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Abstract

Background: Conservation of the ecosystem is a prime concern of human communities. Industrial development
should adopt this concern. Unfortunately, various related activities release lots of noxious materials concurrently with
significant leakage of renewable resources. This work presents a new biosorbent activated de-oiled microalgae, Chlo-
rella vulgaris, (AC) for biosorption of Acid Red 1 (ART) from aqueous solution simulated to textile dyeing effluent. The
biosorption characteristics of AC were explored as a function of the process parameters, namely pH, time, and initial
dye concentration using response surface methodology (RSM).

Results: Optimization is carried out using the desirability approach of the process parameters for maximum dye
removal%. The ANOVA analysis of the predicted quadratic model elucidated significant model terms with a regression
coefficient value of 0.97, F value of 109.66, and adequate precision of 34.32 that emphasizes the applicability of the
model to navigate the design space. The optimization depends on the priority of minimizing the time of the process
to save energy and treating high concentrated effluent resulted in removal % up to 83.5%. The chemical structure and
surface morphology of AC, and the dye-loaded biomass (AB) were characterized by Fourier transform infrared spec-
troscopy (FTIR), scanning electron microscopy (SEM), energy-dispersive X-ray analysis (EDX), and transmission electron
microscope (TEM). The activation process transforms the biomass surface into a regular and small homogeneous size
that increases the surface area and ultimately enhances its adsorption capacity

Conclusion: The optimization of the process parameters simultaneously using RSM performs a high-accurate model
which describes the relationship between the parameters and the response through minimum number of experi-
ments. This study performed a step towards an integrated sustainable solution applicable for treating industrial
effluents through a zero-waste process. Using the overloaded biomass is going into further studies as micronutrients
for agricultural soil.
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Background

The demand for industrial products is accelerating
because of population growth (Heffron et al. 2020). Dyes
are necessary for coloring and finishing the final products’
packages of various industries such as textiles, leather,
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cosmetics, and food (Ribeiro and Veloso 2021; Tang et al.
2021). As a consequence of the variety of industrial prod-
ucts, enormous amounts of effluent discharge contami-
nated with dyes require treatment (Abdulrazzaq et al.
2021, Wang et al. 2021). The textile industry uses around
30% of synthetic dyes. This industry is developed globally,
growing 1 trillion dollars, employing 35 million employ-
ees, and contributing 7% of the total world exports (Lel-
lis et al. 2019; de Oliveira Neto 2021). Despite its high
attention, this industry is an extremely global polluter as
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a consequence of the large amounts of the drained dyes
in the textile effluents (da Silva et al. 2021).

The discharge of the untreated effluents overloaded
with dyes into the water bodies is eco-destructive (Kishor
et al. 2021). It prevents light penetration through water,
causing a reduction in the photosynthesis rate of phyto-
plankton which affects the aquatic biota (Berradi et al.
2019; Watari et al. 2020). The dyes also act as carcino-
genic, toxic, and mutagenic agents (Liang et al. 2020).
It is rather difficult to treat dye effluent for such dyes of
aromatic molecular structure as acid, basic, direct, and
reactive dyes. The complex aromatic structure enhances
molecular stability and tolerates biological degradability
(Zhang et al. 2020).

Environmental regulations have grown more stringent
all over the world. Therefore, the dye effluent should
be treated carefully before discharge. There are several
methods for color removal as coagulation and floccu-
lation (Abdulrazzaq et al. 2021), membrane filtration
(Mansor et al. 2020), foam separation (Soylu et al. 2020),
and chemical precipitation (Shen et al. 2019). A novel
approach based on activated carbon is the potential for
dye removal. Some limitations are mentioned for this
approach, such as the shortage of renewable resources
and the difficulties in the regeneration of the substrate.
The global demand for the production of activated car-
bon using alternative environmentally friendly resources
has annually increased (Liu et al. 2020; Suhas et al. 2021).

Lately, the use of renewable raw materials, plenteously
available and inexpensive to produce valuable activated
carbon has attracted a lot of attention (Taer et al. 2021).
Thermal activation can be done in two stages including
carbonization and subsequently activation. Dehydra-
tion of the samples enhances the yield of carbonization
as a consequence of the sufficient removal of the volatile
compounds (Suganya et al. 2020).

