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Simultaneous bioremediation 
of cationic copper ions and anionic 
methyl orange azo dye by brown 
marine alga Fucus vesiculosus
Noura El‑Ahmady El‑Naggar  1*, Ragaa A. Hamouda2,3, Amna A. Saddiq4 & 
Monagi H. Alkinani5

Textile wastewater contains large quantities of azo dyes mixed with various contaminants especially 
heavy metal ions. The discharge of effluents containing methyl orange (MO) dye and Cu2+ ions into 
water is harmful because they have severe toxic effects to humans and the aquatic ecosystem. The 
dried algal biomass was used as a sustainable, cost-effective and eco-friendly for the treatment of 
the textile wastewater. Box–Behnken design (BBD) was used to identify the most significant factors 
for achieving maximum biosorption of Cu2+ and MO from aqueous solutions using marine alga Fucus 
vesiculosus biomass. The experimental results indicated that 3 g/L of F. vesiculosus biomass was 
capable of removing 92.76% of copper and 50.27% of MO simultaneously from aqueous solution using 
MO (60 mg/L), copper (200 mg/L) at pH 7 within 60 min with agitation at 200 rpm. The dry biomass 
was also investigated using SEM, EDS, and FTIR before and after MO and copper biosorption. FTIR, 
EDS and SEM analyses revealed obvious changes in the characteristics of the algal biomass as a result 
of the biosorption process. The dry biomass of F. vesiculosus can eliminate MO and copper ions from 
aquatic effluents in a feasible and efficient method.

Azo dyes and heavy metals are common pollutants worldwide1. Several industries are responsible for azo dyes and 
heavy metals pollutants, including leather tanning, pesticides, fuel, energy production, mining, atomic energy 
and batteries, surface finishing, textile, electroplating, metal plating, and photography2. If the effluents of these 
industries are not treated; it can cause environmental pollution and be dangerous to humans2.

Copper is essential to life because it plays catalytic and structural roles in some biomolecules such as proteins, 
enzyme, hemoglobin formation, carbohydrate metabolism and hair keratin3. Copper acts as a co-factor for several 
enzymes and plays a significant role in protein transcription4. Copper compounds are toxic through inhalation, 
eating, drinking, and dermal exposure to environmental conditions that contain copper5. In humans, toxicity 
of Cu is associated with two severe diseases, Menkes disease and Wilson’s disease, leading to the destruction of 
vital organs and alteration in lipid peroxidation in liver mitochondria and reduced liver and blood concentra-
tions of the antioxidant vitamin E6. Chronic Cu toxicity initiate oxidative damage, neurodegenerative diseases as 
Alzheimer’s, Parkinson’ and Huntington’s diseases, hepatic disorder (liver cirrhosis) and other disease conditions 
including Cu-protein interaction in the nerve system, temporal and spatial distribution of Cu in hepatocytes, 
activation of acidic sphingomyelinase and release of ceramide, alpha-synuclein aggregation, as well as lipid 
metabolism, genetic abnormality of Cu metabolism (Wilson’s disease) 6.

Azo dyes pollutants are generally highly coloured, and the immediate release of the azo dye pollutant into 
the water body causes the risk to both human and marine life as a result of their toxicity, mutagenicity and car-
cinogenicity impacts7. The quantity of azo dyes liberate to the environment is up 50% depending on the dye type 
and spread faster in the environments8. Methyl orange is a stable, water-soluble with less biodegrading ability. 
Hence, it is hard to eliminate MO from aqueous solutions by traditional treatment procedures9. The discharge 
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of methyl orange into the aquatic environments causes major environmental problems, critical health issues, as 
well as a severe and long-term impact on marine life10. Methyl orange causes toxicity if it swallowed, inhaled, 
or contact to the dermis11.

Several physico-chemical approaches have been widely used for the elimination of metallic ions and azo 
dyes from the contaminated water including chemical sedimentation, complexion, foam flotation, coagulation, 
ion exchange, cementation, membrane operations solvent extraction and electro-deposition12. However, these 
conventional methods for dyes and heavy metals removal have been restricted due to high reagents and energy 
requirements, production of high amounts of toxic sludge, highly expensive, and also generation of other toxic 
substances13.

Therefore, there is an urgent need for alternative method to the physicochemical conventional methods for 
heavy metals and azo dyes removal. Consequently, bioremediation (biosorption) is a promising, simple, cheap, 
eco-friendly and efficient alternative method to the physicochemical conventional methods for treatment of 
contaminated wastewater14,15. The biosorption process had been used to remove toxic metal ions and hazard-
ous azo dyes from hazardous effluents using natural biosorbents at low costs. Hamouda et al.16 reported that 
the application of biological materials such as the biomass of microorganisms including algae, bacteria, fungi 
and yeasts were used as biosorbents for wastewater pollutants. The marine algae biomasses are considered to 
be effective sustainable biosorbents with high ability for biosorption of pollutants such as hazardous azo dyes 
and heavy metals ions17 due to their the cell wall constitutes, its high metal-binding affinity, low-cost and local 
abundance14,18. Dried biomass of marine algae have been shown to be a promising, renewable biomass that are 
efficient biosorbents with a high binding efficiency to various pollutants in aqueous effluents including metals 
and dyes14,18. The cell wall of algae contains heteropolysaccharides, lipids and proteins which consist of various 
active sites (functional groups) that include carboxyl, amino, hydroxyl and phosphate groups that can act as cell 
surface binding sites to a variety of pollutants and binds with azo dyes or heavy metals ions through various 
mechanisms including surface precipitation, chelation, ion exchange, electrostatic forces, complexation between 
pollutants cations and the surface of the seaweeds or diffusion interior the cells, bioaccumulation inside the cells 
and binding to proteins and other intracellular components16,19.

Biosorption of the pollutants from aqueous solutions by biomass of brown algae has mainly been attributed to 
the highest alginate contents of their cell walls 20. Ahmady-Asbchin and Mohammadi21 reported that the highest 
bioremoval of copper from wastewater was obtained by the dried biomass of brown marine alga especially Fucus 
vesiculosus and Fucus serratus.

The Box–Behnken design (BBD)22 is a statistical experimental design used to determine the optimum con-
ditions to achieve the maximum simultaneous removal of copper ions and methyl orange by Fucus vesiculosus 
biomass. Furthermore, the linear, quadratic and mutual interaction impacts among the selected variables of the 
biosorption process should be studied. Several researchers have applied Box–Behnken design for optimization 
of different independent variables23,24.

Numerous studies have been conducted on mono-pollutant biosorption, despite the fact that both dyes and 
heavy metal ions are present together in significant amounts in the industrial effluents. Therefore, this study was 
paid high priority to perform the simultaneous removal of copper ions and MO dye from the binary solution 
using the dry biomass of marine alga, Fucus vesiculosus, as a cost effective biosorbent, to optimize the factors 
affecting the biosorption process using Box-Behnken experimental design and to characterize the biomass of 
brown alga, Fucus vesiculosus, before and after the biosorption process.

Results and discussion
The copper biosorption process by algae is strongly influenced by multiple factors such as initial pH, incuba-
tion time, and concentration of the copper25. On the other hand, decolorization of azo dye through biosorp-
tion processes is influenced by several factors including pH, algal biomass, incubation time and initial dye 
concentration26,27.

Statistical optimization of simultaneous biosorption of copper and methyl orange by Fucus 
vesiculosus biomass.  In the current study, the dried biomass of brown alga, Fucus vesiculosus, was used 
as biosorbent for simultaneous biosorption of MO and copper ions from aqueous solutions. Optimization of 
biosorption process independent variables was carried out using Box–Benken design to study the individual, 
quadratic and interaction effects between the different independent process variables and to maximize the 
removal percentages. Box–Benken design was also used to predict the best biosorption process conditions for 
maximum simultaneous biosorption of MO and copper ions from aqueous solutions. In the current experiment, 
the Box-Benken design of 29 experimental trials was used for optimization of the selected variables including 
MO conc. (X1), algal biomass (X2), initial pH level (X3) and incubation time (X4) on the biosorption of MO and 
copper ions from aqueous binary solutions.

Table 1 presents the levels of coded and actual values of the 4 independent factors. Additionally, experimen-
tal and theoretical predicted percentages of methyl orange and copper bioremoval along with the residuals are 
also presented in Table 1. According to the obtained experimental results of Box-Benken design, the percent-
ages of MO removal are ranged from 0.31 to 50.27% and the copper ions removal percentages are ranged from 
51.46 to 92.76%. The low removal percentages of MO (ranged from 0.31 to 50.27%) could be explained by the 
simultaneous biosorption of copper ions and MO dye by Fucus vesiculosus biomass. Consequently, due to high 
copper concentration used in this study (200 mg/L), competition between copper ions and MO for binding sites 
decreases the MO biosorption.

The maximum removal percentages of both MO and copper ions were obtained in the trial no. 12 with 
percent of 50.27% for MO and 92.76% for copper ions when methyl orange conc. was 60 mg/L, algal biomass as 
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biosorbent was 3 g/L, pH 7 and incubation time was 60 min at room temperature. Whereas, the minimum MO 
removal percentage was obtained in trial no. 22 with percent of 0.31% when methyl orange conc. was 60 mg/L, 
algal biomass as biosorbent was 7 g/L, pH 7, and incubation time was 60 min. On the other hand, the minimum 
copper removal percentage was obtained in trial no. 29 with percent of 51.46% when methyl orange conc. was 
40 mg/L, algal biomass was 5 g/L, pH 4, and incubation time was 30 min. The negative value for the predicted 
percentage of MO removal indicated in run 22 is the probability that the conditions used in this experimental 
run has a negative test result with a negative impact on the biosorption process.

