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ABSTRACT

Rationalizing natural resource consumption is critical to preserve the ecosystem balance. Wastewater
treatment and biofuel production using microalgae are routes for a green environment. Chlorella
vulgaris contains sufficient oil suitable for biofuel. The de-oiled microalgae (R) and carbonized (C)
and activated (A) carbon developed from (R) is examined as biosorbents for removing colors from
textile wastewater. The pH effect, kinetics, and adsorption equilibrium isotherms were investigated
for batch experiments. Results revealed that C. vulgaris contains 12.0% oil content and 55.4% satu-
rated fatty acids that enhance its potentiality for biodiesel production. Dry (R) are suitable as bio-
sorbent for monoazo and basic dyes. (C) and (A) is effective for sulfonated diazo and acid dyes,
respectively. These results are substantiated using Fourier-transform infrared spectroscopy, scanning
electron microscopy with energy-dispersive X-ray analysis, transmission electron microscopy, and
X-ray powder diffraction analyses, illustrating the elements and functional groups of each biosor-
bent. The kinetic data were best fitted to pseudo-first-order during 30 min and pseudo-second-order
during 30-110 min, where adsorption capacity values correlated well with the experimental val-
ues. Under experimental conditions, the Langmuir isotherm model was best fitted. The maximum

adsorption capacity was 21 mg/g at the initial dye concentration of 50 mg/L.
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1. Introduction

Industries have shown a significant increase in using
synthetic complex organic dyes [1]. The textile industry
is one of the earliest globally [2] and the largest consum-
ers of dyestuffs. During the dyeing process, approximately
10.0%-15.0% of the dye does not bind to the fabric and is
washed away [3,4]. The enormous amount of wastewater
produced by dyeing and printing textiles is a serious issue
because it tends to bioaccumulate, threatening aquatic life

* Corresponding authors.

and humans [5-7]. Moreover, these compounds reduce light
penetration into rivers, affecting aquatic flora’s photosyn-
thetic activities, which, in turn, are reflected in food avail-
ability for aquatic organisms [8].

Textile industries mostly use synthetic organic dyes [1,9].
It is challenging to remove dye from the wastewater because
of its stability to light, being non-biodegradable, and being
high resistance to oxidation [10,11]. Several approaches have
been proposed to overcome this problem through conven-
tional physiochemical handlings, such as foam separation,
chemical precipitation [12], membrane filtration [13], and
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coagulation [14]. Nevertheless, their application is restricted
because of issues such as a metal precipitate, poor settling,
high sludge production, and consumption of high amounts
of chemicals [15-18].

Activated carbon is the most popular used adsorbent in
wastewater treatment globally [19]. This use has led to the
search for locally available and renewable materials with
high carbon content, such as sugarcane bagasse [20], rice
straw, Eichhornia crassipes [3], and banana peel powder [21].
Various microorganisms, such as fungi, bacteria, yeasts,
and algae, are used in combination with physicochemical
processes to develop cheaper alternatives [22]. Microalgae
are the most promising biosorbent in purifying and color
removal from wastewater [23,24] because of their high sorp-
tion capacity and high binding affinity.

The microalgal cell wall contains fatty acids, proteins,
polysaccharides, and carbohydrates, which are critical in
the biosorption process because of their functional groups,
such as carboxyl, hydroxyl, sulfate, phosphate, and amino
groups. These functional groups function as binding sites
[25]. Microalgae can be used as-is or after oil extraction
because of their high carbon content. The sorption potential
of a raw biosorbent depends on the chemical structure of
both the dye and biosorbent. Furthermore, chemical treat-
ments, such as carbonization and activation, could be applied
to increase the active sites or replace the existing sites with
more active ones [26].

In this study, oil is extracted and analyzed to assess its
potential value as a biofuel. The residual algal biomass is
examined as a biosorbent to treat textile wastewater. The
de-oiled microalgae (R), carbonized (C), and activated algal
biomass (A) are used as biosorbent for four types of mercan-
tile dyes. The pH on Acid Red 1 dye (AR1) adsorption by (A),
kinetics, and adsorption equilibrium isotherms were stud-
ied for batch experiments using isotherm models. Finally,
Fourijer-transform infrared spectroscopy (FTIR), scanning
electron microscopy with energy-dispersive X-ray analysis
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Fig. 1. Molecular structure of dyes.

