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Abstract
In this study, a renewable and effective bio-adsorbent was derived from Malaysian durian seeds (DSs) to act as a promising biosorb-
ent for phytoremediation application towards removal of a hazardous cationic dye (crystal violet, CV) from aqueous environments. 
The physiochemical characteristics of DS were investigated by several analytical methods such as FTIR, TGA-DTG, BET, pHpzc, 
and SEM-EDX. Subsequently, a statistical optimization for CV removal by DS was carried out via Box-Behnken design (BBD) 
and numerical desirability function. In this regard, four operational factors that affect CV adsorption, i.e., DS dosage (0.02–0.1 g), 
initial pH (4–10), temperature (25–50 °C), and adsorption time (5–25 min) were optimized by BBD and numerical desirability 
function. Hence, the highest CV removal (93.91%) was recorded under the optimal conditions found through desirability function 
as follows: DS dosage of 0.081 g, solution pH = 9.9, working temperature = 34.6 °C, and contact time = 24.9 min. Furthermore, 
ANOVA test indicated the significant parametric interactions towards CV removal (%) can be observed between AB (DS dose 
vs. initial pH), AD (DS dose vs. time), and BC (initial pH vs. temperature) interactions. The adsorption kinetic process was well 
described by a pseudo-second-order model. Subsequently, the adsorption equilibrium isotherm was well presented by Freundlich 
and Temkin isotherm models with maximum adsorption capacity of 158 mg/g. Thus, the thermodynamic functions revealed that 
the adsorption process was spontaneous and endothermic in nature. The adsorption mechanism of CV on the DS surface can be 
ascribed to the electrostatic forces, n-π stacking, and H-bonding interactions. Thus, the output of the research work indicates the 
potential applicability of DS as a renewable and effective biosorbent for the removal of CV from aqueous environments.
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1  Introduction

The discharge of industrial effluents generated from 
numerous sectors including paints, plastics, papers, leath-
ers, and textiles in water bodies is becoming one of the 

most critical environmental concerns because of their 
negative effects on both humans and aquatic species [1]. 
Additionally, the physicochemical properties of freshwater 
such as color, odor, and pH are also altered after its con-
tamination by organic dyes [2]. Moreover, the complex 

 *	 Ali H. Jawad 
	 ali288@uitm.edu.my; ahjm72@gmail.com

1	 Faculty of Applied Sciences, Universiti Teknologi MARA​, 
40450 Shah Alam, Selangor, Malaysia

2	 Department of Chemistry, Faculty of Exact Sciences, 
University of Echahid Hamma Lakhdar – El/Oued, 
39000 El Oued, Algeria

3	 Department of Medical Instrumentation Engineering, 
Al-Mansour University College, Baghdad, Iraq

4	 College of Engineering, University of Warith Al-Anbiyaa, 
Karbala, Iraq

5	 Chemistry Department, College of Science, King Saud 
University, Riyadh 11451, Saudi Arabia

6	 UniSQ’s Advanced Data Analytics Research Group, 
School of Mathematics Physics and Computing, University 
of Southern Queensland, Springfield Central, QLD 4300, 
Australia

7	 New era and Development in Civil Engineering Research 
Group, Scientific Research Center, Al-Ayen University, 
Thi‑Qar 64001, Baghdad, Iraq

http://orcid.org/0000-0002-4827-9093
http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-022-03319-x&domain=pdf


	 Biomass Conversion and Biorefinery

1 3

aromatic structures of the synthetic dyes mark them as 
poisonous, phototoxic, ototoxic, and possibly carcinogenic 
substances [3]. Therefore, the presence of the toxic organic 
and synthetic dyes in the aquatic system can cause harmful 
influence on the living things and entire eco-system [4–6].

Among various cationic dyes, Crystal Violet (CV; Basic 
violet 3, gentian violet, and methyl violet 10B are other 
names for CV) is a chemically synthesized cationic dye 
that belongs to the triphenylmethane family. It is widely 
utilized in various industrial applications such as dyeing, 
paper, textile, ink, additives, leather, cosmetics, and ana-
lytical chemistry/biochemistry, dermatological agents, bio-
logical staining, dye manufacture, and veterinary medicine 
[7–9]. The danger of this dye lies in its easy penetration 
into animal cells by interacting with negatively charged 
molecules from the membrane cells of mammals [10]. 
Furthermore, CV can also cause several harmful effects 
on human health such as skin irritation, digestive tract, 
conjunctiva, permanent injury to the cornea, and eye irri-
tation [11, 12].