Multiple regression analysis and ANOVA for methyl orange removal.  The results of Box–Behnken 
experimental design for methyl orange removal (%) were statistically analyzed and the results of ANOVA and 
multiple regression analysis were presented in Tables 2 and 3. The analysis includes the adjusted R2 value, the 
predicted R2 value, probability P-value, Fisher test (F-test), coefficient of determination (R2) and the coefficient 
values. Linear, quadratic and interactions effects of the selected 4 independent factors were also determined. The 
regression model includes four linear (X1, X2, X3, X4 ), four interactions (X1X2, X1X3, X1X4, X2X3, X2X4, X3X4), 
and four quadratics (X2

1, X2
2, X2

3, X2
4 ) (Table 2). If the regression model’s R2 value is closest to 1, this reflects 

the strength of the model and the best predictability of the response28. Table 2 shows that the value of R2 of the 
regression model is 0.9865; this means that 98.65% of the variability of MO removal can be explained by the 

Table 1.   Box–Behnken design matrix of four process variables with actual factor levels, coded factor levels, 
predicted and experimental values of simultaneous biosorption of methyl orange dye and copper (II) ions by 
using Fucus vesiculosus. 

Std Run X1 X2 X3 X4

Methyl orange removal (%) Copper removal (%)

Actual Predicted Residuals Actual Predicted Residuals

10 1 1 0 0 − 1 7.30 6.72 0.58 77.77 77.94 − 0.17

14 2 0 1 − 1 0 20.30 19.34 0.96 57.52 57.96 − 0.44

1 3 − 1 − 1 0 0 30.69 29.43 1.26 57.79 57.73 0.06

12 4 1 0 0 1 39.30 40.33 − 1.03 73.33 73.13 0.20

23 5 0 − 1 0 1 43.23 45.13 − 1.89 85.63 86.04 − 0.41

22 6 0 1 0 − 1 8.77 9.83 − 1.06 70.58 70.06 0.52

18 7 1 0 − 1 0 13.10 13.95 − 0.84 61.31 61.92 − 0.62

17 8 − 1 0 − 1 0 33.01 35.08 − 2.07 52.50 52.69 − 0.19

13 9 0 − 1 − 1 0 29.26 28.28 0.99 58.57 58.81 − 0.24

11 10 − 1 0 0 1 19.13 18.95 0.18 75.80 75.40 0.40

15 11 0 − 1 1 0 47.39 47.60 − 0.21 90.64 89.97 0.68

2 12 1 − 1 0 0 50.27 49.02 1.25 92.76 92.07 0.69

27 13 0 0 0 0 26.35 27.87 − 1.52 65.87 68.35 − 2.48

6 14 0 0 1 − 1 17.16 16.49 0.67 85.12 85.84 − 0.72

25 15 0 0 0 0 29.79 27.87 1.92 67.52 68.35 − 0.83

29 16 0 0 0 0 30.18 27.87 2.31 69.11 68.35 0.76

16 17 0 1 1 0 3.18 3.42 − 0.23 70.64 70.16 0.47

26 18 0 0 0 0 25.49 27.87 − 2.38 68.75 68.35 0.40

20 19 1 0 1 0 32.39 33.28 − 0.89 82.87 82.57 0.30

8 20 0 0 1 1 35.96 33.18 2.77 76.22 77.68 − 1.46

21 21 0 − 1 0 − 1 29.17 30.57 − 1.40 68.54 69.31 − 0.77

4 22 1 1 0 0 0.31 − 0.63 0.94 55.20 55.61 − 0.41

7 23 0 0 − 1 1 25.05 23.52 1.53 70.20 69.82 0.37

3 24 − 1 1 0 0 26.92 25.96 0.96 72.51 73.55 − 1.03

19 25 − 1 0 1 0 17.03 19.14 − 2.11 76.13 75.40 0.73

28 26 0 0 0 0 27.54 27.87 − 0.33 70.51 68.35 2.16

9 27 − 1 0 0 − 1 36.87 35.09 1.78 59.30 59.27 0.03

24 28 0 1 0 1 11.18 12.74 − 1.56 65.54 64.65 0.89

5 29 0 0 − 1 − 1 22.18 22.75 − 0.57 51.46 50.34 1.11

Variable Variable code Coded and actual levels

− 1 0 1

Methyl orange conc. (mg/L) X1 20 40 60

Algal biomass (g/L) X2 3 5 7

Initial pH level X3 4 7 10

Incubation time (min) X4 30 60 90
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model. On the other hand, the adjusted R2 value is 0.9730 which is very high verifying that the model is highly 
significant. The predicted-R2 value is 0.9388 which revealed a strong agreement with the adjusted R2 value of 
0.9730. Hence, revealing a reasonable agreement between the predicted and experimental values. The predicted-
R2 of the regression model reveals the effective predictable responses for the new experiments.

Adequate precision level higher than 4 is preferable and implies the model reliability. The present model used 
for methyl orange removal had a reasonable precision value of 33.67 revealing the model reliability. The statisti-
cally analyzed results of methyl orange removal (%) shows that the coefficient of variation % (C.V. = 8.05%) has 
relatively low value, indicating that the performed experiments are highly precise29. The PRESS value is 267.09, 
the standard deviation value is 2.05 and the model’s mean is 25.47 (Table 2). ANOVA of the quadratic regres-
sion model of methyl orange removal (%) indicates high significance of the quadratic model as confirmed by 
the very low value of probability (P-value˂ 0.0001) and the high F-value of 73.15. The non-significant lack of 

Table 2.   Analysis of variance for biosorption of methyl orange dye by using Fucus vesiculosus.  F Fishers’s 
function, P level of significance, C.V. coefficient of variation. * Significant values.

Source of variance Sum of squares Degrees of freedom Mean of square F-value P-value
Coefficient 
estimate

Model 4305.84 14 307.56 73.15  < 0.0001* 27.87

Linear effect

X1 36.71 1 36.71 8.73 0.0104* − 1.75

X2 2116.34 1 2116.34 503.32  < 0.0001* − 13.28

X3 8.65 1 8.65 2.06 0.1734 0.85

X4 228.86 1 228.86 54.43  < 0.0001* 4.37

Interaction effect

X1X2 533.17 1 533.17 126.80  < 0.0001* − 11.55

X1X3 311.05 1 311.05 73.98  < 0.0001* 8.82

X1X4 618.60 1 618.60 147.12  < 0.0001* 12.44

X2X3 310.56 1 310.56 73.86  < 0.0001* − 8.81

X2X4 33.91 1 33.91 8.07 0.0131* − 2.91

X3X4 63.41 1 63.41 15.08 0.0017* 3.98

Quadratic effect

X1
2 2.40 1 2.40 0.57 0.4622 − 0.61

X2
2 11.21 1 11.21 2.67 0.1249 − 1.31

X3
2 23.32 1 23.32 5.55 0.0336* − 1.90

X4
2 25.60 1 25.60 6.09 0.0271* − 1.99

Error effect
Lack of fit 41.72 10 4.17 0.97 0.5608

Pure error 17.15 4 4.29

R2 0.9865 Std. dev 2.05

Adj R2 0.9730 Mean 25.47

Pred R2 0.9388 C.V. % 8.05

Adeq precision 33.67 PRESS 267.09

Table 3.   Fit summary for Box–Behnken design results for biosorption of methyl orange dye by using Fucus 
vesiculosus.  * Significant values, df degree of freedom, PRESS sum of squares of prediction error, 2FI two 
factors interaction.

Source Sum of squares df Mean square F-value
P-value
Prob > F

Lack of fit tests

Linear 1956.99 20 97.85 22.83 0.0039*

2FI 86.29 14 6.16 1.44 0.3925

Quadratic 41.72 10 4.17 0.97 0.5608

Sequential model sum of squares

Linear vs mean 2390.56 4 597.64 7.27 0.0006*

2FI vs linear 1870.70 6 311.78 54.25  < 0.0001*

Quadratic vs 2FI 44.58 4 11.14 2.65 0.0776

Source Standard deviation R-squared Adjusted R-squared Predicted R-squared PRESS

Model summary statistics

Linear 9.07 0.5477 0.4723 0.2965 3070.74

2FI 2.40 0.9763 0.9631 0.9450 240.02

Quadratic 2.05 0.9865 0.9730 0.9388 267.09
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fit (P-value = 0.5608) indicates that the present results are consistent with the model. In this study, the variables 
displaying P-values below 0.05 were considered to have significant impacts30.

The interpretation of the correlation between the examined variables (Table 2) relied on the signals of vari-
able coefficients and P-values. Basically, the correlation between the two factors could be negative or positive. 
Consequently, the positive coefficient sign reveals a synergistic influence, while the negative coefficient sign 
reveals an antagonistic impact. It’s clear from the coefficients values (Table 2) that the initial pH level (X3) and 
incubation time (X4) had positive effects on methyl orange removal (%). Whereas the negative coefficients values 
of both methyl orange conc. (X1) and the algal biomass (X2) means that they exert a negative effects on methyl 
orange removal (%) from aqueous solutions by Fucus vesiculosus biomass in the tested range of the examined 
variables. It was obvious from the P-values that the linear coefficients of X1, X2 and X4, the interaction between 
X1X2, X1X3, X1X4, X2X3, X2X4, X3X4 and quadratic impacts of X3 and X4 had significant effects. Furthermore, linear 
coefficients of X3 the quadratic effects of X1, X2 (P-value equals 0.4622, 0.1249; respectively) had non-significant 
effects on the methyl orange dye removal by F. vesiculosus.

