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In this  work,  a surfactant,  benzalkonium  chloride  (BAC),  was  used  to study  its  effects  on  both  the  growth
of  Chlorella  vulgaris  and  the  corrosion  caused  by its biofilm.  Experimental  results  indicated  that  BAC
at  a low  concentration  of  3 mg/L suppressed  C.  vulgaris  growth  and  achieved  81%  corrosion  inhibition
based  on  weight  loss  reduction.  The  inhibition  effects increased  when  the  BAC  dosage  was increased.
At  30  mg/L,  the  corrosion  inhibition  increased  to 95%.  Electrochemical  results  supported  surface  pitting
analysis,  weight  loss  results  data  and  confirmed  the  corrosion  inhibition.
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. Introduction

Carbon steels are widely used in various industries, with appli-
ations in vessels, bridges, buildings and so on. However, carbon
teels are easily corroded in harsh environments leading to costly
conomic losses each year [1–6]. Hence, it is crucial to study the
orrosion behavior of carbon steel and take measures to decrease
he corrosion. Microbiologically influenced corrosion (MIC) is the
orrosion caused or accelerated by the metabolic activities or prod-
cts of microorganisms. It accounts for 20% of all corrosion losses
7].

Microorganisms can participate in the failure process of metal
aterials [8–19]. Among corrosive microorganisms, sulfate reduc-

ng bacteria (SRB), iron oxidizing bacteria and nitrate reducing
acteria have been investigated systematically in recent years
9,11,20–23]. MIC  caused by fungi has also drawn serious attention.
ehaviors of fungal MIC  of metal substrates have been evaluated by
esearchers [12,13,24].
Algal MIC  on materials degradation and its mitigation, however,
as not been paid enough attention by researchers [25,26]. Algae
re photosynthetic eukaryotic organisms that are widely present in
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Fig. 1. Molecular structure of benzalkonium chloride (BAC).

recirculating water treatment systems and cooling water systems,
ponds and lakes. Algae blooms occur due to water eutrophication
and it is an important problem affecting water quality globally
[27–29]. Chlorella vulgaris is a micro-alga, which has a rapid growth
rate given a nutritionally adequate medium with abundant sun-
light [30,31]. The metabolic activities/products of C. vulgaris can
cause metal corrosion and thus decreases the service life of metal
materials according to previous research [26,32]. Therefore, it is
important to study biocide mitigation of C. vulgaris MIC  of a metal
substrate.
Benzalkonium chloride (BAC) is a surfactant which is a cationic
quaternary ammonium salt. It molecular structure is displayed in
Fig. 1. BAC is used as an ingredient in cosmetics, a preservative in
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edicines, a disinfectant in health care facilities and in hand san-
tizers because it is regarded as safe for cleaning various surfaces
33,34]. BAC has a good abiotic corrosion inhibition ability on steels
n a harsh environment possibly due to its adsorption on steel sur-
ace [35–38]. It has been proven that BAC at a concentration at or
bove 40 mg/L (40 ppm) inhibits SRB MIC  of a carbon steel very well
39]. However, the dosage and efficacy of BAC against algal MIC  are
till unknown.

In this work, C. vulgaris MIC  of a carbon steel and its inhibition
y BAC was investigated. Electrochemical corrosion measurements,
urface morphology and weight loss data were used to investigate
he dosage and efficacy of BAC.

. Experimental

.1. Coupon preparation

The mass percentages of elementals in carbon steel X80 was:
.07 C, 1.82 Mn,  0.056 Nb, 0.028 Al, 0.19 Si, 0.012 Ti, 0.007 P, 0.026
r, 0.02 Cu, 0.01 Mo,  0.17 Ni, 0.0001 B, 0.002V, 0.004N, 0.023 S and
alance Fe. Coin-shaped specimens with an exposed area of 0.785
m2 were employed for weight loss tests and surface morphology
bservations. A cylinder-shaped specimen was welded with a cop-
er wire, then sealed with epoxy resin with an exposed surface of
.785 cm2 (another plane) for electrochemical measurements. Prior
o use, all specimens were polished using 180, 600, 1000 and 1200
rit Emery papers, then degreased and dehydrated with anhydrous
cetone and alcohol, respectively. Finally, they were dried using a
2 gas stream and sterilized under a UV lamp.

.2. Microbe cultivation

C. vulgaris was separated from a water sample taken from East

ake, Wuhan, China. It was cultivated under laboratory condi-
ions in open air at 25−30 ◦C with indirect natural sunlight during
aytime and no lighting during nighttime. The planktonic algal
rowth characteristics have been reported in a previous work [26].

ig. 2. Surface images of biofilm-covered coupons under light microscope at 200X after 5-
d)  30 mg/L.
ce & Technology 43 (2020) 14–20 15

The composition of the culture medium contained (g/L): 0.0116
CaCl2·2H2O, 0.24 K2HPO4, 0.0153 KH2PO4, 0.2 MgSO4, and 0.5 car-
bamide. Before cultivation, the culture medium was sterilized in an
autoclave at 121 ◦C for 20 min. After that, when the medium cooled
to room temperature, it was inoculated with 10% (v/v) seed culture.