Thus, due to the harmful effects of CV on ecosystems, 
wastewater containing CV has become a target for remedia-
tion studies. For this reason, a variety of biological and phys-
icochemical approaches including reverse osmosis [13], pre-
cipitation [14], coagulation/flocculation [15], ion exchange 
[16], membrane filtration [17], adsorption [18], and photo-
Fenton oxidation [19] have been effectively implemented 
in wastewater treatment. However, each of these methods 
has several drawbacks, including extremely severe reaction 
conditions, high cost, low efficiency, incomplete removal, 
formation of hazardous intermediates, and time-consuming 
processes [20]. In this regard, adsorption process presents 
itself as a potential alternative over other conventional tech-
nologies due to its high efficiency even at high dye concen-
trations, selectivity, recyclability, cost-effectiveness, ease of 
operation, and broad applicability [21, 22].

From the adsorbent standpoint, several adsorbents 
have been reported for the adsorptive removal of dyes, for 
instance, guar gum/activated carbon nanocomposite [23], 
layered double hydroxides [24], hen feather [25], metal/
halide-free ordered mesoporous carbon [26], ordered 
mesoporous carbon [27], sulfonated pomegranate peel bio-
char [28], chitosan/carbon-doped TiO2 composite [29], Ag-
doped MnO2 (AgMC) nanocomposites [30], immobilized 
chitosan [31], and TiO2 Degussa P25 [32]. One of the most 
utilized adsorbents for dye removal is activated carbon [33]. 
However, the main limitations of activated carbon applica-
tion in the wastewater treatment methods come from its high 
operating costs of activation, functionality, and obtaining 
high porosity [34]. In light of these considerations, alterna-
tive materials such as natural and vegetal adsorbents have 
been applied as renewable, cost-effective, and efficient 

adsorbents [35–37]. Since it is known as the most inexpen-
sive, renewable, and feasible choice for dye removal, bio-
mass wastes have been fully exploited as adsorbents [38].

Furthermore, utilizing bio-wastes for the removal of 
various water pollutants is considered an eco-friendly, 
economical, and cost-effective approach for environmen-
tal remediation due to the several advantages such as the 
low cost, renewability, functionality, high efficiency, and 
compliance with green chemistry principles [39, 40]. In 
the previous few years, vegetal seeds such as spiky sweet-
gum tree seeds [41], Delonix regia seeds [42], Moringa 
seeds [43], mango seed [44], and Dialium guineense seed 
[45] have been successfully utilized as biosorbents for 
dye removal from aqueous environments. In this respect, 
Durian (Durio zibethinus), generally known as the “king 
of fruits,” is a dicotyledonous tropical seasonal plant spe-
cies [46]. Malaysia ranked second behind Thailand as a 
major producer of durian [47]. The average weight of 
durian fruit production across Malaysia is 255,353 metric 
tons, and the landfill loading rate is growing, due to the 
huge number and volume of durian waste, which needs 
more space to manage [48].

To the best of our knowledge, durian seed has never been 
applied in wastewater remediation. Therefore, the main 
objective of this research work is to utilize durian seeds 
(DSs) as biomass wastes to act as a promising biosorbent 
for the removal of toxic organic dyes such as crystal violet 
(CV) from aqueous environments. Thus, the adsorptive per-
formance of DS towards capturing CV dye was statistically 
optimized by using response surface methodology-Box-
Behnken design (RSM-BBD). Furthermore, the numerical 
desirability function was adopted to validate the statistical 
output of the response and to confirm the optimum opera-
tional condition of the adsorption, i.e., DS dose, solution 
pH, contact time, and working temperature. The physico-
chemical and adsorptive properties of DS were examined 
before and after CV adsorption. Subsequently, the adsorp-
tion kinetics, isotherms, and thermodynamic functions were 
determined. Besides that, a plausible mechanism for CV dye 
adsorption on the surface of DS was proposed.

2 � Materials and methods 

2.1 � Materials

Durian was acquired at a local market in Shah Alam, Malay-
sia. Durian seeds (DSs) were first extracted, cleaned, and 
thoroughly rinsed in ultra-pure water. After that, the seeds 
were dried at 105 °C for 24 h to remove all traces of moisture. 
Finally, the dried seeds were crushed and sieved to a parti-
cle size of 1–2 mm. CV stock solution (1000 mg/L, R&M 
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Chemicals; λmax = 584 nm; M.W = 408g/mol; R&M Chemi-
cals) was prepared and diluted as needed for removal tests. 
R&M Chemicals supplied chemical reagents such as sodium 
chloride powder, sodium hydroxide pellets, and hydrochloric 
acid. The CV solutions, as well as the adsorption studies, were 
conducted using deionized water. Pure and analytical-grade 
chemicals were employed in this work.