Table 3 display the fit summary for Box–Behnken design of methyl orange removal by F. vesiculosus. The fit 
summary applied to select the appropriate model for the experimental results (linear, 2FI or quadratic model). 
The appropriate model is chosen on the basis of significant model terms and non-significant lack of fit tests. The 
fit summary results demonstrated that appropriate model for methyl orange removal by F. vesiculosus biomass 
is the two factors interaction (2FI) model which is significant with a very small P-value < 0.0001. Lack of Fit 
Test for two factors interaction (2FI) (with F-value = 1.44 and P-value = 0.3925) and quadratic models (with 
F-value = 0.97 and P-value = 0.5608) of methyl orange removal percentages by F. vesiculosus biomass are non-
significant (Table 3). Furthermore, the model summary statistics for methyl orange removal percentages by F. 
vesiculosus biomass quadratic model recorded the lower standard deviation of 2.05 and the highest R2 of 0.9865, 
adjusted R2 of 0.9730, but two factors interaction (2FI) model recorded the highest predicted R2 of 0.9450.

By using the coefficients (Table 2), the 2nd-order polynomial equation describing the correlation between 
methyl orange removal percentages by F. vesiculosus biomass (Y) regarding MO concentrations, algal biomass, 
and initial pH level and incubation time as the following:

where Y is the predicted value of methyl orange azo dye removal (%) and X1‒X4 are the coded values of methyl 
orange azo dye concentration, the algal biomass concentration, initial pH level, and incubation time; respectively.

Multiple regression analysis and ANOVA for copper removal.  The results of Box–Behnken experi-
mental design for removal of copper were analyzed using multiple regression analysis and the results were pre-
sented in Tables 4, 5. Table 4 shows the regression model determination coefficient (R2) = 0.9934 which means 
that the variations in copper removal of 99.34% could be described by the model. In addition, the adjusted 
coefficient of determination (adj R2 value) of 0.9867 was relatively high and validated that the model was very 
significant. On the other hand, the predicted value of the determination coefficient (predicted R2 value) of 0.9772 
is in an excellent agreement with the adjusted R2 values (0.9867), which revealed a well-fit between the predicted 
and observed values of copper removal percentages. The model used for this experiment is therefore ideal for 
predicting the removal percentage of copper at the tested levels of independent parameters. The adequate preci-
sion value for the current model is 46.27, revealing the model reliability. The mean value is 69.99, PRESS value is 
75.40 and the standard deviation is 1.25 (Table 4). Meanwhile, the % of the coefficient of variation (C.V. = 1.79%) 
is low, indicating that the performed experiment have a high level of reliability and precision29.

ANOVA for the regression model of copper removal (%) indicates that the model is highly significant as 
is apparent from a very small probability value [P-value ˂ 0.0001] with the Fisher’s F test (F-value = 149.49) 
(Table 4). The P-values were used to assess the significance of each coefficient. The P-values showed that linear 
effects of X1, X2, X3, and X4 with probability values of < 0.0001 are significant. Also, the interactions effects 
between X1X2, X1X4, X2X3, X2X4 and X3X4 with probability values of < 0.0001 are also significant (Table 4). 
While, the interaction between X1X3 (methyl orange conc. and initial pH level) had a non-significant effect 
(P-value˃0.05). Additionally, the probability value implied that the quadratic impact of X2, X4 had a significant 
effects on the copper removal (P-value = 0.0250, < 0.0001 respectively), meanwhile X1, X3 had an insignificant 
effects on the copper removal using F. vesiculosus.

The negative coefficient value reflects an antagonistic relationship between the variables and the percent 
removal value, whereas positive coefficient value reflects a synergism between the variables and the percent 
removal value. Accordingly, the negative values of coefficients means that copper removal % by the biomass of 
F. vesiculosus is negatively affected by the effect of linear or mutual interactions between two parameters, as well 
as the quadratic effects. Whereas, the positive values of coefficients means that copper removal percentages by 
the biomass of F. vesiculosus are increased in the evaluated levels of the selected process parameters as affected 
by linear effects, mutual interactions effects or quadratic effects. It can be seen from the values of coefficients 
(Table 4) that X1, X3 and X4 had positive effects on copper removal % by the biomass of F. vesiculosus. However, 
X2 exerted negative effect on the copper removal % by the biomass of F. vesiculosus.

Table 5 indicated the results of the Fit summary of Box–Behnken experimental design of biosorption of 
copper by using brown alga F. vesiculosus. The fit summary results demonstrated that the quadratic model is 
the appropriate model for fitting copper removal by F. vesiculosus biomass with a very small P-value < 0.0004 
and non-significant lack of fit (P-value = 0.9351 & F-value = 0.32). Furthermore, the model summary statistics 
of the quadratic model recorded the largest adjusted R2 (0.9867), predicted R2 (0.9772) and the lowest standard 
deviation (1.25).

(1)
Y = +27.87− 1.75 X1 − 13.28X2 + 0.85X3 + 4.37 X4 − 11.55 X1X2 + 8.82 X1X3 + 12.44 X1X4

− 8.81 X2X3 − 2.91 X2X4 + 3.98 X3X4 − 0.61 X2
1 − 1.31 X2

2 − 1.90 X2
3 − 1.99 X2

4.
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By using the coefficients (Table 4), the 2nd-order polynomial equation describing the correlation between 
copper removal percentages by F. vesiculosus biomass (Y) regarding MO concentrations, algal biomass, and initial 
pH level and incubation time as the following:

where Y is the predicted value of copper removal (%) and X1‒X4 are the coded values of methyl orange azo dye 
concentration, the algal biomass concentration, initial pH level, and incubation time; respectively.

Three dimensional (3D) surface plots for MO dye and copper removal percentages.  3D surface 
plots were created for determination of the optimum conditions of the bioprocess (removal of MO dye and 

(2)
Y = +68.35+ 4.10X1 − 5.16X2 + 10.84X3 + 2.83X4 − 13.07X1X2 − 0.52X1X3 − 5.24X1X4

− 4.74X2X3 − 5.53X2X4 − 6.91X3X4 + 0.16X2
1 + 1.24X2

2 − 0.36X2
3 + 2.93X2

4.

Table 5.   Fit summary for Box–Behnken design results of copper (II) ions removal by using F. vesiculosus.  df 
degree of freedom, PRESS sum of squares of prediction error, 2FI two factors interaction. *Significant values.

Source Sum of squares df Mean square F-value
P-value
Prob > F

Lack of fit tests

Linear 1274.06 20 63.70 20.79 0.0047*

2FI 76.76 14 5.48 1.79 0.3037

Quadratic 9.77 10 0.98 0.32 0.9351

Sequential model sum of squares

Linear vs mean 2027.44 4 506.86 9.46  < 0.0001*

2FI vs linear 1197.30 6 199.55 40.35  < 0.0001*

Quadratic vs 2FI 66.99 4 16.75 10.65 0.0004*

Source Standard deviation R-squared Adjusted R-squared Predicted R-squared PRESS

Model summary statistics

Linear 7.32 0.6118 0.5471 0.3956 2002.95

2FI 2.22 0.9731 0.9582 0.9283 237.73

Quadratic 1.25 0.9934 0.9867 0.9772 75.40

Table 4.   Analysis of variance for simultaneous biosorption of copper (II) ions by using Fucus vesiculosus.  F 
Fishers’s function, P level of significance, C.V. coefficient of variation. *Significant values.

Source of variance Sum of squares Degrees of freedom Mean of square F-value P-value
Coefficient 
estimate

Model 3291.74 14 235.12 149.49  < 0.0001* 68.35

Linear effect

X1 201.77 1 201.77 128.28  < 0.0001* 4.10

X2 319.78 1 319.78 203.31  < 0.0001* − 5.16

X3 1409.73 1 1409.73 896.28  < 0.0001* 10.84

X4 96.15 1 96.15 61.13  < 0.0001* 2.83

Interaction effect

X1X2 683.43 1 683.43 434.51  < 0.0001* − 13.07

X1X3 1.06 1 1.06 0.68 0.4247 − 0.52

X1X4 109.66 1 109.66 69.72  < 0.0001* − 5.24

X2X3 89.84 1 89.84 57.12  < 0.0001* − 4.74

X2X4 122.43 1 122.43 77.84  < 0.0001* − 5.53

X3X4 190.88 1 190.88 121.35  < 0.0001* − 6.91

Quadratic effect

X1
2 0.16 1 0.16 0.10 0.7566 0.16

X2
2 9.90 1 9.90 6.30 0.0250* 1.24

X3
2 0.83 1 0.83 0.53 0.4787 − 0.36

X4
2 55.73 1 55.73 35.43  < 0.0001* 2.93

Error effect
Lack of fit 9.77 10 0.98 0.32 0.9351

Pure error 12.25 4 3.06

R2 0.9934 Std. dev 1.25

Adj R2 0.9867 Mean 69.99

Pred R2 0.9772 C.V. % 1.79

Adeq Precision 46.27 PRESS 75.40
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copper ions from binary aqueous solution) and to describe the relationship between the methyl orange dye and 
copper removal percentages by F. vesiculosus biomass and the interactions between the chosen process variables. 
The 3D response surface plots were created for the pairwise of the four variables (X1X2, X1X3, X1X4, X2X3, X2X4 
and X3X4). All experiments were conducted using a fixed concentration of copper ions of 200 mg/L. The removal 
percentages of MO dye were drawn on the Z-axis versus two variables, while the remaining variables maintained 
fixed at their zero levels (Fig. 1).

