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Abstract: Phenolic compounds are toxic and ominously present in industrial effluents, which can end
up in water bodies, causing potential damage to living organisms. This study employed the dried
biomass of freshwater green microalgae Chlorella vulgaris to remove phenol and 2-chlorophenol from
an aqueous environment. C. vulgaris was grown under different phosphorus- (P) starved conditions,
and biomass was treated with sulfuric acid. It was observed that reducing the P level enhanced the
lipid content by 7.8 times while decreasing protein by 7.2 times. P-starved C. vulgaris dried biomass
removed phenol and 2-chlorophenol by 69 and 57%, respectively, after 180 min from the contami-
nated water. Acid-treated P-starved C. vulgaris dried biomass removed phenol and 2-chlorophenol
by 77 and 75%, respectively, after 180 min. Thus, an economical and eco-friendly P-starved and
acid treated C. vulgaris biomass has better potential to remove phenol and 2-chlorophenol from
contaminated ground water and industrial wastewater.

Keywords: phycoremediation; algal biomass; phenol adsorption; acidification; phosphorus limitation

1. Introduction

Since World War II, rapid industrialization and technological advancements have
made life safer and more comfortable. Aside from the improvements, it also brought
changes to the environment that damaged living organisms in the long run [1,2]. This
advancement brings pollution, a serious concern as it negatively impacts the environmental
fabric [3]. One such nuisance is associated with phenolic compounds introduced into the
environment through many natural and anthropogenic sources [4]. As a result of the vehic-
ular discharge, phenolic compounds are also released into the atmosphere [5]. Significant
portions of domestic waste also contain phenolic compounds, as these compounds are
used in pharmaceuticals, disinfectants, perfumes, paints, antiseptics, toys, and varnish
removers [6]. Anthropogenic sources pose a significant threat. These compounds can enter
human and animal bodies through the skin and the gastrointestinal tract. They metabo-
lize into different forms, particularly quinone moieties, which form a covalent bond with
protein and disturb its function. This causes DNA damage and disturbs the movement of
electrons towards the energy-transducing membrane, which leads to heart, kidney, and
liver damage, and even death [7].

Many conventional techniques are available to break down the phenol chemically, in-
cluding ozonation, photocatalytic degradation, extraction, the Electro-Fenton method, and
adsorption [8]. Recently, bioremediation has diverted the attention of researchers towards
more sophisticated methods. Bioremediation is the exploitation of microorganisms or their
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metabolites to degrade or prevent pollution [9]. This technique alters, degrades, or immobi-
lizes pollutants through bacteria, algae, fungi, and plants [10]. Phycoremediation is more
convenient, relying on algae for remediation [11]. Microalga is an excellent biological agent
for the decontamination of water. El-Gendy and Nassar [12] have extensively reviewed and
reported the potential of microalgae for removing phenolic compounds from environmental
matrices, using the genus of Chlamydomonas, Chlorococcum, Chlorella, Chroococcus, Gloeocystis,
Limnothrix, Lyngbya, Oscillatoria, Phormidium, Planktothrix, Scenedesmus, and Ulothrix.

The microalgae-based biosorbent techniques are efficient and can be used even if a
pollutant is present in trace amounts [13]. There are many functional groups in the cell
wall of microalgae that adsorb the pollutant to its surface, making it the first significant
barrier [14]. The presence of functional groups on the cell wall of algae helps to bioaccumu-
late the pollutant intracellularly. This can also lead to inactive adsorption of the pollutant
to its surface [15]. The dead biomass of algae is not affected by pollutant toxicity. It re-
quires very minimal maintenance and space. As a result, it has an added advantage over
living algae [16]. This study utilizes the dried algal biomass of C. vulgaris for biosorption.
The reason to use dried biomass for the bio-adsorption, compared to live algae, is that
the cultivation of the latter is energy-intensive, requires nutrients, has issues with reuse,
and most importantly, the pollutant overdose can lead to the death of algae, limiting its
application [12,13].