Several microorganisms like yeasts, bacteria, fungi,
and algae are used to develop cheaper alternatives
(Cheng et al. 2020; Semido et al. 2020). In this respect,
microalgae have high sorption capacity and high bind-
ing affinity due to their functional groups, such as amino,
sulfate, phosphate, carboxyl, and hydroxyl groups (Kho-
rasani and Shojaosadati 2019). The other merits of using
microalgae as a feedstock are the rapid growth rate due
to its high photosynthetic efficiency, and less land area
required without competing with the food crops (Chew
et al. 2021).

The efficiency of the biosorption process depends on
several parameters like the concentration of dyes as the
pollutant, pH solution, and the processing time (Adeogun
et al. 2019). Optimization of these parameters requires
a large number of experiments to evaluate the effect of
each one. Therefore, response surface methodology
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(RSM) is the best route to optimize the three parameters
simultaneously and investigate the interaction between
the parameters (Khalifa et al. 2019). The RSM based on
the central composite design (CCD) ensures the best fit-
ting of the predicted model in case of significant curva-
ture of the relation between the model parameters and
the resulted response (Asfaram et al. 2016).

The previously reported researches tackled micro-
organisms as biosorber in their live form or dried bio-
mass. Asfaram et al. (2016) studied the potentiality of
isolated Yarrowia lipolytica isf7 to remove malachite
green from culture. The optimum dye removal % was 80%
at pH 7, temperature 25 °C, 24 h, and 35 mg/L initial dye
concentration with a sharp decrease in dye removal for
alkaline pH above 7.5 and acidic pH below 5. Yeddou-
Mezenner (2010) performed a kinetic study about the
effect of waste P mutilus dry biomass (50—215 um) on
removing Basic Blue 41 dye from aqueous solutions. The
maximum percent removal was 65% at initial concentra-
tion 50 mg/L, pH 9-8, 30 °C, and 60 min.

To the best of our knowledge, there are no published
reports on the application of the de-oiled activated car-
bon from algae in biosorption. Based on the integrated
process to utilize the extracted oil out of Chlorella vul-
garis in different industries, the residual biomass is used
as an effective biosorbent via activation. The potentiality
of the overloaded biosorbent as a nano-nutrient for agri-
culture is suggested for further research.

In this study, the biosorption of Acid redl (AR1) dye
from aqueous solutions using activated de-oiled micro-
algae dried biomass was studied. The pH of the efflu-
ent stream, the contact time, and the dye concentration
as three parameters affecting the dye removal from a
simulated dye effluent were studied and analyzed using
CCD in RSM. Finally, a prediction model for the opti-
mum dye removal percentage was derived considering
the priority of minimizing the contact time at maximum
concentration. Fourier transform infrared spectroscopy
(FTIR) analysis was performed to elucidate the functional
groups involved in the adsorption process. The change of
the amorphous structure of biosorbent was to be inves-
tigated using scanning electron microscopy (SEM) anal-
ysis, and the elemental analysis was to be detected by
energy-dispersive X-ray analysis (EDX).

Methods

Material

Dry algal biomass of Chlorella vulgaris was acquired by
the Algal Biotechnology Unit, National Research Center,
Egypt. The microalga was defatted using ethanol in
a ratio of 1:6 W/V. The extracted oil was used in other
research work for biodiesel production, while the residual
biomass (RB) was collected to examine its potentiality as
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a dye biosorbent. The used dye Acid Red 1 (AR1) of the
structure illustrated in Fig. 1 was purchased from Sigma-
Aldrich Company.

Preparation of biosorbent

Activation took place by adding 1 mL of 97% H,SO, drop
by drop to 10 g of RB and kept at room temperature for
24 h. The excess solution was clarified off, while the resi-
due was air-dried and carbonized at 400 °C for 1 h in a
mulffle furnace. The dye solutions were prepared by dis-
solving a known amount of dye according to the require-
ments of each experiment (15-50) mg in a 1000-mL
measuring flask with deionized double distilled water.