The 3D (Fig. 1A) shows the effect of MO concentrations (X1) and algal biomass (X2) on MO removal %, while 
the other two parameters (X3 and X4) are maintained fixed at their zero levels. The results have shown that the MO 
removal percentage was relatively high at higher MO concentrations and lower algae biomass. With the increase 
in the initial concentration of methyl orange dye from 20 to 57.62 mg/L, the removal percentage of methyl orange 
increases. The increasing percentage of removal could be mainly because of a larger surface area and the acces-
sibility of unsaturated binding sites at the surface of F. vesiculosus biomass required to the biosorption process. 
Then, the removal percentage of methyl orange decreased with increasing concentration of methyl orange above 
57.62 mg/L. This can be due to the saturation of binding sites on the surface of F. vesiculosus biomass. On the 
other hand, the removal percentage of methyl orange increases with the increase of initial concentration of F. 
vesiculosus biomass up to 3.2 g/L. The increased removal percentage of methyl orange could be mainly because 
of a larger surface area and the availability of unsaturated binding sites at the surface of F. vesiculosus biomass 
required to the biosorption process reaction by increased concentration of the algal biomass. The removal per-
centage of methyl orange then decreased with increasing the algal biomass concentration from 3.2 to 7 g/L. The 
agglomeration of the biomass can be a reason for the decrease in the removal efficacy.

Figure 1B show the effect of MO concentration (X1) and initial pH level (X3) on the MO removal percentage 
at center levels of alga biomass (X2) and incubation time (X4). Figure 1B indicates that the highest percentage of 
MO removal (61.97 mg/L) was at MO 57.7 mg/L and pH 9.5, when alga biomass was 3 g/L and incubation time 
was 60 min. The increase in the initial pH resulted in the highest percentage of orange methyl removal. This 
could be interpreted by the enhanced access of methyl orange to the active sites of the algal biomass at alkaline 
pH. Figure 1C show the effect of MO concentration (X1) and incubation time (X4) on the percentage of MO 
removal while alga biomass and pH were kept at their center points. The removal percentages of methyl orange 
increases with the increase of both initial concentration of methyl orange dye and incubation time. In addition, 
the effects of brown alga F. vesiculosus biomass (X2), initial pH level (X3) and incubation time (X4) on the MO 
removal percentage are also presented in Fig. 1D–F.

Similarly, the three-dimensional plots (Fig. 2) represent the effects of MO concentration, brown alga F. vesicu-
losus biomass, initial pH level and incubation time on copper removal percentage. Figure 2A–C indicated that 
the higher level of MO concentration increases the percentage of copper removal by brown alga F. vesiculosus 
biomass in aqueous solution. The 3D plots of Fig. 2D,E indicated that lower levels of brown alga F. vesiculosus 
biomass causes higher removal of copper. In addition, the effects of initial pH level (X3) and incubation time 
(X4) on copper removal percentage are also presented in Fig. 2F.

Effect of initial pH value on the biosorption process.  pH is a significant factor that influences the 
degree of ionization and the characterizations of biosorbent surface31. As the pH increases, the pH value leads 
to an increase in biosorption capacity of heavy metals ions; this may be caused by a decline of the competitive-
ness between positively charged metal ions and H+32. As the pH increases, OH− and anionic dyes competing 
with each other and dyes uptaking were lower, the optimal pH was 6 for removal of Ni2+ and Zn2+ and pH was 
4 for removal methyl orange33. In acidic conditions the electrostatic attractions take place between anionic dye 
(negatively charged) and biosorption sites of the adsorbent (with a positive charge), causing an increase in the 
biosorption capacity34. The current study proved that the optimum pH of Cu2+ and methyl orange simultaneous 
removal was 7.

The effect of pH on MO and Cu removal can be described as an electrostatic interaction mechanism between 
adsorbents and alga surface; at lower pH, a competition between anionic dyes and protons found in the active 
sites of the biosorbent, thus the biosorption of the anion dyes is not optimal35. Increasing the solution pH reveals 
increasing the biosorption of anionic ions because the elevated of electrostatic interactions between anionic 
dyes and adsorbent 36. The enhanced biosorption at higher pH values could be due to the negatively charged 
OH‒ functional groups that are present on the surface of the biosorbent. This results in electrostatic attraction 
between the cationic dyes and negatively charged biosorbent surface37.

Effect of biomass concentration on the biosorption process.  Algae biomasses are considered to be 
effective sustainable biosorbents for large-scale uses for metals and hazardous dyes biosorption due to their cell 
wall constitutes high metal removal efficiency, renewable and cost-effective38. The metal-binding ability of each 
alga was different. This can be clarified by the variation in polysaccharides and proteins’ cell wall composition 
that provides cell surface binding sites. Schiewer and Volesky39 claimed that the high biosorption capacity of 
algal surface could be attributed to the existence of polysaccharides, lipid or proteins molecules in their cell walls 
that containing functional groups which can act as binding sites for metals. The biosorption capacity of the algal 
surface is attributed to the availability of the functional groups, for example carboxylic, hydroxyl, phosphate, 
imidazole, sulfate, sulphuryl, phosphoryl, amino, etc40.

In the present study, increase in the removal percentages of Cu2+ and methyl orange with increasing the bio-
mass concentration could be attributed to the increase in the surface area of brown marine alga Fucus vesiculosus 
biomass and the availability of more active sites. Phugare et al.41 stated that an improvement in the biosorption 
percentage with increasing biomass concentration is anticipated due to the increased biosorbent surface area 
which in turn increases the number of active sites leading to efficient biosorption. On the other hand, a reduction 
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Figure 1.   Three-dimensional surface plots of biosorption of methyl orange dye by Fucus vesiculosus biomass 
displaying the interactive effects of the four tested variables. This figure was created by using statistical software 
package, STATISTICA software (Version 8.0, StatSoft Inc., Tulsa, USA).
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Figure 2.   Three-dimensional surface plots of biosorption of copper (II) ions by Fucus vesiculosus biomass 
displaying the interactive effects of the four tested variables. This figure was created by using statistical software 
package, STATISTICA software (Version 8.0, StatSoft Inc., Tulsa, USA).
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in the removal percentages at higher biomass concentrations of brown marine alga, Fucus vesiculosus, could be 
attributed to the agglomeration of the biomass. Karthikeyan et al.42 stated that a reduction in the efficiency of 
the removal at higher concentrations of the algal biomass could be caused by a reduction in the efficiency of 
the biomass surface area as a result of agglomeration. Furthermore, Lata et al.43 documented a reduction in the 
biosorption potential at greater algal concentrations was due to agglomerations of the biomass, which could in 
turn reduce the intercellular spacing which reduced the overall effective biosorption surface area, thus reducing 
the number of active binding sites available on the algal biomass surface. However, EL Hassouni et al.44 concluded 
that the decrease in the efficiency of the biosorption process after achieving the optimal dose could be attrib-
uted to an increase in the number of unsaturated active sites on the biosorbent surface with an increase in the 
concentration of biomass because of the ineffective utilization of the active sites where metal ions or adsorbate 
particles are insufficient to bind to all available active sites.

Kumar et al.45 reported that 0.1 g of Ulva fasciata is adequate to eliminate 95% of copper from aqueous solu-
tion. The biosorption of copper was maximum by using 2 g of Callithamnion corymbosum sp.46. Abdulkareem 
& Alwared47 reported that the increase of alginate beads derived from marine algae above 10 g/L resulted in a 
decrease of the biosorption processes which could be attributed to an increase in the number of unsaturated 
active sites on the biosorbent surface. The effective concentration of brown macro-marine algae Gelidiella acerosa 
as biosorbent was 0.41 g/L to remove 96.36% of copper from aqueous solution48. The highest removal value of 
copper ions (88.45%) was obtained when 4 g/L of marine brown alga Sargassum bevanom was applied as biosorb-
ent when pH was adjusted to 6, and incubation time of 100 min49. The removal of copper is performed effectively 
by some marine algae such as Fucus vesiculosus by using 1.85 mmoL/g21.

The greatest removal percentage of methyl orange was 97% when using 0.4 g/L Oedogonium subplagiosto-
mum AP1 biomass as biosorbent50. Five mg of the activated carbon of marine alga Gracilaria corticata has the 
ability for decolourization of textile dye51. The maximum dye decolorisation percentage (86.1%) by calcium 
alginate extracted from Sargassum sp. was obtained by using 40 mg/L alginate52.

Effect of contact time on the biosorption process.  In the present study, the simultaneous removal 
of cationic copper ions and anionic methyl orange azo dye by brown marine alga Fucus vesiculosus biomass 
from binary solution depends on the contact time. Experimental results have shown obviously that the removal 
percentage of cationic copper ions and anionic methyl orange azo dye increases as the contact time increase up 
to the optimum, which probably due to the availability of a large number of surface vacant active sites on the 
brown marine alga Fucus vesiculosus biomass surface and also cationic copper ions and anionic methyl orange 
azo dye concentrations were high. However, at higher contact time, the active sites were saturated causing no 
further adsorption occurs. Saturation of all active sites on the biomass surface results in a state of equilibrium53.

Biosorption capacity of heavy metals by brown algae increased with increasing contact times, within 60 min, 
the absorption of nickel and cadmium reached 95%54. Biosorption of Fe3+ by Sargassum vulgare (brown alga) 
was elevated with increasing the time up to 50 min55. Uptake of methyl blue by Sargassum muticum was fast in 
the first 5 min and reach equilibrium within 60–90 min56. The elimination of dye reached 93% at 45 min. by 
Sargassum crassifolium57.