Pretreatment of algae with acid elutes the pollutants and ions present on the surface
in order to create additional sites for the adsorption of pollutants under study. Further-
more, it dissolves the polysaccharide component of the cell and promotes the adsorption
of pollutants. Pretreatment can enhance sorption by producing chemical sites on algal
biomass [17]. Phosphorus is an essential and cost-limiting nutrient. It plays a significant
role in the growth of algae, since it is the primary nutrient of algae. In addition to pretreat-
ment, phosphorus starvation enhances the microalgae’s lipid content, which could enhance
the microalgae’s biosorption capacity [18]. Hence, the main objective of this study is to
test the efficiency of phosphorus-starved and acid-pretreated dried algal biomass for the
bioadsorption of phenolic compounds at different time intervals.

Numerous studies examined the impact of nutrient limitations on the lipid production
by microalgae [18]. A research gap exists on how nutrient limitation affects contaminant
bioadsorption capabilities to microalgal biomass. Therefore, this study examined the effects
of phosphorous stress on metal bioadsorption to microalgal biomass. Moreover, it was
reported that acid treatment of dead algal biomass improves the bioadsorption capabilities
of microalgae [17,19]. This research, thus, identifies peculiar microalgal biomass that could
be utilized for specific wastewater treatment applications. Based on the efficacy of this
study, it is evident that waste microalgal biomass can be used as a biosorption agent
for phenols.

2. Materials and Methods
2.1. Chlorella vulgaris Growth Conditions

The algal sample of pure C. vulgaris was provided by Dr. Naim Rashid from COMSATS
University Islamabad (CUI), Lahore Campus. This alga was cultured in the laboratory in order
to obtain the required active biomass. This phase of culturing algae was carried out in the Bold
Basal Media solution, and was supplemented with proper aeration, CO2 supply (6 bubbles
per minute), and adequate timing of photoperiod (18 h light day−1) was provided by incan-
descent bulbs. BBM consisted of macronutrients and micronutrients. Macronutrients included
NaNO3 (25 g L−1), CaCl2·2H2O (2.5 g L−1), MgSO4·7H2O (7.5 g L−1), K2HPO4 (7.5 g L−1),
KH2PO4 (17.5 g L−1), NaCl (2.5 g L−1), EDTA (50 g L−1), and KOH (31 g L−1), prepared
together, FeSO4·7H2O (4.98 g L−1) prepared with H2SO4 (1 mL), and H3BO3 (11.42 g L−1). Mi-
cronutrients included ZnSO4·7H2O (8.82 g L−1), MnCl2·4H2O (1.44 g L−1), MoO3 (0.71 g L−1),
CuSO4·5H2O (1.57 g L−1), and Co(NO3)2·6H2O (0.49 g L−1) [20,21]. Microalgal growth was
visible within 3–4 days. Twenty-day-old cells were harvested through centrifugation. Biomass
was then washed with phosphate-free media and centrifuged again at 1000 rpm. The buffer
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rinsed biomass was used to study the phosphate limitation and impact of starvation on lipid
production [21].

2.2. C. vulgaris Growth at Different Phosphorus Concentrations & Biomass Harvesting

The centrifuged biomass was poured into the media containing different phospho-
rus concentrations. Phosphorus is an essential nutrient required for the growth of algae.
Phosphorus in growing media was reduced to 100, 75, 50, 25, and 0%, respectively [22].
Phosphorus is present in the form of dipotassium hydrogen phosphate (K2HPO4) and
potassium dihydrogen phosphate (KH2PO4) [23]. Both nutrients were reduced collectively.
The centrifuged microalgae were then poured equally into five different phosphorus con-
centration media and allowed to grow for 7 days. The biomass was harvested after 7 days
through centrifugation. The biomass required for lipids and protein analysis was separated,
and the remainder was dried in an oven at 80 ◦C. Protein content was determined through
the Lowry method, as was performed by Mota et al. [24]. At the same time, lipid content
was determined through the Bligh and Dyer method, as was performed by Chen et al. [25].

