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ABSTRACT
Crystal violet (CV) is a highly soluble dye used extensively in the textile industry and healthcare. The 
environmental complex structures of CV result in destructive effects on humans, animals, and the 
environment. In this study, adsorption of CV using Embelia schimperi biochar as an adsorbent was 
investigated. E. schimperi waste has unique structural properties and can be used as a biochar and 
utilized as a low-cost adsorbent. The experiments were two-tier designed: both the classical and 
optimization by response surface methodology (RSM). Three parameters were evaluated, which are 
adsorbent dosage, contact time, and pH, while the responses in this study are CV removal (%). 
Optimization studies were performed using RSM central composite Design using Minitab 17. A 
quadratic model was chosen for the response. The correlation coefficient, R2, for the quadratic 
model of CV removal (%) was 0.98, and the p < 0.0001. The optimum CV removal (%) predicted was 
found at 98%, by using 0.11 g of adsorbent dosage, 60 min of contact time, and pH of 7.5 at 
desirability of 1.0. It was concluded that the spent E. schimperi biochar can be used as an effective 
adsorbent for CV removal from aqueous solution.

Introduction

The toxic effluents generated by the industrial and agricul-
tural sectors through large quantities of wastewater are enor-
mous (Chowdhary et  al. 2020; Kumari et  al. 2025). The 
major sources with significant pollution contribution are the 
textile industry, known to emit discharges in form of waste-
waters with significant kinds of toxic untreated synthetic 
dyes (Periyasamy 2024). During the process of dyeing, 
approximately 10–25% are discharged as waste effluents into 
the environment. Crystal violet (CV), a triphenylmethane 
cation dye, is widely used and poses a high risk to the water 
environment and has caused enormous concern. CV is quite 
toxic and classified as carcinogenic (Qi et  al. 2021).

CV has low biodegradability (Lin et  al. 2021). Its pres-
ence in even an insignificant low concentration of 1 mg/L 
reduces penetration of light on the surface, affecting the 
photosynthesis of aquatic plants (Amin et  al. 2021). 
Therefore, it is necessary to remove CV dye from wastewater 
before allowing it into aquatic environments (Foroutan et  al. 
2021). Several methods of removal of waste, including chem-
ical, biological, and physical methods, have been employed 
(Kumari et  al. 2024). Scientists have found different methods 
to effectively remove various kinds of cationic dyes. These 
methods include membrane separation and cation exchange 
resins (Mustafanejad et  al. 2021; Omokpariola 2021). The 
reverse osmosis (Khalil et  al. 2021), micellar enhanced 

ultrafiltration (Verma and Sarkar 2020). Others include com-
bined biological–chemical degradation (Aamir et  al. 2021). 
Separation techniques have also been established; among 
these are coagulation separation methods (Samrot et  al. 
2021); photodegradation methods have basically been found 
to be effective according to Ahmad et  al. (2021): chemical 
oxidation (Rehman et  al. 2018), conventional water treat-
ment (Berk et  al. 2025), electrocoagulation, and adsorption 
(Vidya Vijay et  al. 2019; Chahinez et  al. 2020; Ganea 
et  al. 2021).

The most recent advances for the removal of textile dyes 
have employed the adsorption method (Sackey et  al. 2021; 
Vigneshwaran et  al. 2021; Tripathi et  al. 2022; Sarioz et  al. 
2024). These have involved the use of biochar and activated 
carbon and they have been found to have excellent adsor-
bent properties for both organic and inorganic pollutants 
(Cheng et  al. 2021; Othmani et  al. 2021). The biochars are 
low cost (Srivatsav et  al. 2020) and they possess remarkable 
textural and physical properties such as high pore volume, 
specific surface area, good chemical stability, and rigidity (Li 
et  al. 2020; Wang et  al. 2021). They are useful in water puri-
fication (Hu et  al. 2019; Palansooriya et  al. 2020; Wang 
et  al. 2021). Studies by several researchers reveals develop-
ment of various lignocellulosic derived wastes biochar 
applied to water decolourization (Akdemir et  al. 2023) 
examples of such biomass from wood sources 
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(Rangabhashiyam and Balasubramanian 2019), fruit peels 
(Bing Zhang et  al. 2020), macro-algae, (Gurav et  al. 2021) 
orange peel, coconut shells, golden shower pods (Tran et  al. 
2017) and roots (Isik et  al. 2023). An increasing number of 
research shows that most biochar modified to increase its 
adsorption capacity. However, the modified biochar raises 
the associated expenses and may result in waste and con-
tamination from the chemical reagents. Finding an unmodi-
fied biochar with a high adsorption capability toward 
wastewater is therefore essential. Selecting the right feed-
stock is essential for the creation of an effective biochar 
since prior research has shown that the raw materials have 
a significant impact on the physicochemical characteristics 
and adsorption capacity of biochar.