Desirability function (DF).  The key objective of the experimental design and the desirability function 
(DF) were used to identify the optimum predicted conditions to maximize the responses58. The DF values ranged 
between zero (undesirable) to one (desirable). The numerical optimization defines the points minimizing the 
desirability function. For the optimization process, the DF option in the software design expert (Version 7.0.0) 
was used.

Figure 3 shows the optimization plot displays the optimum predicted values and the desirability function 
for maximum removal percentage of cationic copper ions and anionic methyl orange azo dye by brown marine 
alga Fucus vesiculosus.

Maximum removal percentage of cationic copper ions as mono-component by brown marine alga Fucus 
vesiculosus (100.34%) was obtained by using methyl orange azo dye concentration of 55.71 mg/L, the algal bio-
mass concentration of 3.24 g/L, initial pH level of 9.75, and incubation time of 50.93 min. Whereas, the optimal 
predicted conditions attained for the maximum removal percentage of anionic methyl orange azo dye as mono-
component (77.91%) were methyl orange azo dye concentration of 56.12 mg/L, the algal biomass concentration 
of 3.26 g/L, initial pH level of 9.89, and incubation time of 87.68 min. On the other hand, the simultaneous 
removal percentages of cationic copper ions and anionic methyl orange azo dye in multi-component system by 
brown marine alga Fucus vesiculosus were obtained using methyl orange azo dye concentration of 57.62 mg/L, 
the algal biomass concentration of 3.20 g/L, initial pH level of 9.23, and incubation time of 88.01 min. The previ-
ous predicted conditions for simultaneous removal of copper ions and methyl orange azo dye by brown marine 
alga Fucus vesiculosus could be resulted in maximum removal percentages of 99.55% for copper and 76.85% for 
methyl orange azo dye with DF of 1.

In order to verify the removal percentages of cationic copper ions and anionic methyl orange azo dye by 
brown marine alga Fucus vesiculosus under the optimal predicted conditions, the experiments have been done in 
triplicate and compared with the predicted values. The experimental results for copper ions and methyl orange 
azo dye removal percentages were 97.7% and 75.49; respectively. The verification showed that the experimental 
results and their predicted values of a strong agreement imply that the DF effectively determines the optimal 
predicted conditions for the simultaneous removal of cationic copper ions and anionic methyl orange azo dye 
by brown marine alga Fucus vesiculosus.
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FTIR analysis.  The FTIR spectrums of brown alga F. vesiculosus biomass were analyzed before and after 
bio-adsorption of methyl orange and copper (Fig. 4) showing differences due to the interaction of methyl orange 
and copper ions with active sites (functional groups) that found in cell surface in biomass. The brown algae cell 
walls consist of cellulose, hemicelluloses, sulphated furans and also some unique polysaccharides (alginates) that 
have many active groups (hydroxyl, carboxylate, amino and phosphate groups) with negative charges that can 
interact with cationic dye and connect the ions of heavy metal59. The spectrum of FTIR analysis of brown alga 
F. vesiculosus before and after bio-sorption of MO and copper ions showed different absorption peaks at 3751, 
3450, 2924, 2855, 1743, 1649, 1563, 1544, 1520, 1461, 1425,1397, 1342,1318, 1161,1063 and 672 cm−1 which has 
been shifted to 3450, 2962, 2925, 2855, 1742, 1647, 1564, 1545, 1520, 1461, 1426, 1399, 1342, 1270, 1160, 1066, 
672 and 615 cm−1. Figure 4 represent that very narrow peak at 3751 are present in the brown alga F. vesiculosus 
and no present after absorption MO and copper ions. Some other peaks are shifted in range 3 to –22 cm−1 due 
to the brown alga adsorbed copper ions and methyl orange. Also, the new peaks were observed at 1270 and 
615 cm−1 this change may be due to bind of MO and copper on algal biomass. The narrow peak at 3751 cm−1 
and broad peak at 3450 cm−1 are specified to the elongation of O–H group such as phenols, carboxylic acids, 
and alcohols60. Theivandran et al.61 stated that peeks at 2924 cm−1, 2962 cm−1 and 2855 cm−1 are related to C–H 
protraction vibration presence of alkenes. Peaks at 1743 and 1742 cm−1 are related to C=O stretching mode of 
lipids62. Peaks at 1649 cm−1 and 1647 cm−1 are correlated to N–H of adenine, thymine, guanine, cytosine63, peaks 
at 1544 cm−1, 1545 at cm−1 and 1520 at cm−1 are correlated to amide II bands arises from C–N stretching64–66. 

Figure 3.   The optimization plot displays the optimum predicted values and the desirability function for 
maximum simultaneous removal percentages of anionic methyl orange azo dye as mono-component (A); 
cationic copper ions as mono-component (B); both copper ions and methyl orange in binary multi-component 
system (C). This figure was created by using Design Expert version 7 for Windows software.
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Peak at 1461 cm−1 is correlated to C–H bend elongation vibration presence of alkenes67, peaks at 1425 cm−1 and 
1426 cm−1 are associated to C–C elongation (in–ring) aromatics68, peaks at 1397, 1399 are associated to CH3

69, 
peaks 1342 and 1318 cm−1 are represent C–H bending70,71, while peaks at 1270 C–C–O stretching72, peaks at 
1161 and 1160 cm−1 represent stretching vibrations of hydrogen–bonding C–OH groups73. Peaks at 1063 and 
1066 interrelated to PO2 symmetric stretching of nucleic acids74.

Scanning electron microscopy.  The SEM images demonstrated that the dry brown alga F. vesiculosus 
biomasses after and before the biosorption of MO and copper ions as shown in Fig. 5A,B. Figure 5B indicated the 
ability of F. vesiculosus to biosorb MO and copper ions. After biosorption of MO and copper ions, the surface of 
F. vesiculosus biomass has been more shrinking, irregular, and there are also more glossy spots as a result of accu-
mulation of copper ions on the cell surface75. The morphological structure of the algae changed after biosorption 
of methyl orange by Oedogonium subplagiostomum 50.

Figure 4.   FTIR of F. vesiculosus before (A) and after (B) MO and copper ions biosorption from aqueous 
solution.
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Electron dispersive spectroscopy (EDS).  The EDS analysis is analytical technique used for the chemical 
characterization or both qualitative and quantitative elemental analysis of a sample surfaces76. In this experi-
ment, EDS analysis was carried out to find the elements present on the surface of F. vesiculosus biomass and 
verified the attachment of Cu2+ to the surface of F. vesiculosus biomass after biosorption process. The EDS-TEM 
analysis (Fig. 6A) indicated the existence of optical absorption peak corresponding to Cu2+ before the biosorp-
tion process which could be due to the TEM copper grids coated with a carbon foil have been used during the 
analysis. The EDS spectra (Fig. 6B) reveal the presence of an optical absorption peak corresponding to Cu2+ after 
biosorption process attached to F. vesiculosus biomass cell surface. The Cu2+ weights` were 1.5 and 10.97% before 
and after the biosorption process; respectively that proves the role and capacity of F. vesiculosus biomass in the 
biosorption process of Cu2+ from aqueous solutions.

Mechanisms of biosorption.  Raize et al.77 observed that biosorption of the metallic cations to the algal 
cell wall components was a surface process. Biosorption by algal biomass occurs mainly through cell wall 
interactions78. Brown algae biomass cell walls contain many polymers including high concentrations of polysac-
charides (sulfated polysaccharides, alginate) and proteins which involve several functional groups77. There are 
many functional groups on the algal cell wall such as carboxyl, sulphate, hydroxyl, carboxyle and amino groups, 
which can serve as cell surface binds for contaminants.

Biosorption of metals involves several mechanisms that differ qualitatively and quantitatively according to 
the species used, the origin of the biomass, and its processing procedure. The principal binding mechanisms of 
the biosorption process by the algal biomass include ion exchange, formation of complex between contaminants 
cations and the ligands on the algal surface, diffusion interior the cells or surface precipitation, chelation, bioac-
cumulation within the cells, binding to intracellular components and proteins19,79 (Fig. 7) and reduction reactions, 
accompanied by metallic precipitation on the cell wall matrix77. Ion-exchange is a vital concept in the biosorption 
process, since it reflects the fact that most brown algal biomass is either protonated (ion-exchange takes place 
between various ions and protons at the biomass binding sites) or contains light metal ions such as K+, Na+ and 
Mg2+, which are released upon binding of a heavy metal cation with alginate80. Saturation of all active adsorp-
tion sites on the biomass surface results in a state of equilibrium53. The ion exchange capacity of the brown algae 
is directly related to the unique macromolecular structure of alginate that contains carboxylic groups which is 
the most abundant acidic functional group present in the alginate polymer polysaccharides80. The sulfonic acid 

Figure 5.   SEM micrograph of F. vesiculosus (A) before and (B) after biosorption of MO and copper ions from 
aqueous solution.
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Figure 6.   EDS micrograph of F. vesiculosus (A) before and (B) after biosorption of MO and copper ions from 
aqueous solution.

Figure 7.   Biosorption mechanism of metal and dye by algal biomass.
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of fucoidan is the second most common functional acidic group in brown algae. Sulfonic acid groups usually 
play a secondary function, except when metal binding occurs at a low pH level. Hydroxyl groups are also found 
in all polysaccharides but they are less concentrated and charged negatively only at pH > 10. This means they 
play a secondary role in metal binding at low pH80. Jang et al.81 acknowledged that guluronic acid-rich alginates 
(Na-alginate gel) display a high metal selectivity for Cu2+ due to its higher contents of guluronic acid residues.