2.3. Acid Treatment of Dried Powder of C. vulgaris

C. vulgaris dried biomass was pulverized into powder form and treated with 0.1 N
H2SO4. The protonated/acid-treated microalgae biomass was washed with distilled water
and air dried. Finally, the biomass that was previously starved and then treated with acid
was stored at room temperature and used for further adsorption experiment.

2.4. Adsorption Experiment with C. vulgaris Dried Biomass

The adsorption experiment was performed in an orbital shaker. The effect of dif-
ferent concentrations of algal biomass was examined with different concentrations of
phenol and 2-chlorophenol under different time intervals. C. vulgaris-dried biomass
of 50, 100, and 200 mg L−1 was used with 100 and 200 mg L−1 for phenol and 70 and
150 mg L−1 for 2-chlorophenol solution separately. Sample were taken after 60, 120, and
180 min intervals and analyzed. Samples were filtered with filter paper and retained for
analysis on a UV visible spectrophotometer in the dark. The samples for phenol were
analyzed at 270 nm. The removal percentage of phenol and 2-chlorophenol was determined
by using the formula as given below [23].

% removal =
(

Initial concentration − Final concentration
Initial concentration

)
× 100 (1)

The initial concentration is the concentration used for the experiment, and the final
concentration is the amount left in the solution after the experiment. Results were further
statistically analyzed.

2.5. Statistical Analysis

A statistical test was performed using Microsoft Excel and SPSS software. Furthermore,
an analysis of variance (one-way ANOVA) was performed, and the Duncan test was used to
evaluate the significance level (p < 0.05). In order to check the normality of data, a Shapiro–
Wilk normality test was performed. Further, the two-way MANOVA (multivariate analysis
of variance) was performed for the 5 provided factors. These factors included dried
biomass (50, 100, and 200 mg L−1), contaminants concentration (0, 100, and 200 mg L−1

for phenol, and 0, 70, and 150 mg L−1 for 2-chlorophenol), time (60, 120, and 180 min),
modification (acid-modified or non-modified), and starvation (phosphorus starvation
at 0, 25, 50, 75, and 100%). The individual and combined effect of the supplied factors
was investigated. Hence, in this way, 5 individual conditions, 10 conditions with two
factors, 10 conditions with three factors, 5 conditions with four factors, and 1 condition
with all five factors were analyzed using statistical analysis (details for the number of
observations are presented in Supplementary Table S1). Lastly, hierarchical clustering was
performed to check the link and relationship between the studied factor, and the results
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are presented in a dendrogram. The data for the agglomeration schedule are presented in
Supplementary Table S2.

3. Results
3.1. Effect of Phosphorous Starvation on the Lipid and Protein Content of C. vulgaris

Phosphorus (P) limitation enhanced the lipid content while reducing protein content
in C. vulgaris (Table 1). The highest lipid content of 117 mg g−1 DW (dried weight) was
determined at complete starvation of P in media, and was 7.8 times more than the lipid
content when C. vulgaris was grown in normal media (no P starvation). The lowest protein
content of 0.017% was determined at 100% P starvation condition, and was 7.2 times lower
than that of the C. vulgaris growing in normal media (no P starvation) (Table 1).

Table 1. Lipid and protein content of C. vulgaris after seven days growth at different phosphorus
concentrations.

Phosphorus Starvation Lipid Content (mg g−1) Protein Content (% w/w)

0% 15 ± 0.003 0.123 * ± 0.005
25% 23 ± 0.002 0.102 ± 0.014
50% 67 ± 0.001 0.061 ± 0.007
75% 78 ± 0.003 0.021 ± 0.003
100% 117 * ± 0.005 0.017 ± 0.003

* Represents significantly highest value, where n = 3 ± SE.