2.2 � Characterization

The surface parameters (pore volume and specific sur-
face area) of DS were determined employing the analyzer 
Micromeritics ASAP 2060 using N2 adsorption-absorption 
isotherms at temperature 77 K. The thermal stability of DS 
during the carbonization and activation process was deter-
mined by thermal analysis (NETZSCH STA 449 F5 Jupi-
ter®). Under an atmosphere of N2, measurements (thermo-
grams) were generated between 30 °C/(10.0 K/min)/1200 °C. 
Chemical functional groups present in DS were examined 
before and after CV adsorption using PerkinElmer Spectrum 
RX I (RX-1, USA) Fourier transform infrared spectroscopy 
(FT-IR). The substances were prepared for FTIR analysis 
using KBr pellets. The Zeiss Supra 40VP scanning electron 
microscope (SEM) was used to examine the superficial mor-
phology of DS before and after loading CV molecules on its 
surface, while the fundamental elements were detected using 
energy-dispersive X-ray (EDX). After mounting the samples 
on stubs, a gold-coating device was utilized to coat them with 
gold. High-resolution SEM pictures were then obtained by 
performing a SEM analysis at 15.0 keV. The pH at the point 
of zero charge (pHpzc) for DS was acquired as per the previ-
ous work [49].

2.3 � Design of experiments

The optimized removal of CV using DS as a biosorbent was 
investigated in this study using a four-level BBD model by 
changing the adsorbent dose, contact time, solution pH, and 
temperature as the independent variables in the BBD model. 
Subsequently, each variable was adjusted at three conventional 
levels: + 1, 0, and − 1 corresponding to high, medium, and low 
values, respectively. To be able to build the desired statistical 
model, the removal efficiency (R, %) was chosen as the response 
(Y). Thus, the statistical analysis was performed using the soft-
ware Design-expert version 13.0 Stat-Ease to determine the rel-
evance of each individual element, important interactions, and 
quadratic terms. The coded and actual values of the independent 
factors are depicted in Table S1. A non-linear regression model 
was used to fit the 2nd polynomial function to the empirical data 
and identify the essential model terms. The quadratic response 
model including all linear terms, linear by linear interaction 
items, and square terms is presented in Eq. (1):

where Y, β0, βi, βii, βij, and (Xi and Xj) denote the response 
to be optimized, the constant coefficient, the linear coef-
ficient, the quadratic coefficient, the interaction coeffi-
cient, and independent factors, respectively. As a result, 
twenty-nine BBD experiments were carried out to show 
and evaluate the influence of various input factors, i.e., 
A: DS (0.02–0.1 g), B: pH (4–10), C: temperature (25–50 
°C), and D: time (5–25min) on the removal (%) of CV 
dye. Hence, Table 1 shows the limits of the studied varia-
bles as well as the corresponding calculated response (CV 
removal (%)). Thenceforth, the adsorption experiments 
of CV dye were carried out in batch mode in 250-mL 
capped Erlenmeyer flasks containing 100 mL of CV dye 
solutions. The batch adsorption experiments were carried 
out at a stirring speed of 100 strokes/min by means of 
a water bath shaker (Memmert, model WNB7-45, Ger-
many). Subsequently, to achieve DS-free solutions, the 
samples taken from the dye solutions were filtered via 
a syringe filter (0.45 μm). The absorbance readings at 
different concentrations of CV solutions were monitored 
by Direct Reading spectrophotometer (HACH DR 3900, 
USA) at λmax 584 nm. Then, the removal efficiency (R %) 
of the CV dye was calculated (Eq. S1).

2.4 � Adsorption study of CV dye on DS

Batch adsorption study was conducted to measure the 
amount of dye adsorbed onto the DS surface, and the opti-
mum operational conditions were determined based on 
the numerical desirability function. Consequently, the best 
operational conditions for maximum CV removal (93.9 
%) were found to be DS dosage = 0.081 mg/L, pH = 9.9, 
temperature = 34.6 °C, and time = 24.9 min. Therefore, 
the adsorption study was carried out under these optimal 
conditions, with various CV initial concentrations (50–300 
mg/L) and contact time (0–180 min). The batch adsorption 
experiments for CV dye were performed using the same 
method as outlined in “Design of experiments.” Conse-
quently, the amount of dye adsorbed onto the DS at equi-
librium (qe, mg/g) was determined (Eq. S2).

3 � Results and discussion

3.1 � 3Characterization of DS

The surface properties of DS including specific surface area, 
mean pore diameter, and total pore volume are summarized 
in Table S2. The specific surface area of DS is 0.1096 m2/g. 

(1)Y = �
0
+
∑

�iXi +
∑

�iiX
2

i
+
∑∑

�ijXiXj
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Furthermore, its average pore diameter is 71.29 nm. Accord-
ing to the International Union of Pure and Applied Chem-
istry (IUPAC), the structure of DS is macroporous (average 
pore diameter ˃ 50 nm) [50].