Materials and methods
Preparation of the biosorbent.  Fucus vesiculosus was collected from Jeddah beach, Saudi Arabia in April 
2019. The F. vesiculosus biomass was washed carefully by using tap water, then by distilled water to get rid of salts 
and sand. After cleaning, the alga biomass was subjected to dryness at 50 °C, (up to steady weight). The dried alga 
was crushed and then sieved using a suitable laboratory sieve with a particle size range of 1–1.2 mm. The alga 
biomass was then used as biosorbent for simultaneous methyl orange and copper ions removal.

Preparation of methyl orange and copper solutions.  The solutions required for the biosorption 
experiments were prepared by dissolving of weighed copper sulphate (Copper(II) sulfate anhydrous, powder, 
ReagentPlus, ≥ 99.0%) at a concentration of Cu2+, 200 mg/L and methyl orange at a work concentrations of 20, 
40, 60 mg/L in distilled water. The desired initial pH level of each solution has been achieved by adding NaOH 
(0.1 N) or HCl (0.1 N). Methyl orange (MO) azo dye used in this study was obtained from Sigma-Aldrich Chem-
ical Company, Inc., USA without any further purification (soluble in distilled water). The chemical formula of 
MO is C14H14N3O6S− and the chemical formula is shown in Fig. 8. MO is an anionic azo organic compound that 
turns red in acidic medium and orange in basic medium.

Optimization of the copper ions and methyl orange removal by batch biosorption using Box–
Behnken design.  Four factors were chosen to determine the optimum conditions for maximum simultane-
ous removal of copper ions and MO using the Box–Behnken design29. Design-Expert software (version 7) for 
Windows was used for generating the Box–Behnken design with 3 center points and 29 different experiments 
for predicting the optimum levels for the significant factors and to achieve the maximum simultaneous removal 
of copper ions and methyl orange by Fucus vesiculosus biomass. These factors were methyl orange concentra-
tions (X1; 20, 40, 60 mg/L), algal biomass (X2; 3, 5, 7 g/L), initial pH (X1; 4, 7, 10) and incubation time (X4; 30, 
60, 90 min). The tested variables were evaluated at 3 coded levels (+ 1 for high level, 0 for middle, and − 1 for 
low level). The biosorption experiments were carried out by applying batch biosorption experiments in 250 mL 
Erlenmeyer flasks and the working solution was 100 mL. The experimental studies were made in multi compo-
nent system (binary solution). All experiments were carried out using a fixed concentration of copper ions of 
200 mg/L and stirring at 200 rpm at ambient temperature.

The correlations between the selected variables of the biosorption process and the responses (copper ions and 
methyl orange removal percentages) were determined using the equation of second-degree polynomial as follows:

In which Y is the predicted copper ions or methyl orange removal percentages, Xi is the coded levels of the 
selected variables, βi (linear coefficient), βij (interaction coefficients) , β0 (regression coefficients) and βii (quad-
ratic coefficients).

Analytical methods.  After the defined time, ten mL of the binary solution for each trial was centrifuged 
at 6000×g and the supernatants were analyzed by measuring the absorbance changes on a UV/Vis spectropho-
tometer at a wavelength of λmax that was 467 nm, to determine the final (residual) concentrations (Cf) of methyl 
orange dye. The efficiency of Fucus vesiculosus biomass for removal of methyl orange from aqueous solutions was 
calculated quantitatively in percentage by using the following equation:

(3)Y = β0 +
∑

i

βiXi +

∑

ii

βiiX
2
i +

∑

ij

βijXiXj

Figure 8.   Methyl orange chemical formula.



16

Vol:.(1234567890)

Scientific Reports |         (2021) 11:3555  | https://doi.org/10.1038/s41598-021-82827-8

www.nature.com/scientificreports/

where: Cf, Ci are the final and initial concentrations of MO (mg/L); respectively.
Another 10 mL of the binary solution for each trial was centrifuged at 6000×g and the supernatants were 

analyzed for determination of the residual concentration of Cu2+ using Atomic absorptions (Buck scientific 2 
hydrous system series Atomic Absorption (USA) by air acetylene system) at the Biotechnology Unit, Mansoura 
University Egypt according to “standard methods for the examination of water and wastewater 23rd edition 2017” 
82. The efficiency of F. vesiculosus biomass to get rid of Cu2+ from hydrous solutions was detected in percentage 
utilizing the following equation.

where: Cf, Ci are the final and initial copper ions concentrations (mg/L); respectively.
All evaluations of both Cu2+ and MO in the binary solutions were estimated in triplicate.

Statistical analysis.  Design Expert version 7 (https​://www.state​ase.com/softw​are/desig​n-exper​t/) and 
STATISTICA version 8 (https​://www.stats​oft.de/de/softw​are/stati​stica​) softwares have been used for the genera-
tion of the experimental design, statistical analysis and to draw the three-dimensional surface plots.

Fourier transforms infrared (FTIR) spectroscopy.  The dry biomass of F. vesiculosus samples was ana-
lyzed using FTIR spectroscopy before and after methyl orange and copper ions removal. The samples of dry 
biomass were mixed with pellets of potassium bromide and the FTIR spectra were then detected between 400–
4000 cm−1 using "Thermo Fisher Nicolete IS10, USA spectrophotometer".

Scanning electron microscopy (SEM).  The samples of F. vesiculosus dry biomass were analyzed after 
and before methyl orange and copper removal using SEM to examine their morphology. The gold-coated dry 
biomass samples were detected at various magnifications using the accelerating beam voltage of 30 keV.

Electron dispersive spectroscopy (EDS).  Energy dispersive spectroscopy analysis (EDS) was performed 
using scanning electron microscope (JEOL, JEM-2100, Japan). EDS was used to determine the contents of ele-
ments of F. vesiculosus biomass after and before the biosorption process.

Conclusions
The current study provides an interesting, harmless and environmentally-friendly approach that uses macro-
brown alga Fucus vesiculosus to remove copper and methyl orange dye simultaneously from aqueous solutions. 
Box–Behnken design was used to optimize the experimental factors for maximum removal of both MO and 
copper simultaneously from aqueous solutions using marine alga, Fucus vesiculosus, biomass. The maximum 
removal % was obtained by using 3 g/L of F. vesiculosus biomass, MO (60 mg/L), copper (200 mg/L) at pH 7 and 
incubation time of 60 min with agitation at 200 rpm. F. vesiculosus dry biomass can be used as an effective and 
inexpensive biosorbent for the removal of MO and copper ions from wastewater effluents.

Received: 3 October 2020; Accepted: 25 January 2021

References
	 1.	 Ismail, M., Akhtar, K., Khan, M. I., Kamal, T., Khan, M. A., M Asiri, A., & Khan, S. B. Pollution, toxicity and carcinogenicity of 

organic dyes and their catalytic bio-remediation. Curr. Pharmaceut. Des. 25(34), 3645–3663 (2019). ‏
	 2.	 Abbas, S. H., Ismail, I. M., Mostafa, T. M. & Sulaymon, A. H. Biosorption of heavy metals: A review. J. Chem. Sci. Technol. 3, 74–102 

(2014).
	 3.	 Dameron, C. T. & Harrison, M. D. Mechanisms for protection against copper toxicity. Am. J. Clin. Nutr. 67(5), 1091S-1097S (1998).
	 4.	 Yruela, I. Copper in plants. Braz. J. Plant. Physiol. 17(1), 145–156 (2005).
	 5.	 Anant, J. K., Inchulkar, S. R. & Bhagat, S. An overview of copper toxicity relevance to public health. EJPMR 5(11), 232–237 (2018).
	 6.	 Gaetke, L. M., Chow-Johnson, H. S. & Chow, C. K. Copper: Toxicological relevance and mechanisms. Arch. Toxicol. 88(11), 

1929–1938 (2014).
	 7.	 Al-Khatib, L., Fraige, F., Al-Hwaiti, M. & Al-Khashman, O. Adsorption from aqueous solution onto natural and acid activated 

bentonite. Am. J. Environ Sci. 8(5), 510–522 (2012).
	 8.	 Gupta, V.K., Khamparia, S., Tyagi, I., Jaspal, D. & Malviya, A. Decolourization of mixture of dyes: A critical review. Glob. J. Environ. 

Sci. Manag. 1(1), 71–94.2 (2015).
	 9.	 Chen, S. et al. Equilibrium and kinetic studies of methyl orange and methyl violet adsorption on activated carbon derived from 

Phragmites australis. Desalination 252(1–3), 149–156 (2010).
	10.	 Li, L. et al. Optimization of methyl orange removal from aqueous solution by response surface methodology using spent tea leaves 

as adsorbent. Front. Environ. Sci. Eng. 8(4), 496–502 (2014).
	11.	 Pal, J., Deb, M. K., Deshmukh, D. K. & Verma, D. Removal of methyl orange by activated carbon modified by silver nanoparticles. 

Appl. Water Sci. 3(2), 367–374 (2013).
	12.	 Gunatilake, S. K. Methods of removing heavy metals from industrial wastewater. Methods 1(1), 14 (2015). ‏
	13.	 Nsami, J. N. & Mbadcam, J. K. The adsorption efficiency of chemically prepared activated carbon from cola nut shells by ZnCl2 

on methylene blue. (Hind. Publish. Corporat.) J. Chem. 2013, 1–7 (2013).

(4)Methy orange elimination(%) =
Ci − Cf

Ci
× 100

(5)Copper ions removal(%) =
Ci − Cf

Ci
× 100

https://www.statease.com/software/design-expert/
https://www.statsoft.de/de/software/statistica


17

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3555  | https://doi.org/10.1038/s41598-021-82827-8

www.nature.com/scientificreports/

	14.	 El-Naggar, N. E., Hamouda, R. A., Mousa, I. E., Abdel-Hamid, M. S. & Rabei, N. H. Biosorption optimization, characterization, 
immobilization and application of Gelidium amansii biomass for complete Pb2+ removal from aqueous solutions. Sci. Rep. 8, 1–19 
(2018).