3.2. Phenol Removal by Dried C. vulgaris
3.2.1. Effect of Phosphorus Starvation on Phenol Removal

Phenol removal increased significantly when the C. vulgaris biomass obtained during
the phosphorus (P) starved conditions was used as adsorbent (Figure 1). Initially, the
removal of phenol by the biomass of 200 mg L−1 from non P-starved C. vulgaris was 9%
at 100 mg L−1 phenol concentration after 180 min (Figure 1a). Phenol removal increased
significantly with increasing time, and as the P in the growth medium of C. vulgaris
reduced. Maximum phenol removals of 18, 33, 54, and 69% were determined after 180 min
by 200 mg L−1 of biomass when C. vulgaris was grown at 25, 50, 75, or 100% P-starved
conditions, respectively (Figure 1a). At biomass 50 and 100 mg L−1, the maximum phenol
removal was 41 and 67% after 180 min at 100% P starvation, respectively. At 200 mg L−1

phenol concentration, the maximum removal of phenol after 60 min was 39% by C. vulgaris
when grown in completely P-starved conditions (Figure 1b). In the case of 200 mg L−1

phenol in the solution, less removal by the biomass of C. vulgaris was determined as
compared to that of 100 mg L−1 phenol concentration (Figure 1a,b). Maximum phenol
removal at 200 mg L−1 of phenol was 59% after 180 min by 200 mg L−1 of C. vulgaris
biomass, which was grown in 100% P starvation conditions (Figure 1b).

3.2.2. Phenol Removal by Acid Treated C. vulgaris Biomass

C. vulgaris biomass grown at different P concentrations was further treated with acid
and used for phenol removal from the water. Phenol removal increased significantly with
acid treatment. The highest phenol removal of 17, 33, 46, 59, and 77% was obtained in
0, 25, 50, 75, and 100% P-starved conditions and acidified biomass (200 mg L−1) (Figure 2a)
after 180 min, when phenol content was 100 mg L−1. The removal of phenol content at
200 mg L−1 was 49, 52, 62, 63, and 66% for 0, 25, 50, 75, and 100% P starvation conditions
after 180 min, respectively (Figure 2b). By increasing the C. vulgaris biomass from 50 mg L−1

to 200 mg L−1, phenol was increased significantly. The highest removal of phenol was
41.4% when acid-treated C. vulgaris biomass of 50 mg L−1 was used at 100 mg L−1 of phenol
concentration, while phenol removal reached 67 and 77% when acid-treated biomass was
increased to 100 and 200 mg L−1, respectively (Figure 2a). Phenol removal improved as the
adsorption time increased from 60 min to 120 and 180 min. The phenol removal at 60 min
was 52%, which increased to 63 and 66% at 120 and 180 min, respectively, at 200 mg L−1
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of phenol concentration and 200 mg L−1 of 100% P-starved and acid treated C. vulgaris
biomass (Figure 2b). Lower phenol removal was recorded at 200 mg L−1 as compared
to at 100 mg L−1 of phenol with C. vulgaris which was P-starved and acid treated. The
maximum phenol removal at 100 mg L−1 of phenol concentration was 77% (Figure 2a),
while at 200 mg L−1 of phenol concentration, phenol removal was 66% (Figure 2b) after
180 min with the 200 mg L−1 of C. vulgaris that was P-starved and acid treated.

Figure 1. Percent removal of phenol by C. vulgaris dried biomass starved with 0, 25, 50, 75, and
100% phosphorus at (a) 100 mg L−1 and (b) 200 mg L−1 phenol exposure. In all cases, p < 0.05, and
n = 3 ± SE. + on bars, within each phosphorus starvation status (0, 25, 50, 75, or 100%), represents
the significantly highest phenol removal at the specific time of exposure (60, 120, or 180 min) with the
same concentration of biomass (50, 100, or 200 mg L−1), while * on the bar represents significantly
highest phenol removal within all observations.