2.3. Weight loss measurements

After 14 days of incubation, Clarke’s solution was used to remove
biofilms and corrosion products from coupons [40]. After that, they
were rinsed with distilled water, anhydrous ethyl alcohol and then
dried under a nitrogen gas stream. The carbon steel corrosion rate
was calculated based on coupon weight loss from the following
equation [41,42]:

CR = 87600�m

� · S · t
(1)

where CR is the corrosion rate (mm/y), t the immersion time (h), �m
the weight loss of specimen (g), � density of carbon steel (g/cm3)
and S the exposed area of the coupon (cm2).

2.4. Surface observation

A light microscope (VHX-1000E, Keyence, Japan) was  used
to observe algal cells on coupons at 200X magnification. The
morphologies of corrosion products and biofilms were observed
under scanning electron microscope (SEM) (Quanta 200, FEI,
Netherlands). The coupons were retrieved from the culture
medium after incubation and then the biofilms were using a phos-
phate buffered saline (PBS) solution (pH 7) containing 2.5% (v/v)
glutaraldehyde for 4 h. After biofilm fixing, the coupons were
immersed in a series of more concentrated ethyl alcohol concentra-

tions to dehydrate before they were stored in a desiccator prior to
use [26,43]. The corrosion morphology after removing the corrosion
products and biofilms were examined under the 3D stereoscopic
microscope (VHX-1000E).

day incubation for different BAC concentrations: (a) 0 mg/L, (b) 3 mg/L, (c) 10 mg/L,
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Fig. 3. SEM images of coupon surfaces after 5 days (a–d) and 14 days (a1-d1) of incubation for different BAC concentrations: (a, a1) 0 mg/L, (b, b1) 3 mg/L, (c, c1) 10 mg/L, (d,
d

2

c

1)  30 mg/L.
.5. Electrochemical measurements

A three-electrode system was built to measure the electro-
hemical corrosion data. A saturated calomel electrode (SCE)
and a platinum sheet were used as the reference and counter
electrode, respectively. Each electrochemical glass cell was filled
with 400 mL  culture medium. Electrochemical impedance spec-
troscopy (EIS) was measured by applying a sinusoidal potential



J. Wang et al. / Journal of Materials Scien

Fig. 4. Weight loss-based corrosion rates and corrosion inhibition efficiencies after
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4  days of incubation for different BAC concentrations.

f 10 mV  amplitude from the range of 10−2 to105 Hz. EIS
ata were fitted using Zview software [12,44]. Potentiody-
amic polarizations were scanned from −200 mV  to 200 mV
s. open circuit potential (OCP) at the end of incubation. The
esults were fitted using Cview software for Tafel analysis
13,45].

. Results and discussion

.1. Biofilm morphology

Fig. 2 shows the optical images of specimens after 5 days of incu-
ation. Clearly, in the absence of BAC, C. vulgaris formed a healthy
iofilm on the carbon steel coupon (Fig. 2(a)). The sessile cell den-
ity was found to be 1.8 × 106 cells/cm2 using a hemocytometer.
AC at 3 mg/L inhibited the sessile growth of C. vulgaris and reduced
he sessile cell count to 5.3 × 104 cells/cm2. Fig. 2 shows that higher
AC concentration (10 mg/L and 30 mg/L) inhibited growth further.
he probable biocidal mechanism of BAC against the cells has been
llustrated in the literature, suggesting that a positively charged

tom of nitrogen in BAC could adsorb and then penetrate into a cell
all, leading to a membrane disruption [33].

ig. 5. 3D morphology of coupon surfaces with biofilms and corrosion products removed
c)  10 mg/L, (d) 30 mg/L.
ce & Technology 43 (2020) 14–20 17

3.2. SEM observation

SEM morphologies of specimens after 5 and 14 days of incuba-
tion are shown in Fig. 3. After 5 days and 14 days of incubation
in the absence of BAC, well-defined bead-shaped sessile cells are
abundant (Fig. 3(a)). With a low dosage of 3 mg/L, BAC signifi-
cantly reduced the number of sessile cells. Increasing the dosage
to 10 mg/L reduced the number of sessile cells further after 5 days
of incubation and after 14 days of incubation, hardly any sessile
cells are seen in Fig. 3(c1.). With a high dosage of 30 mg/L, only a
few sessile cells remained (Fig. 3(d1)) after 5 days and after 14 days,
virtually none stayed on the coupon surface which showed pristine
polishing lines are visible in (Fig. 3(d1)).

3.3. Weight loss

Corrosion rates in the presence of C. vulgaris after 14 days of
incubation with different BAC concentrations are shown in Fig. 4.
The corrosion rate without BAC was  quite largest (0.217 ± 0.023)
mm/y  because C. vulgaris acceleration of the corrosion process
was not inhibited [26,32]. In comparison, in the presence of
BAC, the corrosion rates were (0.041 ± 0.012) mm/y (3 mg/L BAC),
(0.034 ± 0.005) mm/y  (10 mg/L BAC) and (0.011 ± 0.009) mm/y
(30 mg/L BAC). These data clearly indicate that BAC was effective in
the mitigation of C. vulgaris MIC, with weight loss-based corrosion
efficiencies of 81%, 84% and 95% for BAC concentrations of 3 mg/L,
10 mg/L and 30 mg/L, respectively.