	15.	 El-Naggar, N.E., El-khateeb, A.Y., Ghoniem, A.A., El-Hersh, M. S. & Saber, W.IA. Innovative low-cost biosorption process of Cr6+ 
by Pseudomonas alcaliphila NEWG-2. Sci. Rep. 10, 14043 (2020).

	16.	 Hamouda, R. A., El-Naggar, N. E., Doleib, N. M. & Saddiq, A. A. Bioprocessing strategies for cost-effective simultaneous removal 
of chromium and malachite green by marine alga Enteromorpha intestinalis. Sci. Rep. 10(1), 1–19 (2020).

	17.	 Bulgariu, D. & Bulgariu, L. Equilibrium and kinetics studies of heavy metal ions biosorption on green algae waste biomass. Biores. 
Technol. 103(1), 489–493 (2012).

	18.	 El-Naggar, N. E., Hamouda, R. A., Mousa, I. E., Abdel-Hamid, M. S. & Rabei, N. H. Statistical optimization for cadmium removal 
using Ulva fasciata biomass: Characterization, immobilization and application for almost-complete cadmium removal from aque-
ous solutions. Sci. Rep. 8, 1–17 (2018).

	19.	 Hannachia, Y., Dekhila, A. & Boubakera, T. Biosorption potential of the red alga, Gracilaria verrucosa for the removal of Zn2+ ions 
from aqueous media: Equilibrium, kinetic and thermodynamic studies. Int. J. Curr. Eng. Technol. 3 (2013).

	20.	 Rincón, J., González, F., Ballester, A., Blázquez, M. L. & Munoz, J. A. Biosorption of heavy metals by chemically-activated alga 
Fucus vesiculosus. J. Chem. Technol. Biotechnol. Int. Res. Process Environ. Clean Technol. 80(12), 1403–1407 (2005).

	21.	 Ahmady-Asbchin, S. & Mohammadi, M. Biosorption of copper ions by marine brown alga Fucus vesiculosus. J. Biol. Environ. Sci. 
5(15), 121–127 (2011).

	22.	 Box, G. E. P. & Behnken, D. W. Some new three level designs for the study of quantitative variables. Technometrics 2, 455–475 
(1960).

	23.	 El-Naggar, N. E. Extracellular production of the oncolytic enzyme, l-asparaginase, by newly isolated Streptomyces sp. strain NEAE-
95 as potential microbial cell factories: Optimization of culture conditions using response surface methodology. Curr. Pharm. 
Biotechnol. 16, 162–178 (2015).

	24.	 El-Naggar, N. E., Mohamedin, A., Hamza, S. S. & Sherief, A.-D. Extracellular biofabrication, characterization, and antimicrobial 
efficacy of silver nanoparticles loaded on cotton fabrics using newly isolated Streptomyces sp. SSHH-1E. J. Nanomater. (2016).

	25.	 Al-Homaidan, A. A., Al-Houri, H. J., Al-Hazzani, A. A., Elgaaly, G. & Moubayed, N. M. Biosorption of copper ions from aqueous 
solutions by Spirulina platensis biomass. Arab. J. Chem. 7(1), 57–62 (2014).

	26.	 El-Naggar, N. E. A., Rabei, N. H. & El-Malkey, S. E. Eco-friendly approach for biosorption of Pb2+ and carcinogenic Congo red 
dye from binary solution onto sustainable Ulva lactuca biomass. Sci. Rep. 10(1), 1–22 (2020).

	27.	 Alaguprathana, M. & Poonkothai, M. Bioremediation of textile dyeing effluent using algae–A review. J. Adv. Microbiol. 7, 1–12 
(2017).

	28.	 El-Naggar, N. E., El-Shweihy, N. M. & El-Ewasy, S. M. Identification and statistical optimization of fermentation conditions for 
a newly isolated extracellular cholesterol oxidase-producing Streptomyces cavourensis strain NEAE-42. BMC Microbiol. 16, 217 
(2016).

	29.	 Box, G. E. P., Hunter, W. G. & Hunter, J. S. Statistics for Experimenters (Wiley, New York, 1978).
	30.	 El-Naggar, N. E. & Hamouda, R. A. Antimicrobial potentialities of Streptomyces lienomycini NEAE-31 against human pathogen 

multidrug-resistant Pseudomonas aeruginosa. Int. J. Pharmacol. 12, 769–788 (2016).
	31.	 Ahmad, R. & Mirza, A. Adsorptive removal of heavy metals and anionic dye from aqueous solution using novel Xanthan gum-

glutathione/zeolite bionanocomposite. Groundw. Sustain. Dev. 7, 305–312 (2018).
	32.	 Shuhong, Y. et al. Biosorption of Cu2+, Pb2+ and Cr6+ by a novel exopolysaccharide from Arthrobacter ps-5. Carbohyd. Polym. 101, 

50–56 (2014).
	33.	 Vidhyadevi, T. et al. A study on the removal of heavy metals and anionic dyes from aqueous solution by amorphous polyamide 

resin containing chlorobenzalimine and thioamide as chelating groups. Korean J. Chem. Eng. 32(4), 650–660 (2015).
	34.	 Yu, J., Zou, A., He, W., & Liu, B. Adsorption of mixed dye system with cetyltrimethylammonium bromide modified sepiolite: 

Characterization, performance, kinetics and thermodynamics. Water 12(4), 981 (2020).
	35.	 Jamwal, H. S., Kumari, S., Chauhan, G. S., Reddy, N. S. & Ahn, J. H. Silica-polymer hybrid materials as methylene blue adsorbents. 

J. Environ. Chem. Eng. 5, 103–113 (2017).
	36.	 Zhang, Q. L., Lu, T., Bai, D. M., Lin, D. Q. & Yao, S. J. Self-immobilization of a magnetic biosorbent and magnetic induction heated 

dye adsorption processes. Chem. Eng. J. 284, 972–978 (2016).
	37.	 Reyes-Ledezma, J. L., Uribe-Ramírez, D., Cristiani-Urbina, E. & Morales-Barrera, L. Biosorptive removal of acid orange 74 dye 

by HCl-pretreated Lemna sp. PLoS ONE 15(2), e0228595 (2020).
	38.	 El-Naggar, N. E. A. & Rabei, N. H. Bioprocessing optimization for efficient simultaneous removal of methylene blue and nickel 

by Gracilaria seaweed biomass. Sci. Rep. 10(1), 1–21 (2020).
	39.	 Schiewer, S. & Volesky, B. in Environmental Microbe-Metal Interactions (Ed: D. R. Lovely) 329–362 (ASM Press, Washington D. 

C., 2000).
	40.	 Kaplan, D. Absorption and adsorption of heavy metals by microalgae. in Handbook of Microalgal Culture: Applied Phycology and 

Biotechnology, 2nd edn, Chap 32, 602–611 (Wiley, New York, 2013).
	41.	 Phugare, S. S., Kalyani, D. C., Surwase, S. N. & Jadhav, J. P. Ecofriendly degradation, decolorization and detoxification of textile 

effluent by a developed bacterial consortium. Ecotoxicol. Environ. Safe 74, 1288–1296 (2011).
	42.	 Karthikeyan, S., Balasubramanian, R. & Iyer, C. Evaluation of the marine algae Ulva fasciata and Sargassum sp. for the biosorption 

of Cu (II) from aqueous solutions. Bioresour. Technol. 98, 452–455 (2007).
	43.	 Lata, H., Garg, V. K. & Gupta, R. K. Removal of a basic dye from aqueous solution by adsorption using Parthenium hysterophorus: 

An agricultural waste. Dyes Pigm. 74(3), 653–658 (2007).
	44.	 El Hassouni, H., Abdellaoui, D., El Hani, S. & Bengueddour, R. Biosorption of cadmium (II) and copper (II) from aqueous solution 

using red alga (Osmundea pinnatifida) biomass. J. Mater. Environ. Sci. 5, 967–974 (2014).
	45.	 Kumar, Y. P., King, P., & Prasad, V. S. R. K. Removal of copper from aqueous solution using Ulva fasciata sp. a marine green algae. 

J. Hazard. Mater. 137(1), 367–373(2006). ‏
	46.	 Lucaci, A. R., Bulgariu, D., Popescu, M. C. & Bulgariu, L. Adsorption of Cu (II) ions on adsorbent materials obtained from marine 

red algae Callithamnion corymbosum sp. Water 12(2), 372 (2000).
	47.	 Abdulkareem, H. N. & Alwared, A. I. Performance of immobilized Chlorella alga for removing pb (II) ions from aqueous solution. 

Ir. J. Chem. Petrol. Eng. 20(3), 1–6 (2019).
	48.	 Dulla, J. B., Tamana, M. R., Boddu, S., Pulipati, K. & Srirama, K. Biosorption of copper (II) onto spent biomass of Gelidiella acerosa 

(brown marine algae): Optimization and kinetic studies. Appl. Water Sci. 10(2), 1–10 (2020).
	49.	 Esfandian, H., Javadian, H., Parvini, M., Khoshandam, B. & Katal, R. Batch and column removal of copper by modified brown 

algae Sargassum bevanom from aqueous solution. Asia-Pac. J. Chem. Eng. 8(5), 665–678 (2013).
	50.	 Maruthanayagam, A., Mani, P., Kaliappan, K. & Chinnappan, S. In vitro and in silico studies on the removal of methyl orange from 

aqueous solution using Oedogonium subplagiostomum AP1. Water Air Soil Pollut. 231, 1–21 (2020).
	51.	 Sharmila, S., Amaraselvam, K., Jeyanthi Rebecca, L. & Kowsalya E. Biosorption of textile effluent using marine algae. Int. J. Pharm. 