3.3. 2-Chlorophenol Removal by Dried C. vulgaris
3.3.1. Effect of Phosphorus Starvation on 2-Chlorophenol Removal

Removal of 2-chlorophenol by C. vulgaris dry matter significantly improved as the P
starvation increased (Figure 3a). In case of 70 mg L−1 of 2-chlorophenol in external solution,
the highest removal, at 18, 21 and 38%, was found after 60, 120 and 180 min, respectively, at
100% P starvation when the dried C. vulgaris used was 50 mg L−1. Similarly, 30, 36, and
53%, and 39, 56, and 57% 2-chlorophenol removal was found when 100 and 200 mg L−1

of dried C. vulgaris was used as adsorbent, respectively, and after 60, 120, and 180 min,
respectively (Figure 3a). 2-chlorophenol adsorption by dried C. vulgaris reduced as the time
and P starvation reduced.

In the case of 150 mg L−1 of 2-chlorophenol in external solution, the highest removal
values of 8, 20, and 30% were found after 60, 120, and 180 min, respectively, at 100% P
starvation when the dried C. vulgaris used was 50 mg L−1. Similarly, 11, 26, and 37%, and
15, 18, and 42% 2-chlorophenol removal was found when 100 and 200 mg L−1 of dried
C. vulgaris was used as adsorbent, respectively, and after 60, 120 and 180 min, respectively
(Figure 3b). 2-chlorophenol adsorption by dried C. vulgaris increased as the time and P
starvation increased.
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Figure 2. Percent removal of phenol by C. vulgaris dried biomass starved with 0, 25, 50, 75, 100% phos-
phorus and acid treated further at (a) 100 mg L−1 and (b) 200 mg L−1 phenol exposure. In all cases,
p < 0.05 and n = 3 ± SE. + on bars, within each phosphorus starvation status (0, 25, 50, 75, or 100%),
represents the highest significant phenol removal at the specific time of exposure (60, 120, or 180 min)
with the same concentration of biomass (50, 100, or 200 mg L−1), while * on the bar represents the
highest significant phenol removal within all observations.

Figure 3. Percent removal of 2-chlorophenol by C. vulgaris dried biomass starved with
0, 25, 50, 75, 100% phosphorus at (a) 70 mg L−1 and (b) 150 mg L−1 2-chlorophenol exposure. In all
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cases, p < 0.05, and n = 3 ± SE. + on bars, within each phosphorus starvation status
(0, 25, 50, 75, or 100%) represents the highest significant 2-chlorophenol removal at the specific time
of exposure (60, 120, or 180 min) with the same concentration of biomass (50, 100, or 200 mg L−1),
while * on the bar represents the highest significant 2-chlorophenol removal in all observations.

3.3.2. 2-Chlorophenol Removal by Acid Treated C. vulgaris Biomass

Acid treatment of C. vulgaris dried biomass, in addition to P starvation, further en-
hanced the removal of 2-chlorophenol from water (Figure 4). At both 70 and 150 mg L−1 of
2-chlorophenol, the acid-treated C. vulgaris increased significantly with time and P starva-
tion. In the case of 70 mg L−1 of 2-chlorophenol in external solution, the highest removal,
at 13, 20, and 54%, was found after 60, 120, and 180 min, respectively, at 100% P starvation
when the acid treated dried C. vulgaris used was 50 mg L−1. Similarly, 42, 56, and 65%,
and 67, 71, and 75% 2-chlorophenol removal was found when 100 and 200 mg L−1 of acid
treated dried C. vulgaris was used as adsorbent, respectively, and after 60, 120 and 180 min,
respectively (Figure 4a).