In this study, used Embelia schimperi was identified for 
investigation of its suitability as a biosorbent, after studies 
revealed it contains embelin, a useful precursor in 
semi-synthetic reactions (Koske et  al. 2022). However, it 
generates waste, and in this current study, its residue was 
selected for evaluation as a low-cost precursor for the prepa-
ration of a potential adsorbent and used as an alternative 
green adsorbent for the first time to explore the removal 
process of cationic dye (CV) from aqueous media without 
modification. Three parameters are adsorbent dosage 
(0.2 − 1.2 g), contact time (30–240 min), and pH (2–12), 
while the responses are the percentage of CV removal. The 
adsorption performance of CV removal was studied using 
the classical method and response surface methodology 
(RSM). Analysis of variance (ANOVA) was also used to jus-
tify the adequacy of the models for CV removal (%). The 
interaction effect of parameters using three-dimensional 
(3D) response surface graphs and diagnostic plots for pre-
dicted versus actual values of experimental responses were 
also examined to study the residual errors.

Methodology

Chemical reagents

The CV (C25H30N3Cl, M.W 407.99 g/mol, 88% purity, sodium 
hydroxide (97% purity), and hydrochloric acid (37% purity) 
were purchased from Loba Chemie Pvt., Ltd, India. All  
the chemicals were used as they are without further 
purification.

Preparation of E. schimperi biochar
The dry E. schimperi stem bark residue was used to prepare 
the adsorbent. This biochar was prepared by the pyrolysis 
method, which proceeded under oxygen-free conditions. The 
obtained biomass was covered with aluminum foil and pyro-
lyzed at 500°C in a muffle furnace (ELF11/14B 220–240 V 
1 PH + N) model. The heating rate was adjusted to 5°C/min 
for 4 h to attain a slow pyrolysis process until the maximum 
temperature was obtained. The produced biochar was sieved 
and stored in airtight sample bottles, kept in a desiccator, 
and used for further analysis. Functional group analysis of 
the biochar before and after adsorption was carried out 
using OMNIC version 9.1.24 software; ATR-FTIR spectra 

were captured on a Nicolet 6700 (Thermo Scientific, USA) 
spectrometer (Thermo Fisher Scientific), and the surface 
characterization was evaluated using scanning electron 
microscopy (SEM) and tunneling electron microscopy (TEM) 
using JEOL JSM 6390.

Batch adsorption studies
A stock solution of CV (1000 mg/L) was prepared using dis-
tilled water and the working standards were prepared from 
successive dilution of the stock solution. Batch adsorption 
studies, the constant parameters in this study were deter-
mined, namely; initial concentration (2 mg/L), temperature 
(30 °C), agitation speed of orbital shaker (60 rpm) and vol-
ume of CV solution (40 mL), this finding was in agreement 
with studies carried out by Singh et  al. (2011) consequently, 
the optimum agitation speed from preliminary study was 
at 60 rpm.

The necessary adsorbent dose was weighed and trans-
ferred to the Erlenmeyer flasks, shaken at a constant tem-
perature of 30°C in an incubation shaker at 60 rpm. When 
time of operation was complete, the supernatant and the 
spent adsorbent were separated by filtration. The residual 
dye concentration in the supernatant was analyzed by mea-
suring the solution absorbance at λ = 584 nm using a UV–
visible spectrophotometer (Model - Beckham Coulter DU 
720). All experiments were conducted in triplicate and the 
average values were taken. The percentage of CV removal 
calculated using Equation (1). The data were inserted in 
Minitab software (17) for analysis

Percentage of CV removal was given by
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where Co is the initial dye concentration and Cf is the 
final dye concentration of CV.