The thermal degradation profile of the DS biomaterial 
was determined using a TGA-DTG test. The TGA-DTG 
curves of DS are presented in Fig. S1. The pyrolysis pro-
cess of the DS biomass can be divided into two main stages. 
At 180 °C, the first weight loss of 11.09 % of DS occurred 
owing to loss of moisture and decomposition of high volatile 
components. The large fraction and most significant weight 
loss of 84.56 % of DS occurred in the range of 200–600 °C 
owing to the more stable volatile substances and hemicellu-
lose decomposition [51]. Furthermore, cellulose breakdown, 
which is a fundamental structural component of DS, occurs 
at this stage. Finally, at this stage, the degradation of highly 
thermally stable lignin, as well as the creation of biochar, is 
achieved. The thermal degradation curve for the DS material 
is consistent with the thermal decomposition profile of DS 

reported earlier in terms of fractions of weight loss in the 
material [51]. In fact, the availability of functional groups 
on an adsorbent material provides more adsorption sites and 
therefore increases the adsorbed quantity of a pollutant [52]. 
For this reason, the FTIR spectral analysis on DS before and 
after adsorption of CV was carried out, and the spectra are 
given in Fig. 1a and  b, respectively. The FTIR peaks shown 
in Fig. 1a reflected a number of functional groups based on 
their specific wavenumber positions (cm−1). Figure 1a  illus-
trates three peaks at 3650 cm−1, 3617 cm−1, and 3570 cm−1, 
which are characteristic peaks to the stretching vibration of 
O–H in hydroxyl groups related to the alcohol, phenol, and 
carboxylic acids [53]. The weak peak at about 2927 cm−1 
is allocated to the stretching vibration of the asymmetric 
C–H in methylene and methyl groups [54]. The stretching 
vibration of C≡C (alkynes) appeared at a peak at around 
2280 cm−1 [55]. The peak at 1730 cm−1 is due to the C=O 
stretching of aldehyde, ester, ketone, and carboxylic acid 
[51]. Peaks at 1570 cm−1 and 1361 cm−1 are ascribed to 

Table 1   The four-variable BBD 
matrix and experimental data 
for CV removal (%)

Run A: DS dose (g) B: pH C: Temperature 
(°C)

D: Time (min) CV removal (%)

1 0.02 4 37.5 15 14.3
2 0.1 4 37.5 15 61.9
3 0.02 10 37.5 15 27.6
4 0.1 10 37.5 15 93.8
5 0.06 7 25 5 40.9
6 0.06 7 50 5 58.8
7 0.06 7 25 25 58.3
8 0.06 7 50 25 67.5
9 0.02 7 37.5 5 24.5
10 0.1 7 37.5 5 62.7
11 0.02 7 37.5 25 25.9
12 0.1 7 37.5 25 88.8
13 0.06 4 25 15 40.6
14 0.06 10 25 15 64.9
15 0.06 4 50 15 40.7
16 0.06 10 50 15 87.9
17 0.02 7 25 15 20.7
18 0.1 7 25 15 82.3
19 0.02 7 50 15 38.6
20 0.1 7 50 15 90.9
21 0.06 4 37.5 5 25.3
22 0.06 10 37.5 5 58.3
23 0.06 4 37.5 25 38.5
24 0.06 10 37.5 25 81.1
25 0.06 7 37.5 15 55.1
26 0.06 7 37.5 15 58.4
27 0.06 7 37.5 15 52.3
28 0.06 7 37.5 15 60.5
29 0.06 7 37.5 15 54.6
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C=C stretching and C–H stretching in alkanes or an alkyl 
group, respectively [55]. The peak at 1014 cm−1 covers the 
C–O–C groups stretching in ether, ester, or phenyl groups. 

Additionally, the symmetric stretching vibration of the car-
boxylate is also responsible for the formation of a 1470-cm−1 
band; C–N is detected at band 1240 cm−1, and the band at 
1041 cm−1 could be ascribed to the alkyl-substituted ether 
(C–H–C) [52, 56]. The FTIR spectra of DS after CV dye 
adsorption (Fig. 1b) did not differ significantly from that 
of the material prior to adsorption, except for a few minor 
shifts in FTIR peak locations, which could indicate that the 
acidic functional groups on the surface of DS were tapped as 
adsorption sites for trapping the CV cationic dye molecules. 
The FT-IR spectra of CV-loaded DS revealed a peak at 1580 
cm−1 assigned to the stretching vibrations of C=C distinc-
tive to the aromatic ring of CV dye, while the peak located 
at 1369 cm−1 is ascribed to the stretching vibration of C–N 
distinctive to the aromatic tertiary amine [52]. As a result, 
the FTIR spectrum shown in Fig. 1a supports that the DS 
surface is richly implanted with hydroxyl and carboxylic 
groups which are considered active sites of CV adsorption.