Figure 4. Percent removal of 2-chlorophenol by C. vulgaris dried biomass starved with
0, 25, 50, 75, and 100% phosphorus and further acid treated at (a) 70 mg L−1 and (b) 150 mg L−1

2-chlorophenol exposure. In all cases, p < 0.05, and n = 3 ± SE. + on bars, within each phos-
phorus starvation status (0, 25, 50, 75, or 100%), represents the highest significant 2-chlorophenol
removal at the specific time of exposure (60, 120, or 180 min) with the same concentration of biomass
(50, 100, or 200 mg L−1), while * on the bar represents the highest significant 2-chlorophenol removal
in all observations.

In the case of 150 mg L−1 of 2-chlorophenol in external solution, the highest re-
moval values of 17, 29, and 30% were found after 60, 120, and 180 min, respectively, at
100% P starvation when the acid treated dried C. vulgaris used was 50 mg L−1. Similarly,
26, 48, and 60%, and 30, 52, and 61% 2-chlorophenol removal was found when 100 and
200 mg L−1 of acid treated dried C. vulgaris was used as adsorbent, respectively, and after
60, 120 and 180 min, respectively (Figure 4b).

3.4. Interactive Effect of Applied Factors on Contaminant Removal and Data Clustering

The analysis summary of the two-way MANOVA for the phenol removal against the
applied treatment/factors is presented in Supplementary Table S3, while for 2-chlorophenol
removal, it is presented in Supplementary Table S4. In Supplementary Tables S3 and S4, the
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factors are presented as biomass, that is, the dead microalgal biomass added to treatment
for removal. The concentration represents the concentrations of phenolic contaminants,
time represents indicating the duration of treatments carried, the modification represents
the biomass modification by acidification, and starvation represents the phosphorus star-
vation during the growth of algal biomass. Interestingly, the impact of all applied fac-
tors on the phenol was statistically significant, except in the case of a combination of
time * modification, where the impact was statistically insignificant. Similarly, in most
cases, for the 2-chlorophenol removal, the individual and interactive effects were significant.
However, the interaction showed a statistically insignificant effect for Biomass × Concen-
tration × Modification, Biomass × Time × Modification, Concentration × Time × Mod-
ification, and Biomass × Time × Modification × Starvation. One of the most common
understandings drawn from Supplementary Tables S3 and S4 is that starvation was the
most decisive factor that significantly impacted phenolics removal. It was also visible in
the hierarchical cluster analysis of the data (Figure 5). This indicates that for phenol and
2-chlorophenol, the removal data for the studied variables (C. vulgaris biomass, duration
of treatment, concentration of contaminants, chemical modification, phosphorus starva-
tion, and phenolic removal) were analyzed, and two sharp clusters were obtained. This
clustering indicates a strong relationship between the variables. Group 1 included biomass,
time, and concentration, while group 2 included phenolic removal, biomass starvation, and
chemical modification. The agglomeration schedule coefficient for the clustering of group 2
for phenol was 7,836,374.324, and for 2-chlorophenol, it was 8,101,679.888 (Supplementary
Table S2).

Figure 5. Cluster analysis using the between-group linkage clustering method with Squared Eu-
clidean distance interval measured on the applied treatments for (a) phenol and (b) 2-chlorophenol
removal by C. vulgaris dried biomass. Biomass = algal dried biomass per liter, Time = duration for
treatments, Concentration = concentration of contaminants, Modification = chemical/acid modifi-
cation of dried biomass, Starvation = Phosphorus starvation by which biomass is produced, and
Removal = Phenol/2-chlorophenol removal.

4. Discussion

This experiment was conducted in order to study the adsorption efficiency of the green
microalgae C. vulgaris for phenol and 2-chlorophenol removal by limiting phosphorus,
an imperative nutrient, and treating microalgae with sulfuric acid. Algae’s robust and
versatile nature enables it to survive in harsh conditions by changing its cellular lipid level.
For the removal of phenol and its compounds from contaminated water, the use of algal
biomass is a very effective method [26]. High lipid production in algae can be achieved
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by creating stressed conditions. It has been shown that algae are capable of adsorbing and
degrading many pollutants, which are widely used in the removal of organic pollutants
such as phenols. This is due to their high utilization rate of energy from sunlight, fast
growth, strong adaptability, and diverse culture methodologies [26]. For example, nutrient
depletion during the growth period of microalgae changes its lipid content. Starvation
of or a reduction in phosphorus can boost lipid content, but at the expense of its growth
rate [19,27].