3.4. D pitted surface morphology

After 14 days of incubation, 3D morphologies of coupon surfaces
after removing biofilms and corrosion products were observed
under the 3D stereoscopic microscope. Fig. 5 shows the surface
roughness profiles for different BAC concentrations. The 3D surface
profile (Fig. 5(a)) without BAC is shown elsewhere (Fig. S1). Judg-
ing from the scale bars, it is easy to see that with an increasing BAC
The surface roughness decreased in the following order: 62.3 �m
(0 mg/L BAC), 38.7 �m (3 mg/L BAC), 24.3 �m (10 mg/L BAC) and
17.0 �m (30 mg/L BAC).

 after 14 days of incubation for different BAC concentrations: (a) 0 mg/L, (b) 3 mg/L,
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Fig. 6. Nyquist and Bode plots for different BAC concentrations in electrochemical glass cells: (a, a1) 0 mg/L, (b, b1) 3 mg/L, (c, c1) 10 mg/L, (d, d1) 30 mg/L.
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ig. 7. Potentiodynamic polarization curves after 14 days of incubation in electro
corr-based inhibition efficiencies (b).

Without adequate suppression of algal growth, live cells of C.
ulgaris produced oxygen via photosynthesis and this led to oxygen
orrosion based on the following reactions [26,46]:

e → Fe2++2e– (2)

2+2H2O + 4e– → 4OH– (3)

e2++2OH– → Fe(OH)2 (4)

The unstable Fe(OH)2 was oxidized to Fe(OH)3/Fe3O4. This
equence of reactions was the main reason for the severe MIC  by C.
ulgaris.

.5. EIS

Nyquist and Bode plots during the 14 days of incubation with
ifferent BAC concentrations are shown in Fig. 6. An equivalent
ircuit model was used for fitting the EIS data and generating the
tted parameters (Fig. S2, Table S1). Overall, the diameters of the
emi-circle of Nyquist plots increased with increasing BAC con-
entrations (Fig. 6(a–d)), suggesting increased corrosion inhibition
y BAC because a larger diameter corresponded to a higher corro-
ion resistance. The fitted parameters indicate that charge transfer
esistance (Rct) dominated among all the resistances (transfer
esistance, solution resistance and biofilm/corrosion product film
esistance) (Table S1). It was found that 30 mg/L BAC greatly
ncreased Rct values.

.6. Potentiodynamic polarization

Potentiodynamic polarization curves were obtained with and
ithout BAC in the presence of C. vulgaris. Fig. 7(a) shows that cur-

ent density (i) values for cathodic and anodic reactions decreased
learly in the presence of BAC, indicating effective inhibition.
ig. 7(b) shows the values of corresponding corrosion current den-
ity (icorr) and inhibition efficiencies (�i) obtained by fitting the
otentiodynamic polarization curves (Table S3). In this work, to
istinguish it from weight loss-based corrosion inhibition (�), �i
as used to denote the corrosion inhibition efficiency calculated

rom the following equation:

i (%) = i0corr − icorr

i0corr

× 100 (5)

here i0corr and icorr are the corrosion current densities in the
bsence and presence of BAC, respectively. Fig. 7(b) shows that

corr decreased when BAC concentration increased, which led to
ncreased �i. At 30 mg/L, BAC achieved an �i value of 96%, which
as very close to the 95% weight-loss based corrosion inhibition
fficiency.

Compared to the abiotic icorr (Fig. S4 and Table S4), the icorr in
he presence of C. vulgaris was much larger, indicating acceleration
cal glass cells for different BAC concentrations (a), corresponding icorr values and

of corrosion by the alga. BAC inhibited the corrosion by the abiotic
culture medium (Table S4), but to a much less extent than in the
inoculated culture medium. The abiotic �i value for 30 mg/L was
73% vs. 96% for the biotic �i. This indicated that the biocidal effect of
BAC against the alga contributed to the overall corrosion inhibition
efficiency considerably.

4. Conclusion

Algae have attracted attention in recent years because they can
cause MIC. Hence, in this study, BAC inhibition of C. vulgaris MIC  was
studied. Results show that C. vulgaris grew well and consequently
led to severe pitting and uniform corrosion. BAC was found to kill
sessile C. vulgaris to a small extent at 3 mg/L, and to an undetectable
extent outcome at 30 mg/L. BAC at 30 mg/L led to a high corrosion
inhibition efficiency (95% based on weight loss or 96% based on icorr

reduction). This dosage is relatively low compared to typical bio-
cide dosages of 50 mg/L and higher. The killing of C. vulgaris sessile
cells and the adsorption of BAC molecules on the carbon steel both
contributed to the overall corrosion inhibition efficiency.
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