vulgaris
	4.2 Weight loss of Q235 carbon steel for 8d and 16d with and without chlorella vulgaris
	4.3 Corrosion morphology after removing corrosion products
	4.4 Surface biofilm analysis
	4.5 Electrochemical measurement results
	4.6 Physiological and biochemical test results
	4.6.1 Hydrogen peroxide(H2O2) content detection result
	4.6.2 Superoxide dismutase (SOD) content detection result
	4.6.3 Glutathione reductase (GR) content detection result
	4.6.4 soluble extracellular polysaccharide content result
	4.6.5 soluble colloidal polysaccharide content result


	CHAPTER 5 CONSLUSION
	REFERENCES