(SEM/EDX), transmission electron microscopy (TEM), X-ray
powder diffraction (XRD), and Brunauer-Emmett-Teller
(BET) analyses are implemented to interpret the effect of
functional groups, particle size, and surface texturing in the
adsorption process.

2. Material and methods
2.1. Material

Dry biomass of microalgae Chlorella vulgaris was obtained
from the Algal Biotechnology Unit, National Research
Center, Egypt. Several types of dyes were used to exam-
ine the potentiality of microalgae as a biosorbent. The sul-
fonated diazo dye (Reactive Black 5 (RB5)), acid dye (Acid
Red 1 (AR1)), basic dye (Violet 16 (V16)), and monoazo dye
(Basic Blue 41 (BB41)) were purchased from Sigma-Aldrich
Company (United States). The stock solution of each dye was
prepared by dissolving 25 mg dye in a 1,000 mL measuring
flask with deionized double distilled water. Fig. 1 shows
the molecular structure of the dyes used.

2.2. Algal oil extraction

The dry biomass of C. vulgaris was crushed into a
fine powder. A measured amount of algal powder was
mixed with ethanol as a solvent at a ratio of 1:6 w/v (g/
mL). The oil extraction process was done using an ultra-
sonic probe Model Sonics Vibra-Cell V500, Germany, at
room temperature (28°C + 2°C) for 30 min (15 s on and off).
The residue of algal cells was dried at 60°C for 8 h to be used
as a raw biosorbent (R).

2.3. Gas chromatography analysis

The extracted oil was methylated to detect the fatty acid
composition using gas chromatography (GC). Lipid (200 mg)
was dissolved in 25 mL solution 5% HCI in methanol and
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refluxed for 2 h. The solution was diluted with 25 mL dis-
tilled water and extracted with successive portions of diethyl
ether in a separating funnel several times. The extracted
fatty acid methyl esters were washed several times with
distilled water to remove acidity and dried under vacuum
at 35°C. The methylation step reduces the oil viscosity to
enhance its mobility through the GC column. GC analysis
was implemented using the Hewlett-Packard Model 6890
Chromatograph (United States). A flame ionization detector
with a split automatic injector and a silica capillary column
DB-5 was used. The column dimension is 30 m x 0.25 mm
ID with a film thickness of 0.25 um. Helium was used as
a carrier gas at a flow rate of 1 mL/min. The column was
maintained at 150°C for 1 min and ramped to 240°C at a
rate of 30°C/min, and maintained at 240°C for 30 min.

2.4. Biosorbent preparation

The (C) biosorbent was prepared by burning 50 g of the
de-oiled dry algal biomass (R) in a muffle furnace at 400°C
for 1 h [1]. The resultant carbonized powder was collected
and characterized using FTIR, SEM, XRD, and TEM anal-
yses. The (A) biosorbent was prepared by blending 50 g of
(R) biomass with 10 mL of H,SO, (97%) drop-by-drop and
stored for 24 h at room temperature (28°C + 2°C). The excess
solution was removed, and the sample was carbonized at
400°C for 1 h in a muffle furnace [1].

2.5. Measurements characterizing the algal biosorbent
2.5.1. FTIR spectroscopy analysis

The functional groups of each (R), (C), and (A) were
detected using the FTIR spectrophotometer Model-JASCO
FT/IR-4700 (Made in Tokyo, Japan) in the infrared spectral
wavelength range of 400 to 4,000 cm™ [27].

2.5.2. Scanning electron microscopy with energy-dispersive
X-ray analysis

The algal cells of samples (R), (C), and (A) were mor-
phologically analyzed using SEM (Model, JOEL JAX-480A,
China) with an accelerating voltage of 30 kV and magnifi-
cation between 10.000X and 400.000X to examine the cells’
morphology [28]. The SEM was attached to an EDX unit to
evaluate the distribution of different elements in the algal
biomasses [29].

2.5.3. XRD analysis

The crystallinity of samples (R), (C), and (A) was inves-
tigated using the Empyrean diffractometer XRD system
(PANalytical, Poland). Diffraction patterns were detected at
room temperature (28°C + 2°C) at an angle (20) between 5°
and 80° and CuKa radiation (45 kV, 30 mA).