Adsorption, degradation, and accumulation are the three primary processes by which
phenolic compounds can be removed from biological materials [28,29]. Phosphorus is a
vital element required for the growth of algal cells. It helps to form nucleic acid, phospho-
lipid, and phosphorylated sugar. Moreover, it promotes energy generation in the form
of ATP and NADP. The reduction in phosphorus content during microalgal growth dis-
rupts central cell function and leads to growth retardation. In these conditions, cells stop
producing new membranes and compounds required for the growth. Therefore, the cell
machinery begins producing fatty acids and storing them as triacylglycerides in order to
cope with the stress. Hence, it can be said that algal biomass production and biochemical
composition are influenced by the nutrient ratio (including nitrogen and phosphorus) in
wastewater and the culture medium [30]. The phospholipid degradation slows protein and
carbohydrate synthesis, which provides the intermediate required for cell function [31].
A study conducted on Scenedesmus sp. proposed that lipid production increases as phos-
phorus is removed from media. At maximum, complete removal of phosphorus from
nutrient media, the lipid obtained was 41% of the dry weight [32]. In another study on
Chlorella sp., nitrogen reduction enhanced lipid content by up to 21.8%, while phosphorus
reduction improved lipid content by 13.9% [33]. Rocha [34] investigated cadmium stress
on the phosphorus-starved C. vulgaris microalgae. Yalcin [35] found that the reduction in
phosphorus from 240 to 16 µmol led to the increase in lipid content from 1.24 to 4.89% in
C. vulgaris microalgae. According to this study, the removal of all phosphorus resulted in
an 86% decrease in protein content (Table 1). Aside from lipid production, the starvation of
phosphorus also enhanced the biosorption capacity of the microalgae. In this study, we
investigated the potential of dried C. vulgaris starved with different phosphorous concen-
trations for the purpose of removing phenol and 2-chlorophenol from water. The removal
rate of phenol and 2-chlorophenol increased by decreasing the phosphorus content from
the growth media of the microalgae (Figures 1 and 3).

Adsorption is affected by treatment parameters, including initial pH, mass concentra-
tion, contact time, and temperature. According to biosorption studies [36], 2-chlorophenol
is more absorbed than 4-chlorophenol. Along with starvation of phosphorus, treatment
of microalgae with sulfuric acid further enhanced the removal rate of phenol. Through
the dissolution of polysaccharide compounds in algal biomass, the acid treatment created
more adsorption sites. The treatment may also have protonated some sites present on the
cell walls which bound more phenol to the algal biomass [37]. At pH 6.5 and 200 g L−1