Batch adsorption study

Batch adsorption experiments were carried out in 1000-
mL Erlenmeyer flasks containing 25 mL of dye solu-
tion with scheduled experimental design, and 2 g of
AC. The flasks were agitated using a magnetic stirrer
for the required time. After centrifugation at 3000 rpm
for 5 min, the remaining dye concentration was meas-
ured using UV-Vis spectrophotometer at 600 nm. The
adsorption efficiency as a reflection of the dye removal
percentage and the adsorption capacity was calculated by
Egs. (1) and (2), respectively (Asfaram et al. 2016):

Co — G

Dye Removal% =
Ce

x 100 (1)

Co— C¢
qzi

X 1% (2)

where C, is the initial dye concentrations (mg/L), C,
(mg/L) is the final dye concentrations (mg/L), ¢ is the
amount of a dye adsorbed (mg/g), V is the solution vol-
ume (L), and X is the adsorbent dosage (g/L).
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Experimental design

The process parameters, namely initial dye concentra-
tion (D), pH (P), and contact time (7), were optimized
using response surface method (RSM). The relation-
ship between the parameters and the response was
determined using central composite design (CCD) in
RSM using Design Expert-6.0.8 software during a trial
period. The examined range of the pH was 3-10, while
the range of dye concentration was 15-50 mg/L, and
the range of contact time was 30—110 min. The selected
ranges as shown in Table 1 have been chosen based on
preliminary experiments. The parameters presented in
Table 1 were five levels coded as —a, —1, 0, +1, +a,
respectively. The total number of experiments was 20
with eight factorial points (2°), six axial points (2 x 3),
and six replicate points according to CCD.

The mathematical relationship between the param-
eters and the response was to be approximating by the
following second-order polynomial model (El-Mekkawi
et al. 2019)

Y =ag + a1X1 + a2 Xy + az X3 + 6111X12 + a22X22
+a3X3 + anXiXa + a13X1Xs + apXoXs  (3)

where Y is the predicted response (dye removal %); 4,
is the intercept regression constant; a;, a,, .... d,s are
regression coefficients; and X;, X, and X; are the inde-
pendent variables investigated. The analysis of variance
(ANOVA) was to be performed to justify the significance
and fitting of the developed regression model.

Measurements for characterization of the algal biosorbent
Fourier transform infrared (FTIR) spectroscopy analysis

The functional groups of RB, the activated de-oiled
algae (AC), and those overloaded with dye (AB) were
detected using FTIR spectrophotometer Model-JASCO
FT/IR-4700 in the infrared spectral range of 400-
4000 cm ™! wavelength (Brangule et al. 2020). FTIR fig-
ures the information specific to the groups that explain
the interactions of the group with the dye molecule.

Table 1 Matrix for the central composite design (CCD)

Factors Level
Low (—1) Central (0) High(+1) (—a) (+a)
D: initial dye 15 32.50 50 3.07 61.93
concentration
(mg/b)
P:pH 3 6.50 10 061 12.39
T:time (min) 30 70 110 273 13727
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Scanning electron microscope (SEM) & energy-dispersive
X-ray spectroscopy (EDX)

Morphological analysis was performed using SEM
(Model, Joel JAX-480A) with an accelerating voltage of
30 kV and magnification between 10.000X and 400.000X
(Ahmed et al. 2019). The EDX unit was used to evaluate
the carbon w% in AC and detect the elements in AB (Sas-
tre de Vicente et al. 2020).

High-resolution transmission electron microscope (TEM)

The particle sizes of algal biomass samples RB and AC
were examined under a high-resolution transmission
electron microscope [(JEM-1230) JEOL] (Zohoorian
et al. 2020).

Results

The results revealed that the dye removal percent of
AR1 is 3.4% using RB, and it achieved 96% using AC
at the same conditions of operation. These conditions
are 15 mg/L initial dye concentration and 3 pH for 1 h.
Therefore, the model describes the relationship between
the parameters affecting the dye removal process is
applied for AC as biosorbent.