2.5.4. High-resolution TEM

The particle sizes for algal biomass samples (R), (C), and
(A) were examined under a high-resolution transmission
electron microscope (JEM-1230, JEOL).

2.5.5. Brunauer—Emmett-Teller

The BET analysis technique was volumetric gas adsorp-
tion on powder materials to characterize their porous prop-
erties and structure. This BET model was based on the
adsorption of a monomolecular layer of nitrogen on the
sample’s surface. The amount of gas adsorbed on the sam-
ple surface determines the specific surface area to each 1 g of
sample and pour volume [30].

2.6. Adsorption study

The adsorption efficiency as the dye removal percent-
age was examined for each prepared biosorbent (R), (C),
and (A). The experiments were conducted at constant con-
ditions of pH 3 using 0.1 M HCl, at an agitation speed of
400 rpm for 1 h at room temperature (28°C + 2°C) by add-
ing 2-g biosorbent to 120 mL of the synthetic dye solution of
the initial concentration 25 mg/L in a 250 mL conical flask.
The concentration of RB5, AR1, BB41, and V16 was deter-
mined by measuring the maximum absorbance at 600, 540,
610, and 420 nm, respectively, using the spectrophotom-
eter (UV-1601 Shimadzu, Japan). All adsorption experi-
ments were performed in duplicate, and the average values
were reported. The adsorption capacity and the percent-
age of dye removal (Absorbance %) were calculated using
Egs. (1) and (2), respectively [31].

C,-C,|V
q= (G- ) M
X
and
¢, -C,
Absorbance% = e x100 (2)
0

where C  and C, (mg/L) are the initial and final dye concen-
trations, respectively, g is the amount of dye adsorbed (mg/g),
V is the volume of the solution (L), and X is the adsorbed
dosage (g/L).

2.7. Effect of pH on dye adsorption

The effect of pH on dye removal was studied using a
pH meter Model 350 Jenway (England). The kinetic study
was conducted by mixing 2 g (A) with AR1 solution for C,
32.5 mg/L. The pH of the solution was adjusted to 2, 4, 6, 8,
and 10 by adding 0.1 M HCl or 0.1 M NaOH.

2.8. Kinetic study

The adsorption rate is mandatory to obtain the mech-
anism of the process and the rate-controlling step. Batch
kinetic adsorption experiments were conducted in a tempera-
ture-controlled stirred system using a 120 mL adsorbate solu-
tion. The samples were studied at pH 3, time intervals from
10 to 110 min, and initial dye concentrations of 15, 32.5, and
50 mg/L. The mechanism was analyzed using the pseudo-
first-order model [Eq. (3)], pseudo-second-order model
[Eq. (4)], and the intraparticle diffusion model [Eq. (5)] [31].
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where g, and g, are the amount of dye adsorbed (mg/g) at
equilibrium and at time ¢, respectively, k, is the rate of first-
order adsorption (min™), k, is the rate of second-order sorp-
tion (g/mg min), k, is the intraparticle diffusion rate constant
(mg/(g min®)), and C is a constant (mg/g).

2.9. Adsorption isotherms

Several adsorption isotherm models were derived to
evaluate the adsorption efficiency. The maximum removal
was investigated by fitting the adsorption data to Langmuir
and Freundlich models.

2.9.1. Langmuir isotherm model

This model describes the monolayer adsorption of
adsorbate without migration on the biosorbent’s surface.
The model’s [Eq. (6)] linear form was used to illustrate the
equilibrium conditions [32]:

g = L + g (6)
q, bq, 4,

where C, is the equilibrium concentration (mg/L), g, is the
maximum adsorption capacity (mg/g), and b is the Langmuir

constant.

2.9.2. Freundlich isotherm model

This model [Eq. (7)] is used as an empirical model, where
K. and n are the adsorption constants [33].

1
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3. Results and discussion
3.1. Algal oil extraction

The oil content of C. vulgaris is 12%. The ultrasonic probe
method is used to increase the recovered lipid because of
the cavitation phenomena. The stress from bursting the
cavitation bubbles will damage the cell walls of microalgae
and release more 0il [34]. Furthermore, ethanol is used as a
polar solvent to recover a higher oil percentage. The polar
solvent accelerates the elimination of the lipid in the cell
membrane by decreasing the difference between the sur-
face tensions in the phase boundary [35,36]. The (R) residue
is used as a biosorbent, whereas the oil is analyzed to eval-
uate its potential as a biofuel.