The change in DS surface morphology before and after 
CV adsorption can be visualized by comparing their SEM 
images. As can be seen in Fig. 2a, the DS biomass has a 
rough texture and cavities of various dimensions and 
shapes, primarily large and wide cavities with slits. After 

Fig. 1   FTIR spectra of (a) DS and (b) DS after adsorption of CV dye

Fig. 2   SEM images and EDX 
spectra of a DS and b DS after 
adsorption of CV dye at × 3.0k 
magnification

Element AN Series Norm. 
C 

[wt.%]

Atom. 
C 

[at.%]
C 6 K-series 48.67 55.43
O 8 K-series 45.77 39.14
N 7 K-series 5.56 5.43

Total: 100 100

Element AN Series Norm. 
C 

[wt.%]

Atom. 
C 

[at.%]
C 6 K-series 44.06 50.74
O 8 K-series 48.53 41.95
N 7 K-series 7.41 7.32

Total: 100 100

(a)

(b)



	 Biomass Conversion and Biorefinery

1 3

the CV adsorption, a more compact surface morphology 
was observed (Fig. 2b). This can be attributed to the CV 
molecules occupying the DS pores and cavities. The EDX 
examination of the DS before and after CV dye adsorption 
detected the presence of carbon, oxygen, and nitrogen. The 
changes in the element content before and after adsorption 
can be assigned to the CV loading onto the surface of DS.

3.2 � Model fitting

Analysis of variance (ANOVA) was employed to evaluate 
the statistical validity of the developed nonlinear quadratic 
model. The ANOVA statistics for the CV removal are shown 
in Table 2. The ANOVA results for the suggested quadratic 
model showed that the employed factors are highly consider-
able. The high F value (59.56) and a low probability value 
(p-value < 0.0001) indicated the statistical significance of 
the model. The high coefficient of determination (R2 = 0.98) 
value for CV dye removal (%) indicated that the model was 
statistically significant. As a result, the model established by 
BBD was appropriate for predicting the removal of CV dye 
within the ranges of the tested parameters. The lack of fit’s 
insignificant p-value (0.2944) supported the validity of the 
used model [57]. Consequently, the operational parameters 
with p-values larger than 0.05 are often considered statisti-
cally irrelevant in terms of CV adsorption performance, and 
vice versa. Thus, the terms A, B, C, D, AB, AD, BC, and C2 
of the CV dye removal model were designated as statisti-
cally significant model terms. Furthermore, a second-order 

polynomial (Eq. (2)) can be used to express the relationship 
between the tested variables and the response:

The BBD graphs aid in the validation of the established 
BBD model by studying the residual distribution’s charac-
teristics and identifying the degree of association between 
experimental and theoretical CV dye removal values. The 
graph of the normal probability of the residuals for the 
model (CV removal) is expressed in Fig. S2a. The points 
in Fig. S2a appear to be neatly matched with the straight 
line, demonstrating the points’ regular and accurate distri-
bution as well as the residuals’ independence. Furthermore, 
Fig. S2b depicts the relationship between the theoretical 
and actual values of CV dye removal. From Fig. S2b, there 
is a strong correlation between those that are statistically 
predicted and the empirical output (CV removal), indicating 
that the model is statistically reliable [58]. Thus, Fig. S2c 
depicts residuals vs. run number of CV dye removal. The 
dots in Fig. S2c are distributed randomly around zero, 
showing that the model is accurate and credible.

3.3 � Significant interactions

To analyze the influence of the examined inputs and 
identify the significant correlation between the tested 
parameters on the CV dye adsorption, 3D surfaces and 

(2)
CV removal (%) = +56.18 + 27.40A + 16.02B + 6.39C + 7.47D

+ 4.65AB + 6.17AD + 5.72BC + 4.47C
2

Table 2   Analysis of variance 
(ANOVA) for CV removal (%)

Source Sum of squares df Mean square F-value p-value Remarks

Model 14038.48 14 1002.75 59.56 < 0.0001 Significant
A-DS dose 9009.12 1 9009.12 535.14 < 0.0001 Significant
B-pH 3081.61 1 3081.61 183.05 < 0.0001 Significant
C-Temp. 490.24 1 490.24 29.12 < 0.0001 Significant
D-Time 669.01 1 669.01 39.74 < 0.0001 Significant
AB 86.49 1 86.49 5.14 0.0398 Significant
AC 21.62 1 21.62 1.28 0.2761 Not significant
AD 152.52 1 152.52 9.06 0.0094 Significant
BC 131.10 1 131.10 7.79 0.0144 Significant
BD 23.04 1 23.04 1.37 0.2616 Not significant
CD 18.92 1 18.92 1.12 0.3070 Not significant
A2 59.95 1 59.95 3.56 0.0801 Not significant
B2 46.50 1 46.50 2.76 0.1187 Not significant
C2 129.75 1 129.75 7.71 0.0149 Significant
D2 67.05 1 67.05 3.98 0.0658 Not significant
Residual 235.69 14 16.83
Lack of fit 193.38 10 19.34 1.83 0.2944 Not significant
Pure error 42.31 4 10.58
Cor total 14274.17 28
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2D diagrams were employed. The 3D and 2D graphs of 
the interaction between DS dosage and pH are shown 
in Fig. 3a and b, respectively. The results illustrate that 
increasing DS dosage from 0.02 g to 0.1 g is responsible 
for enhancing the CV removal (%). In fact, this improve-
ment in CV removal (%) can be assigned to the abun-
dance of more binding sites of DS in the CV dye solu-
tion. Additionally, as shown in Fig. 3a and b, increasing 
the solution pH from 4 to 10 leads to an increase in the 
removal efficiency of CV dye. In this respect, pHpzc test 
of DS was performed to understand the influence of pH 
on the adsorption of CV dye. Thus, the pHpzc of DS was 
found to be 6.5, as shown in Fig. 3c. Consequently, at high 
acidic pH values, i.e., below the pHpzc, the DS surface will 
acquire a positive charge. Therefore, at solution pH = 10, 
the DS surface and CV molecules become negatively and 
positively charged, respectively. As a result, an electro-
static attraction between the positive charge on the surface 