Classical experiments
In order to investigate the adsorption effect caused by the 
parameters accurately, few constant variables were deter-
mined in a preliminary study, which are temperature (30 °C), 
agitation speed (60 rpm), initial concentration of CV 
(2 mg/L), and volume of CV solution (40 mL). The classical 
adsorption experiments were run by varying one factor 
while holding the others at a specified value. The adsorption 
parameters namely adsorbent dose (0.2, 0.4, 0.6, 0.8, 1.0, and 
1.2 g), time (60, 120, 200, and 400 min), and pH (2, 4, 6, 8, 
10, and 12) effect on the CV removal efficiency were 
investigated.

Experimental design and RSM
The setting of CCD was in Minitab 17 software, the inde-
pendent variables were A (pH), B (contact time), and C 
(adsorbent dose), while the response variable was % (CV 
dye removal). The detailed information of each parameter 
with its minimum (low) level and maximum (high) which 
are shown in Table 1.
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From the design of experiment, the total number of runs 
carried out was 20 with different operating conditions. The 
regression model of experimental data was determined using 
an empirical polynomial equation; the statistical significance 
of the model and the regression term evaluations were based 
on ANOVA.

Optimization studies
Comparisons between the actual experimental data and the 
predicted experimental results using Minitab 17 were evalu-
ated. The analysis from the experimental data embedded on 
an experimental response, which was percentage of CV 
removal. The response then underwent a set of evaluations 
involving ANOVA, the polynomial regression model equation 
developed, and diagnostic plot for predicted values versus 
actual values; 3D surface plot revealed the existence of the 
behavior of the model generated by Minitab 17 software.

Results and discussion

Classical experiments

Effect of the pH
Table 2 and Figure 1 show the statistics and the effect of pH 
on the CV removal. In fact, a preliminary study on the 
effect of pH on CV removal was carried out at a range of 
pH 2 to pH 10. In summary, the percentage of CV removal 
was between 60% and 70%; it was low and inefficient at the 
acidic range of pH 2–5. This could be due to the availability 
of an excess amount of Hydrogen ions, which protonated the 
functional group of the adsorbent. The protonation caused 
the adsorption to become more positive, developing a repul-
sive force which caused the positively charged CV molecules 
to be adsorbed on the adsorbent. At pH 2, CV removal was 
the lowest compared to pH 6. (Pal and Sheetal 2024). The 
percentage CV removal steadily increased to 85%; this was 
the equilibration state theoretically, CV is a cationic dye, and 
it exists in the positively charged ionic state in solution. The 
effectiveness of cationic dye trapped on an adsorbent surface 
purely depends on the surface charge density of the adsor-
bent, which is consequently influenced by the pH solution 
(Zhang et  al. 2018). Beyond the pH 10, the negatively nature 
charge density of the adsorbent causes deprotonation of 
functional group of the adsorbent. Hence, the positive 
charged CV ions efficiently adsorbed to the negatively 
charged adsorbent surface due to an increase in the electro-
static force of attraction (Muthukumaran et  al. 2016).

Effect of contact time.  Table 3 and Figure 2 show the effect 
of time on % CV removal. A significant increase in the 
percentage of CV removal from 60% to 90% is observed 

Table 1. R eal variables and the respective coded values.

Coded variable Level –1 633. −1 0 1 +1 63. 3

Real variables pH (C) 5.05 6 7.5 9 9.95
Time (B) (min) 11.01 30 60 90 108.99
Ads dose (A) 0.01 0.02 0.11 0.2 0.26

Table 2.  Statistical analysis of removal of % CV with respect to pH.

S/no pH % CV removal

1 2 60 ± 1.73
2 4 62 ± 2.51
3 6 83 ± 2.08
4 8 81 ± 2.07
5 10 81 ± 3.05

Figure 1. R emoval of CV with relation to p00H.
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with the increase of contact time from 60 to 90 min, 
respectively. The CV removals (%) continue to show an 
increasing trend with a maximum at 98%, which occurred at 

60 min of contact time. The increased dye adsorption can be 
related to the availability of a large number of active 
adsorption sites available at the outer surface as well as 
inner pores of the adsorbent particles (Nono et  al. 2025).