Table 1 shows the GC analysis of the extracted oil.
The palmitic acid (C16:0) content is 25.7% and stearic acid
(C18:0) content is 21.6%. The saturated fatty acid content is
55.4%, whereas the unsaturated fatty acid content is 41.8%.
This profile of fatty acids is suitable for biodiesel produc-
tion with good quality [37]. The high palmitic percentage
improves biodiesel characteristics, such as high oxidation
stability, low emissions of NO , and high cetane number [38].

3.2. Detecting the most efficient biosorbent

The absorbance results elucidated in Table 2 demon-
strate the effectiveness of (R) as a biosorbent for BB41 and
V16. However, the results substantiated the need for further
processing to increase the absorbance efficiency for RB5 and
ARI. These results are achieved by treating 120 mL dye con-
centration 25 mg/L, adjusted by 0.1 M HCI to pH 3 using
2 g biosorbent agitated at 400 rpm for 1 h at 28°C + 2°C.
Sample (C) has high efficiency as a biosorbent for RB5 and
BB41. Because sample (A) is a highly efficient biosorbent
for the four types of dyes, it is extremely functional for AR1.

The applied chemical treatment process, either by car-
bonization or activation, improves the biosorption capacity,
alternating the morphological structure of the biosorbent
attributed to the difference in chemical structure and func-
tional groups’ activity of the dye molecules (Fig. 1).

3.3. Characterizations of de-oiled algal molecular structure
biosorbent

3.3.1. FTIR analysis

The spectral FTIR analysis peaks in Fig. 2 show the
functional groups of samples (R), (C), and (A). The primary
amines (-NH,) and weak secondary amines (-NH) are elu-
cidated by the peaks ranging from 3,758.58 to 3,830.9 cm™.
These functional groups are basic and rapidly protonated

Table 1
Fatty acid contents of Chlorella vulgaris microalgae oil

Fatty acid Mass fraction %
Lauric acid (C 12:0) 0.7
Myristic acid (C 14:0) 7.4
Palmitic acid (C 16:0) 25.7
Stearic acid (C 18:0) 21.6
Palmitoleic acid (C 16:1) 44
Oleic acid (C 18:1) 12.5
Linoleic acid (C 18:2) 5.6
Linolenic acid (C 18:3) 12.3
v-Linolenic acid (C 18:3n6) 1.7
Arachidonic acid (C20:4) 1.3
Eicosatetraenoic acid (C20:5) 4.0
Saturated fatty acid (SFA) 55.4
Unsaturated fatty acids (USFA) 41.8
Monounsaturated fatty acid (MUSFA) 16.9
Polyunsaturated fatty acid (PUSFA) 24.9
Total fatty acid (TFA) 97.2
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Table 2

Absorbance % of each dye using different types of de-oiled algal biomass

Biosorbent type Absorbance %
Reactive Black 5 (RB5) Acid Red 1 (AR1) Violet 16 (V16) Basic Blue 41 (BB41)
(R) 23.55 34 82.3 87.9
© 95.9 459 85.0 97.0
(A) 97.11 985 96.45 97.9
3.3.2. Scanning electron microscopy with energy-dispersive
. X-ray analysis
Fig. 3 shows the morphological and microstructural
changes in the surface of each (R), (C), and (A) algal bio-
mass that was analyzed using SEM. The shape of (R) has a
¢ smooth and irregular surface with random heterogeneous
§ sizes. The surfaces of (C) and (A) are regular and have small
£ homogeneous sizes.
g The chemical composition of all samples is characterized
<

4000 3000 2000 1000 400

Wavenumber [cm]

Fig. 2. FTIR bands for (R) biosorbent, (C) carbonized, and
(A) activated.

to form ammonium cations [39-41]. The higher intensity
peaks for (C) and (A) samples than for (R), explain the higher
significant increase in adsorption efficiency for RB5 and
ARI on (C) and (A) than on (R). The adsorption efficiency
for RB5 using (C) is increased by 75.4%, whereas the
adsorption efficiency for AR1 using (C) is increased by 92.6%.

The border absorption peaks at wavelength 3,156.90 to
3,275.50 cm™ represent the stretching hydroxyl group OH
[42,43] that exists in all samples with a high-intensity value
for biosorbent (R).