2,4-dichlorophenol concentration, the removal efficiency was 100% [38]. The removal rate
of phenol and 2-chlorophenol at 100 and 200 mg L−1, and 70 and 150 mg L−1, respectively,
increased with time and biomass (Figures 2 and 4). C. vulgaris biomass was able to remove
phenol and 2-chlorophenol up to 70% in 180 min, 15–10% more than non-acidified biomass
adsorption for phenol and 2-chlorophenol, respectively (Figures 1–4). The results of our
study are comparable to those of Agrawal et al. [39], where the removal efficiency of phenol
was 85% at 350 min. As algal biomass increased, phenol adsorption sites also increased, so
the absorption rate increased, as in the case of S. maxima [40]. Hence, phosphorus removal
from the growth media of C. vulgaris with acidification is the most effective option for
treating wastewater containing phenol and 2-chlorophenol. Microalgal biomass can be
expressed empirically using CO0.48H1.83N0.11P0.01 [30]. As a result of this, the N to P ratio
is 11:1. It would be very interesting to investigate the effect of varied N and P loading (both
together and separately) on biomass production and changes in the biochemical properties
of algal biomass.
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Microalgae contain many functional groups that promote biosorption [41]. Hydropho-
bic interaction can be the major driving force in the phenol–algae interaction. The biosorp-
tion of phenol through dead microalgal biomass is mainly carried out through donor–
acceptor and hydrophobic interactions [42]. Zheng et al. [43] studied the adsorption poten-
tial of three microalgal strains (namely, Chlorella sp., Chlamydomonas sp. and Coelastrum sp.)
for p-nitrophenols (PNP). A future study could analyze the composition of details related
to the mechanism based on identifying functional groups in the dead algal biomass. In the
present study, Chlorella sp. exhibited a higher removal rate, which is 250 and 140% greater
than other species. This could be due to the presence of functional polar groups present
in the biomass of Chlorella sp., as the FTIR analysis by Zheng et al. [43] indicated that the
Chlorella sp. contains more polar functional groups than other studied algae. Moreover,
in all strains, the oxygen-containing functional group plays a significant role in removing
p-nitrophenols. Similarly, Ata et al. [44] utilized the Gracilaria verrucosa for biosorption of
phenoxy alkanoic acid herbicide 2,4-D. Acid treatment improved the biosorption capacity
of 2,4-D up to 47%. Furthermore, the FTIR analysis indicated that the presence of ionized
functional groups such as hydroxyl, carboxyl, and amino are responsible for the biosorption
of 2,4-D.

The biosorption of phenol, 2-chlorophenol, and 4-chlorophenol through macroal-
gae, Sargassum muticum, was observed, and it was found that the microalgae removed
80% phenol, 34% 2-chlorophenol, and 53% 4-chlorophenol. FTIR analysis indicated the
presence of NH2

+, −NH+, −NH, carbonyl (-C-O), and carboxylic groups (-C=O), which
are involved in the biosorption of phenolic compounds, and the hydrophobic and donor–
acceptor interaction was a major driving force [45]. Phenolic compounds can be removed
more effectively by protonating the surface, since phenol in water becomes phenoxide
(C6H50) and is attracted to the positively charged site. In a study, the biomass of macroalgae,
Caulerpa scalpelliformis, was treated with acid and used to eliminate phenol from tannery
wastes. This treatment altered the surface of the algae and increased its biosorption capacity
by up to 80% [46]. In this way, it is not wrong to say that the surface morphology of biomass
plays a significant role in the biosorption of metal and other contaminants, and, hence, it
would be interesting to analyze the changes in biomass surface due to modification using
advanced tools such as scanning electron microscopy, energy dispersive X-ray spectroscopy,
and X-ray Powder Diffraction.

5. Conclusions

Our experimental results suggested that removing phosphorus from the growth media
of C. vulgaris improved the lipid concentration and enhanced its ability to remove phenol
and 2-chlorophenol by up to 69 and 57%, respectively. However, complete phosphorous
starvation reduced C. vulgaris biomass and protein content. The acid treatment further
improved the adsorption capacity of C. vulgaris dried biomass. This study suggests that
biomass of C. vulgaris grown with less phosphorus and acidified may be the best option for
phenol and 2-chlorophenol adsorption from contaminated water.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr10112435/s1, Table S1: Experimental treatments and levels along
with two-way MANOVA summary for replicates for contaminant removal by Chlorella vulgaris
dried biomass; Table S2: Details of agglomeration schedule for cluster analysis for (a) phenol and
(b) 2-chlorophenol removal by Chlorella vulgaris dried biomass with applied treatments; Table S3:
Statistical analysis (two-way MANOVA) for phenol removal by Chlorella vulgaris dried biomass with
applied treatments; Table S4: Statistical analysis (two-way MANOVA) for 2-chlorophenol removal by
Chlorella vulgaris dried biomass with applied treatments.
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