of CV dye molecules and the negative charge on the sur-
face of DS would be possibly occurred, and the proper 
description of this interaction can be presented in Eq. (3):

Furthermore, the 3D and 2D graphs of the interaction 
between DS dosage and time are shown in Fig. 4a and b, 
respectively. The results reveal that extending the contact time 
from 5 to 25 min did not enhance the removal efficiency of CV 
dye. This observation can be ascribed to the fact that reaching 
the equilibrium of absorption process was achieved in a short 
period of time due to the functionality and effectiveness of DS 
surface. Moreover, the 3D and 2D graphs of the BC interaction 
(pH and temperature) are shown in Fig. 4c and d, respectively. 

(3)

(CH
3
)

∣

DS
− + (CV) = N

+
↔

∣

(CH
3
)

(CH
3
)

∣

DS− …+N = (CV)

∣

(CH
3
)

Fig. 3   Plots of a three-dimen-
sional surfaces (3D) and b two-
dimensional contour (2D) for 
the interaction AB (DS dose vs. 
pH), while c pHpzc of DS
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-5

-4

-3

-2

-1

0

1

2
Δp

H

Initial pH

(a)
(b)

(c)



	 Biomass Conversion and Biorefinery

1 3

Fig. 4   a and b are 3D and 2D 
plots for the interaction AD 
(DS dose vs. time) respectively, 
while c and d are plots of 3D 
and 2D of the interaction BC 
(pH vs. temperature) respec-
tively

Fig. 5   Desirability ramps for 
the optimization of important 
adsorption input factors (DS 
dose, pH, time, and tempera-
ture) for CV dye removal (%)
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The proportional relationship between the improvement of CV 
removal and the increases in the working temperature (25 to 50 
°C) indicates that the CV adsorption process was endothermic 
in nature [59].

3.4 � Optimization by the desirability function

The desirability function was carried out to verify the opti-
mum operational conditions and to select the best opera-
tional conditions to achieve maximum output within the 
range of input variables. Thus, a desirable value of response 
can be attended if the desirability is equal to 1. Contrari-
wise, a desirability value of 0 indicates that the response 
value exceeds the required acceptable threshold value 
[60]. Subsequently, the numerical optimization shows the 
best operational conditions for maximum removal of CV 
as depicted in Fig. 5. As can be seen, the CV removal is 
93.91% under the following working conditions: DS dos-
age of 0.081 g, pH = 9.9, temperature = 34.6 °C, and time 
= 24.9 min, with a desirability value of 1. Furthermore, 
the predictive validity of the numerical model was tested 
using duplicate confirmatory experiments with optimized 
parameters. Overall, the experimental data agreed well with 
the results of numerical optimization in terms of desirabil-
ity functions. This result demonstrates that the desirability 
function can be considered a powerful tool to effectively 
optimize the experimental conditions of CV adsorption by 
DS. As a result, in subsequent studies, the optimal experi-
mental conditions for CV adsorption were used.

3.5 � Adsorption study

The adsorption study of CV by DS was carried out in 
batch mode. Thus, the CV uptake by DS at various inter-
val times and with different initial CV concentrations (50, 
100, 150, 200, 250, and 300 mg/L) was explored, while 
the three remaining parameters were left at their optimum 
conditions: DS dose = 0.081 g, pH = 9.9, and temperature 
= 34.6 °C. In this regard, the curves of the CV uptake by 
DS and its adsorption capacities (qt, mg/g) at various CV 
concentrations are shown in Fig. 6a. As can be seen, the 
increment in the initial CV concentration from 50 to 300 
mg/L leads to the enhancement in the adsorption capacity 
of DS from 59.6 to 164.0 mg/g. Hence, by increasing the 
initial CV concentration, the number of effective colli-
sions between CV molecules and DS increases as well. 
In addition, as the initial CV concentration increased, the 
time to reach equilibrium increased as well.