The aliphatic CH, group and stretching C-H group is
critical in the adsorption process [44]. The peaks at 2,924.52
to 2,965.02 cm™ show the existence of the CH, group with
asymmetric stretching in the sample (A) more than in (R)
and (C). The methyl symmetric stretching C-H group is
shown only in the sample (A) at wavelength 2,880.17 cm™,
which is the highest dye removal % for solutions treated
with (A).

Sulfur, according to the activation process, appears as an
S-H group at wavelength 2,372.01 cm™ for sample (A). The
N-O as a symmetric stretching vibration group appears at
wavelength 1,542.77 cm™ for sample (R) and 1,529.27 cm™ for
sample (C). The nitro group is strongly electron-withdraw-
ing, elucidating the high efficiency of both (R) and (C) as
biosorbents for BB41 and V16 according to their ionic struc-
ture (Fig. 1). The FTIR-spectrum at 1,094.4 to 1092.48 cm™
represents the Si-O group.

and examined using EDX analysis (Fig. 3). The most signifi-
cant result is the increase in carbon w% in (A). The measured
carbon w% are 26.05%, 17.69%, and 33.69% for the samples
(R), (C), and (A), respectively. The results correlate well
with those recorded by FTIR for aliphatic CH, and stretch-
ing C-H groups. The EDX patterns confirmed the increases
in sulfur in (A) because of activation using sulfuric acid.

3.3.3. Transmission electron microscopy

The TEM results show that the particle size of the ground
(R) is greater than 200 nm (Fig. 4), whereas the particle size
of the (C) sample is in the range of 50-58 nm, and the acti-
vation sample (A) is in the range of 12-31 nm. The nanopar-
ticle size of (A) creates a larger surface area, increases the
active sites, and allows faster contact between the dye mol-
ecules and binding sites [24,45]. These results are integrated
with those detected using SEM analysis, where the destruc-
tion of the cell membrane, morphology, and homogeneous
shape of activated biomass (A) facilitates dye removal.

3.3.4. X-ray powder diffraction

The XRD pattern in Fig. 5 shows the amorphous struc-
ture of (R). Some crystalline zones are observed for (C), and
a major peak locates at 26.62°. More crystalline zones appear
in (A), with a major sharp peak at 25.39°. This result shows
the effect of activation on the algae structure that trans-
forms the amorphous structure to crystalline. This crystal-
line structure with the particle size reduction detected using
TEM and the regular homogeneous shape showed using
SEM enhances the adsorption capacity [46].

3.3.5. Specific surface area and pore properties

The BET results from Table 3 clarify an increase in the
average pore diameter and the total pore volume of sam-
ples (C) and (A) compared to (R). The carbonization and
activation processes increased the absorption capacity of
the surface because of micropore formation. Moreover, the
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Fig. 4. TEM images of (R) biosorbent, (C) carbonized, and (A) activated.

specific surface area of the sample (R) is larger than that of
(C) and (A). The specific surface area from BET measure-
ments classifies the biomass (C) and (A) as nanomaterials, as
detected from TEM analysis.

3.4. Effect of pH on AR1 adsorption

The high acidic solution increases the removal percent-
age more than the alkaline solutions do (Fig. 6). However,
the neutral solutions have the lowest removal percentage.
Fig. 6 shows the effect of pH on AR1 removal of the initial
concentration 32.5 mg/L with a standard deviation range

(0.2-0.3). The pH response for the range of initial concen-
trations (15, 32.5, and 50 mg/L) is the same. Increasing the
acidity of the solution increases the positive charge on bio-
sorbent surfaces [47]. Here, the sulfonate groups in AR1
dye enhance the attraction to the functional groups on the
biosorbent surface.