Table 2 Suggested model summary statistics
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Description and analysis of the model

The model results for the design points show a signifi-
cant curvature; thus the axial points are used to fit the
model. The quadratic model is selected depending on the
statistical results of the suggested model as summarized
in Table 2. The probability F-value revealed that the sug-
gested model is significant, while the error function is not
significant. The ANOVA analyses of the quadratic model
in Table 3 show that the model terms are the linear fac-
tors (D, P, T) and the quadratic factor P2, The statistical
analyses revealed that the regression coefficient R* is 0.97
and that the adjusted R? is in reasonable agreement with
the predicted R2. The value of Prob>F is less than 0.05,
whereas the lack of fit is not significant.

In addition to the linear relationship of the normal plot
of the residuals illustrated in Fig. 2a, the actual values of
the response are represented versus the predicted values
in Fig. 2b. The data points are spread out from the mean
referring to the high variance as the coefficient of vari-
ation (C.V.) is greater than one as elucidated in Table 4.
Therefore, the model can accurately predict the relation-
ships between the model terms within the selected range.
The regression equation in terms of the actual variables is
as follows:

Source sp? R? R? adj® R? pred® PRESS* SS Prob>F® Lack of fit

Prob > Ff
Linear 4.96 0.72 0.67 0.51 686.73 0.0001 0.0020
2F1 5.50 0.72 0.59 042 820.17 0.9999 0.0010
Quadratic 1.79 0.97 0.96 0.94 191.53 <0.0001 0.1515 Suggested
Cubic 1.26 0.99 0.98 0.94 193.63 0.0816 05229 Aliased
2 Standard deviation
b Adjusted residual squared
¢ Predicted residual squared
9 Predicted residual error sum of squares
€ Sequential model sum of the squares probability function
flLack of fit probability function
Table 3 ANOVA results for the CCD
Source Sum of squares df Mean square F value Prob>F
Model 1356.87 4 339.22 109.66 <0.0001 s
D 876.20 1 876.20 283.25 <0.0001 s
P 8.93 1 8.93 2.89 0.1099 e
T 125.17 1 12517 4046 <0.0001 s
P> 346.56 1 346.56 112.03 <0.0001 s
Residual 46.40 15 3.09
Lack of fit 37.69 10 3.77 2.16 0.2042 e
Pure error 8.71 5 1.74

s Significant, e Nonsignificant
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Table 4 Statistical analysis for the response
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sD Mean cve PRESS

R? R? adj R? pred AP®

1.76 86.64 203 79.70

097 0.96 0.94 3432

2 Coefficient of variation
b Adequate precision

Removal% =111.1621 — 0.45771D — 5.38829P
+0.075686T + 0.39671P>

The model graph and its contour are exhibited in
Fig. 2c. It represents the effect of pH on the model in a
parabolic shape that reflects on the contour graph while
Fig. 2d elucidates the nonexistence of any interaction in
the design boundaries.

Optimization of the model solutions

The actual values of the experimental results are very
close to the predicted values of the model; this congru-
ency cause a linear relationship as illustrated in Fig. 2b.
Meanwhile, the maximum dye removal percent 98% is
achieved at 15 mg/L dye concentration, 110 min, and 3
pH; 97% dye removal is achieved at 10 pH. Remarkably,
96% dye removal is progressed at 32.5 mg/L initial dye
concentration, 12.39 pH, and 70 min. The optimization of
the three parameters and their response simultaneously
is such difficult; therefore, the derived model is the best
route for optimization.

The optimization of the model parameters is achieved
by defining the priority of each parameter using the
Design-Expert software to achieve maximum response.
The results of the predicted model revealed that the
optimum conditions to achieve 83.5% dye removal
are 37.87 mg/L initial dye concentration and 3 pH for
30 min. Remarkably, the same results are achieved at
10 pH at a confidence interval of 95% and a prediction
interval of 95%. The adsorption capacity calculated using
Eq. 2 is 15.8 mg/g. Contrastingly, for 100% desirability,
the operating conditions are 15 mg/L initial dye concen-
tration, pH 3, and 110 min are required to achieve 100%
dye removal. The optimum conditions should consider
the priority of treating high concentrations of pollutants
at minimum time as discussed in detail in Discussion
section.