Effect of adsorbent dosage.  The relationship between the % 
CV removal and adsorbent dose is shown in Figure 3 and 
Table 4. According to the results obtained, the percentage 
removal of CV showed a steady decrease from 78% to 74% 
with increased % CV removal at lower adsorbent dose 
dosage of 0.1 and 1.1 g. This is possible due to the available 

Table 3.  Statistical analysis of removal of % CV with respect to time (min).

S/no Time (min) % CV removal

1 40 38 ± 2.01
2 60 98 ± 2.08
3 100 83 ± 2.08
4 180 80 ± 1.52
5 250 76 ± 2.64

Figure 2. R emoval of CV with variation in time.

Figure 3. R emoval of CV with variation in adsorbent dosage.
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increased adsorption sites (Kumar et  al. 2019).

RSM
In this study, 20 experiments were generated as per the 
design of experiment in combination with specified param-
eters using statistical experimental design (RSM—Minitab 
17). This was done to determine the synergistic effects as 
well as the singular effect of the variables toward the effi-
ciency of CV removal. Table 5 shows the experimental 
design and the response value. The maximum percentage of 
CV removal was 98.5% with the operating conditions of 
0.11 g of adsorbent dosage (A), 60 min of contact time (B), 
and pH 7.5 (C); several types of models, namely, linear, 2FI, 
quadratic, and cubic models, were investigated. The design 
recommended a quadratic model for CV removal (%) with 
R2 0.9426 and adjusted R2 0.8788 as shown in Table 7.

The RSM generated a polynomial regression model with 
coded factors reflecting the interaction and significance of 
variables toward efficiency of CV removal. The empirical 
formula for polynomial regression model in terms of coded 
parameters studied for CV removal (%) Equation (2) is 
modeled according to data in coded variables generated by 
Minitab 17 software.

	 %CV = + + − − −

− − × +

97 8 3 62 9 03 2 69 5 15 6 18

3 73 0 99 2

2 2

2

. . . . . .

. . .

A B C A B

C A B 001 3 26A C B C× − ×.

	 (2)

From the model, the observed positive sign in the coded 
Equation (2) indicates that CV removal increases with the 

increase of the respective parameters. This figure shows the 
relationship between actual and predicted values of responses 
for CV removal by E. schimperi biochar. The F-test ANOVA 
was used to test the statistical significance of the model; 
whereas p-value was used to check the significance and pat-
tern of interaction between the experimental parameters 
shown in Table 6. If the value of p-value was less than 0.05 
(95% confidence level), the model terms are considered sta-
tistically significant (Lu et  al. 2023). In contrast, values 
greater than .10 are considered statistically insignificant (van 
Rijn et  al. 2017).

From Table 6, the Model F-value was 14.77 and the 
p-value was <.0001. For the CV removal (%), the following 
terms were significant with p-value less than .05: pH (A), 
contact time (B), adsorbent dosage (C), the interactive effect 
between pH and contact time (AB), squared effect of contact 
time (A2), contact time (B2), and adsorbent dose (C2). The 
model summary in Table 7 shows R2 0.9426 and R2 
adjusted 0.8788.

In these results, the squared term for contact time, pH, 
adsorbent dose, and the interaction between pH and time 
are significant at the α= 0.05 significance level.

Contour plots
The contour curves are displayed in Figure 4a–c because of 
the model terms that are quadratic and are statistically sig-
nificant. The highest values of rating for adsorbent dose are 
displayed in the darker region of the plot, corresponding to 
high values of both adsorbent dose and contact time while 
holding the pH constant at 7.5. In Figure 4b, the time is 
held at 60, and in Figure 4c, the adsorbent dose is held 
at 0.11 g.

The interaction plots for percentage CV between two 
variables, that is pH, time × pH, and adsorbent dose × time 
illustrated in Figure 5, are all curvatures and not linear. 
These supported the choice of quadratic model.

Table 4.  Statistical analysis of removal of % CV with respect to adsorbent dose 
(g).