Sci. Rev. Res. 39(2), 108–111 (2016).
	52.	 Vijayaraghavan, G. & Shanthakumar, S. Efficacy of alginate extracted from marine brown algae (Sargassum sp.) as a coagulant for 

removal of direct blue2 dye from aqueous solution. Glob. Nest J. 17(4), 716–726 (2015). ‏



18

Vol:.(1234567890)

Scientific Reports |         (2021) 11:3555  | https://doi.org/10.1038/s41598-021-82827-8

www.nature.com/scientificreports/

	53.	 Ibrahim, W. M., Hassan, A. F. & Azab, Y. A. Biosorption of toxic heavy metals from aqueous solution by Ulva lactuca activated 
carbon. Egypt. J. Basic Appl. Sci. 3, 241–249 (2016).

	54.	 Khajavian, M., Wood, D. A., Hallajsani, A. & Majidian, N. Simultaneous biosorption of nickel and cadmium by the brown algae 
Cystoseria indica characterized by isotherm and kinetic models. Appl. Biol. Chem. 62(1), 1–12 (2019).

	55.	 Benaisa, S., Arhoun, B., El Mail, R. & Rodriguez-Maroto, J. M. Potential of brown algae biomass as new biosorbent of Iron: kinetic, 
equilibrium and thermodynamic study. Proteins 3, 18 (2018).

	56.	 El Atouani, S., Belattmania, Z., Reani, A., Tahiri, S., Aarfane, A., Bentiss, F., & Sabour, B. Brown seaweed Sargassum muticum as 
low-cost biosorbent of methylene blue. Int. J. Environ. Res. 13(1), 131–142 (2019). ‏

	57.	 Omar, H., El-Gendy, A. & Al-Ahmary, K. Bioremoval of toxic dye by using different marine macroalgae. Turk. J. Bot. 42(1), 15–27 
(2018).

	58.	 Derringer, G. & Suich, R. Simultaneous optimization of several response variables. J. Qual. Technol. 12, 214–219 (1980).
	59.	 Michel, G., Tonon, T., Scornet, D., Cock, J. M. & Kloareg, B. The cell wall polysaccharide metabolism of the brown alga Ectocarpus 

siliculosus. Insights into the evolution of extracellular matrix polysaccharides in Eukaryotes. New Phytol. 188(1), 82–97 (2010). ‏
	60.	 Si, Y. & Samulski, E. T. Synthesis of water soluble graphene. Nano Lett. 8, 1679–1682 (2008).
	61.	 Theivandran, G., Ibrahim, S. M. & Murugan, M. Fourier transform infrared (Ft-Ir) spectroscopic analysis of Spirulina fusiformis. 

J. Med. Plants Stud. 3(4), 30–32 (2015).
	62.	 McIntosh, L. M. et al. Infrared spectra of basal cell carcinomas are distinct from non-tumor-bearing skin components. J. Invest. 

Dermatol. 112(6), 951–956 (2005).
	63.	 Mossoba, M. M. et al. Printing microarrays of bacteria for identification by infrared microspectroscopy. Vib. Spectros 38(1), 229–235 

(2005).
	64.	 Khanmohammadi, M. & Garmarudi, A. B. Infrared spectroscopy provides a green analytical chemistry tool for direct diagnosis 

of cancer. TrAC Trends Anal. Chem. 30(6), 864–874 (2011).
	65.	 Li, X. et al. Identification of colitis and cancer in colon biopsies by Fourier transform infrared spectroscopy and chemometrics. 

Sci. World J. 2012, 1–4 (2012).
	66.	 Andrus, P. G. & Strickland, R. D. Cancer grading by Fourier transform infrared spectroscopy. Biospectros 4(1), 37–46 (1998).
	67.	 Zhang, Z. P., Rong, M. Z. & Zhang, M. Q. Alkoxyamine with reduced homolysis temperature and its application in repeated 

autonomous self-healing of stiff polymers. Polymer Chem. 4(17), 4648–4654 (2013).
	68.	 Liu, Y. & Kim, H. J. Fourier transform infrared spectroscopy (FT-IR) and simple algorithm analysis for rapid and non-destructive 

assessment of developmental cotton fibers. Sensors 17(7), 1469 (2017).
	69.	 Lucassen, G. W., Van Veen, G. N. & Jansen, J. A. Band analysis of hydrated human skin stratum corneum attenuated total reflectance 

Fourier transform infrared spectra in vivo. J. Biomed. Opt. 3(3), 267–280 (1998).
	70.	 León, A., Reuquen, P., Garín, C., Segura, R., Vargas, P., Zapata, P., & Orihuela, P. A. FTIR and Raman characterization of TiO2 

nanoparticles coated with polyethylene glycol as carrier for 2-methoxyestradiol. Appl. Sci. 7(1), 49 (2017). ‏
	71.	 Kubovský, I., Kačíková, D., & Kačík, F. Structural changes of oak wood main components caused by thermal modification. Poly-

mers 12(2), 485 (2020).
	72.	 Hermann, P. et al. Enhancing the sensitivity of nano-FTIR spectroscopy. Opt. Express 25(14), 16574–16588 (2017).
	73.	 Yano, K. et al. Direct measurement of human lung cancerous and noncancerous tissues by Fourier transform infrared microscopy: 

Can an infrared microscope be used as a clinical tool?. Anal. Biochem. 287(2), 218–225 (2000).
	74.	 Dreissig, I., Machill, S., Salzer, R., & Krafft, C. Quantification of brain lipids by FTIR spectroscopy and partial least squares regres-

sion. Spectrochim. Acta Part A: Mol. Biomol. Spectros 71(5), 2069–2075 (2009).
	75.	 El-Naggar, N. E., Hamouda, R. A., Rabei, N. H., Mousa, I. E. & Abdel-Hamid, M. S. Phycoremediation of lithium ions from aqueous 

solutions using free and immobilized freshwater green alga Oocystis solitaria: Mathematical modeling for bioprocess optimization. 
Environ. Sci Pollut Res 26, 19335–19351 (2019).

	76.	 Dmytryk, A., Saeid, A., & Chojnacka, K. Biosorption of microelements by Spirulina: Towards technology of mineral feed supple-
ments. Sci. World J. (article ID 356328) (2014).

	77.	 Raize, O., Argaman, Y. & Yannai, S. Mechanisms of biosorption of different heavy metals by brown marine macroalgae. Biotechnol. 
Bioeng. 87(4), 451–458 (2004).

	78.	 Khorramabadi, G. S. & Soltani, R. D. C. Evaluation of the marine algae Gracilaria salicornia and Sargassum sp. for the biosorption 
of Cr (VI) from aqueous solutions. J. Appl. Sci. 8, 2163–2167 (2008).

	79.	 Hamdy, A. Biosorption of heavy metals by marine algae. Curr. Microbiol. 41, 232–238 (2000).
	80.	 Davis, T. A., Volesky, B. & Mucci, A. A review of the biochemistry of heavy metal biosorption by brown algae. Water Res. 37(18), 

4311–4330 (2003).
	81.	 Jang, L. K., Nguyen, D., & Geesey, G. G. Selectivity of alginate gel for Cu vs Co. Water Res. 29(1), 307–313 (1995).
	82.	 Rice, E. W., Baird, R. B. & Eaton, A. D. Standard Methods for the Examination of Water and Wastewater. 23rd edn, (American 

Water Works Association (AWWA, WEF and APHA), 2017).

Author contributions
N.E.E. provided some necessary tools for experiments, performed the statistical design and analysis, contributed 
to the interpretation of the results, designed and draw the explanatory diagram (Fig. 7), contributed substantially 
to the writing and revision of the manuscript. R.A.H. proposed the research topic, designed the research plan, 
provided necessary tools for experiments, carried out the experiments, experimental instructions, collected the 
data, contributed to the interpretation of the results, contributed substantially to the writing and revision of the 
manuscript. A.A.S. provided some necessary tools for experiments. M.H.A. contributed to the writing of the 
manuscript. All authors read and approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.E.-A.E.-N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

www.nature.com/reprints


19

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3555  | https://doi.org/10.1038/s41598-021-82827-8

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Simultaneous bioremediation of cationic copper ions and anionic methyl orange azo dye by brown marine alga Fucus vesiculosus
	Results and discussion
	Statistical optimization of simultaneous biosorption of copper and methyl orange by Fucus vesiculosus biomass. 
	Multiple regression analysis and ANOVA for methyl orange removal. 
	Multiple regression analysis and ANOVA for copper removal. 
	Three dimensional (3D) surface plots for MO dye and copper removal percentages. 
	Effect of initial pH value on the biosorption process. 
	Effect of biomass concentration on the biosorption process. 
	Effect of contact time on the biosorption process. 
	Desirability function (DF). 
	FTIR analysis. 
	Scanning electron microscopy. 
	Electron dispersive spectroscopy (EDS). 
	Mechanisms of biosorption. 

	Materials and methods
	Preparation of the biosorbent. 
	Preparation of methyl orange and copper solutions. 
	Optimization of the copper ions and methyl orange removal by batch biosorption using Box–Behnken design. 
	Analytical methods. 
	Statistical analysis. 
	Fourier transforms infrared (FTIR) spectroscopy. 
	Scanning electron microscopy (SEM). 
	Electron dispersive spectroscopy (EDS). 

	Conclusions
	References