3.6 � Adsorption kinetics

The adsorption kinetic study was performed for acquiring a 
complete understanding of the adsorption process of CV dye 

onto DS, as well as defining the rate-controlling phase that 
is primarily responsible for dye adsorption. The adsorption 
kinetics parameters were determined using two nonlinear 
equations namely pseudo-first order (PFO) [61] and pseudo-
second order (PSO) [62]. Both formulas of PFO and PSO 
are given by Eqs. (4) and (5), respectively:

where qt indicates the amount of CV uptake (mg/g) at a 
time (t), and k1 (1/min) and k2 (g/mg min) represent the 
PFO, and the PSO rate constants, respectively. The esti-
mated findings and plots for the PFO and PSO models are 
given in Table 3 and Fig. S3, respectively. The R2 values 

(4)qt = qe
(

1 − exp−k1t
)

(5)qt =
q2
e
k
2
t

1 + qek2t
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Fig. 6   a Effect of the contact time on CV adsorption at different ini-
tial concentrations (dose = 0.081 g, pH = 9.9, temperature = 34.6 
°C, agitation speed = 100 rpm, and volume of solution = 100 mL), b 
adsorption isotherms of CV by DS (dose = 0.081 g, pH = 9.9, tem-
perature = 34.6 °C, agitation speed = 100 rpm and volume of solu-
tion = 100 mL)
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for PFO and PSO are close to each other, with obvious 
preferences towards PSO due to higher coefficient of 
determination value (R2). Furthermore, the consistency 
between the theoretical q values (qcal) of the PSO and the 
experimental q (qexp) values reconfirmed the fitness of 
PSO over PFO. Overall, the chemisorption pathway drives 
CV adsorption on DS surface [63].

3.7 � Adsorption isotherms

At constant temperature, adsorption isotherm models can be 
used to verify the interaction mechanisms in the adsorbent/
adsorbate system. Therefore, three fundamental isotherm 

models, namely, Langmuir [64], Freundlich [65], and Tem-
kin [66], were investigated. Equations (6), (7), and (8) pre-
sent the non-linear formulas of the Langmuir, Freundlich, 
and Temkin models, respectively:

where qmax (mg/g) represents DS maximum adsorption capac-
ity, qe (mg/g) the CV uptake at equilibrium, and n the adsorp-
tion intensity. Also, Ka (L/mg), Kf (mg/g). (L/mg)1/n, and KT 
(L/mg) are Langmuir, Freundlich, and Temkin constants, 
respectively. Figure 6b  depicts the non-linear isotherm plots 
of CV adsorption, and Table 4 shows all the isotherm param-
eters. Based on R2 values, CV dye adsorption is well described 
by the Freundlich and Temkin isotherm models, indicating 
multilayer and heterogeneous distribution onto adsorption sites 
[67]. The value of 1/n can be used to determine the type of 
isotherm, such as irreversible (1/n = 0), favorable (0 > 1/n ˂ 
1), or unfavorable (1/n > 1). The Freundlich isotherm’s 1/n 
value of 0.193 indicated a good adsorption characteristic [68]. 
Moreover, the obtained qmax from the Langmuir model was 
158.0 mg/g at 34.6 °C. Considering this finding, DS can be 
considered as an efficient biosorbent for cationic dye removal 

(6)qe
qmaxKaCe

1 + KaCe

(7)qe = KfCe
1∕n

(8)qe =
RT

bT
ln (KTCe)

Table 3   PFO and PSO kinetic 
parameters for the adsorption 
CV on DS

Concentra-
tion (mg/L)

qe exp. (mg/g) Pseudo-first order Pseudo-second order

qe cal. (mg/g) k1 (1/min) R2 qe cal. (mg/g) k2 ×102 (g/
mg min)

R2

50 59.6 54.5 0.75 0.97 58.5 2.221 0.99
100 102 96.2 0.24 0.94 103.2 0.355 0.98
150 116.3 114.1 0.66 0.98 117.8 1.272 0.99
200 139.7 127.8 0.48 0.97 136.3 0.686 0.99
250 156.0 142.5 0.37 0.95 150.8 0.436 0.99
300 164.0 149.1 0.66 0.93 159.1 0.721 0.98

Table 4   Isotherm parameters of CV adsorption by DS (dose = 0.081 
g, pH = 9.9, temperature = 34.6 °C, agitation speed = 100 rpm, and 
volume of solution = 100 mL)

Model Parameter Values

Langmuir qmax (mg/g) 158.0
Ka (L/mg) 0.18
R2 0.93

Freundlich KF (mg/g (L/mg)1/n) 16.3
1/n 0.193
R2 0.97

Temkin KT (L/mg) 7.16
bT (J/mol) 108.9
R2 0.99

Table 5   A comparison of CV 
adsorption capacities by various 
adsorbents

Adsorbents Dose pH qmax (mg/g) References

DS 0.081 g 9.9 158 Present study
NaOH-activated Aerva javanica leaf 20 mg 9 315.2  [69]
Monolithic algal green powder 1.5 g 8.6 119.02  [52]
Zinc oxide nanorods loaded on activate carbon 0.025 g 7 113.64  [70]
Activated carbon from poultry litter 2.5 g 10 70.32  [71]
Zinc chloride–activated (RHZ) rice husk 5 g 10.8 61.57  [72]
Natural adsorbent black turmeric 0.03 g 9 23.753  [11]
Iron-based metal organic framework 0.03 g 6 9.259  [12]
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due to its high adsorption ability and simple processability 
compared to conventional activated adsorbents such as acti-
vated carbon. Hence, Table 5 compares the efficacy of DS in 
removing CV dye over other available adsorbents and indicates 
that DS is an alternative promising adsorbent for the removal 
of CV dye from aqueous environments.