3.5. Adsorption kinetics

The dye removal rate is accelerated up to 30 min, then
the adsorption rate approaches a plateau (Fig. 7a). The lower
initial AR1 concentration results in a higher % removal using
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2 g biosorbent, whereas the adsorption capacity increases up
to 20 mg/g for 50 mg/L initial dye concentration (Fig. 7b).
Fig. 8 shows that the biosorption mechanism obeys the
pseudo-first-order model up to 30 min of the adsorp-
tion process (Fig. 8a), with the regression coefficient (R?)
approaching 1. The rate coefficient k, equals 0.11 min™ for
15 mg/L, and 0.07 min™ for 32.5 and 50 mg/L initial con-
centrations. After 30 min, the biosorption mechanism fol-
lows the pseudo-second-order model (Fig. 8b), with a 0.97

A
WJ_WMW B e

il S

Intensity

2 Theta

Fig. 5. XRD patterns of (R) biosorbent, (C) carbonized, and

(A) activated.
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R? for all tested initial concentrations. The rate coefficient k,
equals 0.04 g mg™ min™ for 15 mg/L, 0.02 g mg™ min™ for
32.5 mg/L, and 0.01 g mg™ min™ for 50 mg/L initial concen-
trations. The intraparticle diffusion model (Fig. 8c) is fitted
up to 40 min, with R? = 0.93 for both 32.5 and 50 mg/L and
R?=0.9 for 15 mg/L initial concentrations. The rate coefficient
k, equals 1.20 g mg™ min™ for 15 mg/L, 2.35 g mg™ min™' for
32.5 mg/L, and 3.24 g mg™ min™ for 50 mg/L initial concen-
trations. The linear fitting passes through the origin point.
These significances prove that intraparticle diffusion is a
rate-limiting step for biosorption processes up to 40 min.

3.6. Adsorption equilibrium

The Langmuir isothermal model is fitted for equilibrium
(Fig. 9a) because R? = 0.99 for all examined initial AR1 con-
centrations. The maximum removal g, is calculated from
the Langmuir model plot. It ranges from 7.4 to 21 mg/g
for the initial dye concentration range of 15-50 mg/L. The

87
85
83
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% Removal

79

71

75
0 2 4 6 8 10 12

pH

Fig. 6. Effect of pH on AR1 removal at C 32.5 mg/L.

Table 3
Results of BET analysis
Absorbent Specific surface area (m?/g) Mean pore diameter (nm) Total pore volume (cm®/g)
R 9.0418 5.8915 1.3317
C 1.4855 7.8155 2.9025
A 2.5879 7.6449 4.9460
25 4
(@ (b) 20 - Bt

% Removal

Time (min)

—¢— 15 mg/L initial conc —m=32.5 mg/L initial conc =50 mg/L initial conc

10 20 30 40 50 60 70 80

Time (min)

90 100 110

== 15 mg/L initial conc =fi=32.5 mg/L initial conc 50 mg/L initial conc

Fig. 7. Effect of initial concentrations and time on (a) removal percent and (b) adsorption capacity at pH 3, 30°C, and 2-g biosorbent.
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Fig. 9. (a) Langmuir isotherm model for adsorption of AR1 on (A) at pH 3, 30°C, and 2-g biosorbent. (b) Freundlich isotherm model

for adsorption of AR1 on (A) at pH 3, 30°C, and 2-g biosorbent.

Freundlich isotherm model is less fitted (Fig. 9b), where
the R? is 0.8. The adsorption constants K, corresponds to
the adsorption capacity. K, = 7.32 mg/g for 15 mg/L initial
dye concentration, 4.52 mg/g for 32.5 mg/L, and 2.01 mg/g
for 50 mg/L. The constant n corresponds to the adsorption
intensity and is higher than unity in the range of 1.39-1.71 for
the examined dye concentrations.

4. Conclusions

Microalgae have the potential for application in several
industries. The extracted fatty acids from C. vulgaris are
suitable for biodiesel production with good quality. From
the biosorbent morphology, after carbonization or activa-
tion, the surfaces transform into regular and small homo-
geneous sizes with a crystalline structure. These treatments
increase the surface area with a porous structure, enhancing
its adsorption capacity. The nanoparticles obtained have a
high surface-to-volume ratio, resulting in increased surface
reactivity. This integrated approach of bio-oil extraction and
biosorbent production is an environmentally friendly pro-
cess from natural nonedible resources. The acid dye removal
percentage is more affected for acidic solutions at different
dye concentrations. The biosorption process up to 30 min
obeys the pseudo-first-order model and intraparticle diffu-
sion; after that, it follows the pseudo-second-order model.

The equilibrium data fit better with the Langmuir isotherm
model than with the Freundlich isotherm model. The max-
imum adsorption capacity was 21 mg/g at an initial dye
concentration of 50 mg/L, pH 3, and 30°C for 40 min.
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