S/no Adsorbent dose (g) % CV removal

1 0.2 81 ± 0.57
2 0.4 78 ± 1.53
3 0.6 77.8 ± 0.57
4 0.8 77.6 ± 1.52
5 1 79 ± 1.6
6 1.2 74.6 ± 1.6

Table 5. E xperimental design matrix and response values.

Run pH (A)
Contact time, 

min (B)
Run adsorbent 
dosage, g (C)

Removal of CV 
(%)

1. 0.000 1.633 0.000 96.1
2. 0.000 −1.633 0.000 64
3. 0.000 0.000 −1.633 76
4. −1.633 0.000 0.000 97.6
5. 0.000 0.000 0.000 98.1
6. 0.000 0.000 1.633 92
7. 0.000 0.000 0.000 97.9
8. 1.633 0.000 0.000 78
9. 1.000 1.000 1.000 96.1
10. 1.000 1.000 −1.000 91
11. 1.000 −1.000 1.000 78
12. 0.000 0.000 0.000 98.3
13. 0.000 0.000 0.000 96.9
14. −1.000 1.000 1.000 89
15. −1.000 1.000 1.000 79
16. −1.000 −1.000 −1.000 78
17. 0.000 0.000 0.000 97.5
18. 0.000 0.000 0.000 98.5
19. −1.000 1.000 −1.000 87
20. 1.000 −1.000 −1.000 67

Table 6. ANO VA.

Source DF Adj SS Adj MS F-value p-value

Model 10 2402.02 240.20 14.77 <.0001
Blocks 1 0.00 0.00 0.00 .991
Linear 3 1359.05 453.02 27.86 .000
pH 1 96.7 96.70 5.95 .037
Time 1 1087.9 1087.90 66.91 .000
Ads dose 1 174.44 174.44 10.73 .010
Square 3 917.62 305.87 18.81 .000
pH × pH 1 183.58 183.58 11.29 .008
Time × time 1 505.14 505.14 31.07 .000
Ads dose × ads dose 1 350.73 350.73 21.57 .001
Two-way interaction 3 125.35 41.78 2.57 .119
pH × time 1 85.15 85.15 5.24 .048
pH × ads dose 1 32.40 32.40 1.99 .192
Time × ads dose 1 7.80 7.80 0.48 .506
Error 9 146.33 16.26
Lack of fit 5 145.11 29.02 95.15 .000
Pure error 4 1.22 0.30

Table 7. M odel summary.

S R2 R2 (adj)

4.03220 94.26% 87.88%
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Table 8.  Comparison of crystal violet adsorption by several other adsorbents.

Adsorbent
Contact 

time Temperature
Initial dye 

conc
Adsorbent 

dosage in g pH
Adsorption 

capacity
Removal 

efficiency (%) References

Rice husk biochar 24 h 8 24.45 mg/g Homagai et  al. (2022)
Sugarcane bagasse 20 40.1 mg/L 0.4 mg 5 5 mg/L 97.46 Kumari et  al. (2024)
Modified acacia leaves   6   299.70  96.4  Essekri et  al. (2023)
Agricultural waste 338 K 10 mg/L 20 mg 11 99.50 mg/g 98 Moharm et  al. (2022)
Rice husk magnetic nanocomposite 120 min 7. 185.6 mg/g Luyen et  al. (2020)
Magnetic chitosan nanocomposite 140 min 25 °C 77 mg/L 1 g – 72 Massoudinejad et  al. (2019)
Natural zeolite 10 177.75 mg/g Sarabadan et  al. (2019)
Iron-based metal organic framework 5 mg/L 0.1 6 26.65 mg/g. 100 Soni et  al. (2020)
Orange peel polyvinyl/caraagean 160 min 25 °C 0.05 g 89 Radoor et  al. (2025)
Hyacinth 120 min 500 ppm 7.8 322.58 mg/g 99.36 Kulkarni et  al. (2017)
Banana peel 0.1 g 7 94 mg/g 97 Sayed et  al. (2025)
sugarcane bagasse (alkaline) 30 min 25 °C 40 mg/L 50 mg 107.5 mg/g 96.35 El Naeem et  al. (2022)
E. schimperi biochar 60 min 7.5 0.11 g 98 Current study