3.8 � Thermodynamic functions

The thermodynamic functions including standard Gibbs free 
energy (ΔG°), standard entropy (ΔS°), and standard enthalpy 
(ΔH°) were explored to provide a clear insight into the adsorp-
tion process of CV onto DS regarding spontaneity and irregu-
larity. Hence, Eqs. (9–11) are used to compute the adsorption 
thermodynamic properties such as ΔG°, ΔH°, and ΔS° respec-
tively [73]:

The values of ΔH° and ΔS° were attained from the plot of 
ln kd against 1/T (Fig. S4), which can be computed from the 
slope and the intercept, respectively. Thermodynamic func-
tions for the adsorption of CV by DS are listed in Table 6. The 
negative values of ΔG° confirmed that the CV dye adsorption 
was spontaneous and increased at higher temperatures [74]. 
Moreover, high temperatures are desirable for the adsorption 
process, as shown by the fact that ∆G° for CV adsorption got 
higher in negative values while increasing the temperature. In 
fact, when ∆G° is between 400 and 80 kJ/mol, the adsorption 
is presumed to be chemi-adsorption. On the other hand, when 
∆G° is between 20 and 0 kJ/mol, it is presumed to be physic-
sorption [52]. Thus, the CV adsorption on the DS surface can 
be considered a physic-adsorption based on the values of ∆G° 
shown in Table 6. On the other hand, the positive ΔS° value 
indicates the DS’s affinity for the CV dye, implying increased 
randomness. The fact that the ΔH° value is positive indicates 
that the CV adsorption process was endothermic in nature 

(9)ΔG◦ = −RTlnKd

(10)kd =
qe

Ce

(11)lnkd =
ΔS◦

R
−

ΔH◦

RT

[75], which is consistent with the BBD findings of increased 
CV removal by increasing temperature.

3.9 � Adsorption mechanism of CV dye

According to FTIR analysis, the surface of DS is distinguished 
by an abundance of active groups like hydroxyl (–OH), aldehyde 
(H–C=O), carboxyl (–COOH), and ketone (C=O), which agrees 
with previous works [51, 55]. The presence of these functional 
groups facilitates the predication of the adsorption mechanism 
of the CV dye on the surface of DS as shown in Fig. 7. The 
electrostatic forces were aided by the positive charge of the CV 
dye 

(

CV = N+
(

CH
3

)

2

)

 and the negatively charged groups (e.g., 
−COO− and −O− ) of the DS surface. Another interaction that 
could occur is H-bonding between the hydrogen on the surface 
of DS and the nitrogen atoms present in the structure of CV 
dye. The n-π interaction is also involved in the CV adsorption 
through the interaction that occurs between the DS surface (oxy-
genated groups) and the aromatic rings of the CV dye molecules.

4 � Conclusions

An alternative renewable and efficient bio-adsorbent pro-
duced from DS has been effectively employed to remove CV 
cationic dye from contaminated water. The optimal adsorp-
tion conditions were determined by the numerical desirabil-
ity function to be DS dosage of 0.081 g, pH = 9.9, tempera-
ture = 34.6 °C, and time = 24.9 min. The kinetic results and 
equilibrium isotherm data illustrated that CV dye adsorption 
onto DS was chemisorption on the DS’s multilayer hetero-
geneous surface. The maximal adsorption capacity of DS 
towards CV dye estimated from the Langmuir equation was 

Table 6   Thermodynamic functions for the adsorption of CV by DS 
(dose = 0.081 g, pH = 9.9, concentration = 100 mg/L, agitation 
speed = 100 rpm, and volume of solution = 100 mL)

T (K) kd ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol K)

298.15
308.15
318.15
328.15

4.06
7.92
8.23
8.35

− 3.48
− 5.30
− 5.58
− 5.79

18.2 0.074

Fig. 7   Illustration of the possible interaction between DS surface and 
CV dye including electrostatic forces, n-π stacking, and H-bonding
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158 mg/g. The obtained thermodynamic values indicated 
that the adsorption route of CV dye by DS was spontaneous 
and endothermic. The adsorption mechanism of CV mol-
ecules on the surface of DS was induced by electrostatic 
forces, n-π stacking, and H-bonding interactions. This work 
highlights that DS can be employed as an effective and 
promising bio-adsorbent to remediate contaminated water 
with organic dyes. Furthermore, other useful applications 
on DS can be investigated towards removal of other catego-
ries of water contaminant such as heavy metals, pesticides, 
herbicides, and pharmaceutical compounds.
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