Characterizations of de-oiled algal biosorbent

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis in Fig. 3 illustrates the functional groups
of RB, AC, and AB. The presence of weak secondary
amines -NH and primary amines —NH, is proved by the
peaks ranging from 3758.58 to 3830.9 cm™! (Tan et al.
2018; Déniel et al. 2020; Silva et al. 2020). The border
absorption peaks at wavelength 3156.90—-3275.50 cm ™!

AB

Absorbance

RB

4000 3000 2000 1000 400

Wavenumber [cm™]

Fig. 3 FTIR bands for RB, AC, and AB

elucidate the existence of stretching hydroxyl group —
OH (Kumar et al. 2019) that found in all samples with a
higher-intensity value for biosorbent RB.

The stretching —CH group and aliphatic —-CH, group
have a leading role in the adsorption process (Asemani
et al. 2020). The peaks at 2924.52-2965.02 cm™' are
exhibiting the presence of —CH, group with asymmetric
stretching in AC more than RB. The methyl symmetric
stretching —CH group exists in both AC and AB at wave-
length 2880.17 cm™ .

Sulfur exists as —SH group at the wavelength
2372.01 cm™! for sample AC. The —NO as symmet-
ric stretching vibration group appears at wavelength
1542.77 cm™* for RB. The nitro group is strongly elec-
tron-withdrawing; this elucidates the lower efficiency
of RB than AC as biosorbent for AR1. The IR spectrum
at 1094.4-1092.48 cm ™' is illustrating the Si-O group
(Asemani et al. 2020).

Scanning electron microscope (SEM)/(EDX)

Figure 4 illustrates the microstructural and morphologi-
cal changes in each of RB, AC, and AB algal biomass that
was analyzed using scanning electron microscopy (SEM).
The shape of RB shows a smooth and irregular surface
with random heterogeneous sizes. The surface of AC
has a regular and small homogeneous size that increases
the surface area and ultimately enhanced its adsorp-
tion capacity. On the other hand, the AB has elongated
regular fiber bundles with a smooth distinct surface. The
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carbon w% is measured and examined using EDX analy-
sis. The most significant result is the increase of carbon
w% in AC by 29%.

Transmission electron microscope (TEM)

The results of TEM illustrated that the particle size of the
used RB is over 200 nm as illustrated in Fig. 5 while the
particle size of AC is in the range of 12—31 nm. This anal-
ysis is used to figure the effect of activation process that
enhances reduction of the particle size. This contributes
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in explanation of the wide difference between RB and AC
performance as biosorbent.

Eco-friendly environmental disposal of wastes:

EDX analysis detected several elements in AB as illus-
trated in Fig. 6. These elements as C, O, Na, Si, P, S, and
Ca are mixed to agricultural soil as shown in Fig. 6. The
plant growing in soil mixed with AB samples is signifi-
cant. This prospective function of over-loaded biomass as

Fig. 5 TEM images of RB, and AC
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Fig. 6 Elemental analysis for AB using EDX and its reflection on plant
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micro-nutrients for agricultural soil needs more study for
a long period with further analyses.

Discussion

Description and analysis of the model

The quadratic model is selected depending on the model
summary statistics in Table 2. The cubic model is aliased,
which prevents the proper navigation and transformation
for the cubic model. Meanwhile, the quadratic model has
the maximum values of R%, Adj. R?, and Pred. R’ they
are 0.97, 0.96, and 0.94, respectively. It also has a mini-
mum PRESS value that indicates the predictive ability of
the model. The probability function of the model eluci-
dated Prob > F smaller than 0.05 for both linear and poly-
nomial models. However, the sequential sum of squares
favors the highest order polynomial, where the additional
terms are significant and the model is not aliased while
the probability function of the lack of fit is significant for
both linear and factorial models that elucidate high error
for both.

In Table 3, the model F value of 109.66 implies the
model is significant. The model terms D, T, P? are sig-
nificant for Prob > F smaller than 0.05. Despite the term
P is not significant, it is required to support hierarchy. In
Table 4, the adequate precision ratio of 34.32 indicates
an adequate signal-to-noise ratio that elucidates that this
model can be used to navigate the design space. The coef-
ficients of the actual factors in the model equation are to
be displayed in six decimal places without any approxi-
mation; this action is necessary to justify the required
accuracy as much as possible.