Figure 4.  Contour plot for % CV versus ads dosage, time (a). % CV versus ads dosage, pH (b). % CV versus ads pH, time (c).
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3D response surface graphs captured in Figures 6d–f dis-
play the effect of the potential relationship between the vari-
ables on the CV dye removal while holding other variables 
constant. The graph in Figure 6d indicates that by increasing 
the adsorbent dosage or contact time and using pH at 7.5, 
the CV removal (%) will increase. Meanwhile, Figure 6e 
shows that increasing pH and contact time and using adsor-
bent dosage at 0.11 will increase the CV (%) removal, and 
Figure 6f shows the effect of adsorbent dose and pH. These 
results resonate with the classical experiment, study for the 
effect of adsorbent dosage, contact time, and pH on CV 
removal (%).

Process optimization validation
From the optimization of desirability function generated by 
Minitab (Ver. 17), the best optimization point for CV 
removal (%) was picked accordingly on the highest desirabil-
ity function. The optimum values of process variables for 
CV removal were obtained using adsorbent dosage 0.11 g, 
contact time 60 min, and pH of 7.5, resulting in 98% of CV 
dye removal. These selected conditions were within the 
experimental design proposed by the software. A validation 
experiment was carried out in the laboratory using the above 
optimal conditions, and the percent response was 98%.

The adsorption capacity of different adsorbents on CV is 
shown in Table 8, and similar observations to our study at 
a pH of 6 were made using modified acacia leaves by Essekri 
et  al. (2023) and rice husk magnetic nanocomposite by 
Luyen et  al. (2020)

FTIR characterization
The FTIR spectra of E. schimperi biochar Figure 7g before 
adsorption exhibited characteristic absorption bands at 
approximately 3304.79 cm−1 (O–H stretching), 2924.68 cm−1 
(aliphatic C–H stretching), 1707.73 cm−1 carbonyl peaks, 
1637.01 cm−1 (aromatic C = C stretching), and 1050 cm−1 
(C–O stretching). After adsorption, Figure 7h shows these 
bands shifted to lower wavenumbers and showed reduced 
intensity. The O–H band shifted to 3257.64 cm−1, while the 
aromatic C = C band moved to 2921.68 cm−1. The carbonyl 
peak has disappeared; similarly, the C–O stretching vibration 
shifted to 1030 cm−1. These observed changes suggest that 
the hydroxyl, carboxyl, and aromatic functional groups 
actively participated in the adsorption process through 
hydrogen bonding, electrostatic attraction, surface complex-
ation, and π–π interactions. The appearance of additional 
bands in the lower wavenumber region further confirms 
successful adsorption of the CV onto the biochar surface.

SEM/TEM characterization
SEM and TEM of the E. schimperi biochar before adsorption 
were performed using JEOL JSM 6390. The surface consti-
tution is critical for biochar reactivity, and the magnification 
images of the biochar shown in Figure 8j,k show that the 
surface was smooth and irregular in Figure 8i. Figure 8j 
reveals a surface of prepared layered and porous structure 
due to the intrinsic nature of the biochar. TEM images 
observed in Figure 8k reveal an irregular surface with dif-
ferent shapes and many flakes, and the surface became 

Figure 5.  Plots showing interaction plots for percentage CV (%).
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much rougher and more heterogeneous, attributed to the 
enhancement of superficial area. Compared with l, the sur-
faces of ESB in Figure 8l had noticeable metal luster, indi-
cating that the adsorbed CV assembled on the surface of 
biochar.

Conclusion

In this study, E. schimperi biochar served as an effective 
low-cost adsorbent in the removal of CV from aqueous solu-
tions. Adsorption of CV on the biochar was investigated 

Figure 6.  3D plots: (d) the effect of pH and adsorbent dosage, (e) the effect of pH and time, and (f) the effect of adsorbent dosage and pH on the CV removal (%).
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Figure 7.  (g) E. schimperi biochar before adsorption and (h) E. schimperi biochar after adsorption.
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using classical and statistical methods for experimental 
design. Both studies show that adsorbent dosage, contact 
time, and pH significantly affect the percentage CV removal. 
From the predicted model generated by Minitab (ver. 17), 
the optimum removal was 98% at a 60 min optimum contact 
time, pH 7.5, and an adsorbent dose of 0.11 g.
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