The normal probability plot of the studentized residuals
is illustrated in Fig. 2a elucidates the normality of residu-
als distribution. The actual values of experiments versus
the predicted values through the model calculations in
Fig. 2b are very close using linear regression. The model
graph and its contour in Fig. 2c represents the effect
of the term P? on the response. Either low or high pH
reflects increasing the percent removal, while neutral-
ity exists at the vertex point. The absence of interaction
between the parameters as illustrated in Fig. 2d empha-
sizes the ability of the model to navigate the design space.

The main target of developing the predicting model
is to optimize the process parameters to achieve maxi-
mum the percent removal. Thus, the highest importance
has been given to the response, followed by the pro-
cess parameters. The logical goal is to treat maximum
dye concentration during the minimum time, whereas
neutral solutions have a lower response than acidic and
ones alkaline, i.e., pH has lower importance. The lower
response area, as shown in the 3D model graph Fig. 2c
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and its contour, is located at the bottom of the convex
while the response increases through navigation the
curve from neutral pH towards acidic or alkaline region.
Contrastingly, the desirability function to approach 100%
dye removal results in having to change operating condi-
tions to be the lowest boundary of the model limits for
initial dye concentration and pH, and the highest limits
for time. This approach decreased the adsorption capac-
ity by half while increasing the water purification by 17%.
Particularly, selecting a specific approach should fol-
low the industrial requirements and the environmental
aspects.

Characteristics of de-oiled biosorbent

FTIR analysis contributes to the explanation of biosorp-
tion mechanism through the description of their func-
tional group. The presence of secondary amines —-NH
and primary amines -NH, in RB, and AC clarified the
ability of algal biosorbent to form the positive cations
performing ionic pond with AR1 ions (Tan et al. 2018;
Déniel et al. 2020; Silva et al. 2020). The stretching ponds
in the —CH group and aliphatic -CH, group have a cen-
tral role in the adsorption process as they possess a high
ability to form free radicals that attract the AR1 ions
(Asemani et al. 2020). The increasing of carbon w% in AC
detected by EDX emphasizes the presence of an aliphatic
CH, group and stretching CH group in AC.

SEM analysis illustrates the change in the microstruc-
ture of AC and AB. The regular and small homogene-
ous size of AC increases the surface area and ultimately
enhanced its adsorption capacity while the elongated
regular fiber bundles with a smooth distinct surface of
AB elucidate the adsorption process for the surface and
the core absorption inside the biosorbent particle.

The reduction of nanoparticle size of AC, as figured by
TEM analysis, increases the active sites and encourages
rapid contact between the dye molecules and the bind-
ing sites (Zohoorian et al. 2020). This analysis explains
the wide variation in RB and AC performance as the
dye removal percent using RB and AC are 3.4%, and
96%, respectively. These results are integrated with that
detected by SEM analysis, where the morphology and the
homogeneous shape of AC facilitate the dye removal.

The desorption process is necessary to complete the
process cycle. However, several obstacles contradict this
process; some of them are related to the cost and the
other is related to the environment (Farooq et al. 2018).
The minor elements included in such material enhance
its potentiality to be used as a micro-nutrient for agricul-
tural soil. Further research has to be performing to cover
the plant requirements and human health.
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Conclusions

The recent research is concerned with applying micro-
organisms in dye removal from textile wastewater. Micro-
algae are a potential source for several industries. The
extracted oil from C. vulgaris is suitable for biofuel and
biomedical. Thus; using de-oiled microalgae in integrated
industries enhance its potentiality. The activation process
transforms the biomass surface into a regular and small
homogeneous size that increases the surface area and ulti-
mately enhances its adsorption capacity. The simultaneous
optimization of the process parameters is achieved by CCD
in RSM. This method decreases the number of essential
experiments and provides a predicting model with a CI of
95%. Further experiments are encouraged to be perform-
ing to study more process parameters as the AC amount
and process temperature. The reusability of dye-loaded
bio sorbent as micro-nutrient is an important economical
aspect to avoid the obstacles of the desorption process and
provide a useful by-product.
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