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Abstract
Due to their prevalence as contaminants in printing and textile industry wastewater, aqueous dyestuff decontamination 
approaches are receiving a lot of attention. Herein, the ability of powdered Citrullus colocynthis fruit peels (CCPs), a green 
agro-based adsorbent, to absorb an anionic acid blue 193 dye from an aqueous solution was further investigated. At pH 2.0 to 
3.0, the monolayer adsorption capacity of CCP for the anionic dye species was 139.83 mg/g. Meanwhile, the successful dye 
uptake seen in the study is credited to the combined electrostatic interaction between the protonated adsorbent surface and 
the negatively charged sulfonic acid (–SO3H) group of the anionic acid blue 193 dye. Another potential adsorption mecha-
nism is the creation of hydrogen bonds between the highly polar C = O and –OH groups of the adsorbent and the nitrogen 
atoms on the dye backbone. These findings suggest that CCP adsorbent is a viable candidate for the elimination of anionic 
acid blue 193 dyes from aqueous solution.
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1  Introduction

Dyes are chemical compounds, with inherent aromatic rings 
and a high degree of saturation [1]. They are mostly uti-
lized for imparting colouration to a range of materials and 
products [2]. As a result of the production process in many 
process industries, enormous volumes of wastewater that is 
tainted with dyes are produced. These dyestuffs are poten-
tially toxic and difficult to decompose when released into 
water, where they severely harm living things [3]. Addition-
ally, the continual and unhealthy release of colored waste-
water causes significant environmental deterioration and, 
thus, attracts serious attention from environmentalists and 
researchers.

To date, several physical, chemical, biological, and 
hybrid remediation approaches have been explored for dye 
wastewater treatment, while the pros and cons of the respec-
tive treatment techniques have been extensively reviewed 
[4, 5]. In brief, the chemical methods are flexible, require 
less operational space, and depict fast sorption kinetics [6]. 
However, their associated high operational cost and genera-
tion of secondary waste (in the form of sludges) are major 
drawbacks. Similarly, biological treatment techniques are 
highly sensitive to pH change and, hence, are not very effi-
cient at removing complex varieties of dye pollutants [6]. 
Meanwhile, adsorption, a physical treatment technique, is 
considered an effective dye wastewater treatment approach 
because of the process flexibility in terms of overall adsorp-
tion [7] and adsorbent regeneration cost [8, 9]. Also, the 
ready availability of the adsorbent precursor materials and 
high wastewater treatment efficiency are some of the merits 
of the adsorption technique.

Unquestionably, activated carbon has proven to be effi-
cient at adsorbing an array of both organic and inorganic 
pollutants from wastewater. However, its extensive appli-
cation is often constrained by its high cost [10, 11]. As a 
result, efforts have been made to synthesize inexpensive 
alternative adsorbents using readily accessible lignocel-
lulosic biomasses. Studies have shown that biowastes are 

 *	 A. Hashem 
	 alihashem2000@yahoo.com

 *	 Chukwunonso O. Aniagor 
	 co.aniagor@unizik.edu.ng

1	 Textile Research and Technology Institute, National 
Research Centre, Dokki, Cairo, Egypt

2	 Department of Chemical Engineering, Nnamdi Azikiwe 
University, P.M.B. 5025, Awka, Nigeria

3	 Arab Academy for Science, Technology & Maritime 
Transport, Arab League, Cairo 2033, Egypt

http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-024-05524-2&domain=pdf
http://orcid.org/0000-0001-7981-4872
http://orcid.org/0000-0001-6488-3998


7106	 Biomass Conversion and Biorefinery (2025) 15:7105–7117

made up of several functional groups that act as sorp-
tion sites for a variety of dye contaminants [12, 13]. For 
instance, crystal violet dye [14], rhodamine B dye [14], 
and methyl orange dye [15] were successfully adsorbed 
using Raphanus caudatus leaf biomass. Other common 
waste materials previously utilized as adsorbents include 
Cortaderia selloana flower spikes [16] and Moroccan cac-
tus [17] for adsorbing methylene blue dye, coconut waste 
[18], and cabbage waste powder [19] for congo red adsorp-
tion and the use of apricot seed shell powder for acid blue 
193 dye adsorption [20].

Citrullus colocynthis is a perennial herb that grows well 
in arid climates and several parts of the plant, ranging from 
its roots, fruit, and leaves have many medicinal applications. 
The Citrullus colocynthis fruit peels, on the other hand, have 
no recognized uses other than being disposed of as biowaste. 
Acid blue 193 dye, like all other acid dyes, is an anionic 
dye that has negative effects on the ecosystem because it 
contains organic sulphonic groups. Previously, the Citrul-
lus colocynthis biowaste has been efficiently utilized for the 
adsorption of crystal violet [21], congo red [22], methyl-
ene blue [23], and brilliant green [24] dye from wastewater. 
Therefore, this work aims to elucidate the potential of Cit-
rullus colocynthis fruit peel (CCP) for adsorbing acid blue 
193 dye from wastewater. Employing a range of analytical 
techniques, the prepared CCP was thoroughly character-
ized. Subsequently, the CCP sorbent was utilized to adsorb 
acid blue 193 dye in batch mode. Moreover, the established 
sorption mechanisms governing the interaction with acid 
blue 193 dye were successfully investigated and discussed. 
However, to our best knowledge, there exists no work on the 
adsorption of acid blue 193 dye onto Citrullus colocynthis 
biowaste, hence making this work plausible.

2 � Materials and methods

2.1 � Adsorbent preparation

Citrullus colocynthis is a desert plant and its fruits were 
obtained from the Matrouh desert in Egypt. Its fruits were 
obtained and washed several times with distilled water to 
remove any attached dust particles. The clean fruit was sun-
dried for 7 days until constant dry weight. Afterwards, the 
fruit peels were subsequently separated from the rest of the 
contents of the fruit and further ground to fine particle size 
(~ 50–125 µm) to obtain the desired Citrullus colocynthis 
powder (CCP). The Citrullus colocynthis fruit, the obtained 
fruit peel, and the Citrullus colocynthis fruit peel powder are 
shown in Fig. 1.

2.2 � Adsorption experiment and data modeling

The adsorption experiment was conducted following the 
experimental protocol reported in our previous work [25]. 
Briefly, 0.1 g of the adsorbent was contacted with 100 mL of 
the simulated wastewater (30 mg/L). The setup was mildly 
agitated using a magnetic stirrer (150 rpm) at a given dura-
tion (180 min). Meanwhile, test samples were intermittently 
collected from the setup at 5-min intervals until the equilib-
rium point was reached. The final dye concentration in each 
of the collected test samples was obtained using a laboratory 
spectrophotometer (Shimadzu UV/Visible Spectrophotom-
eter, model: UV-1900 UV–VIS Spectrophotometer) at ~ 580-
nm wavelength. Subsequently, the amount of solute adsorbed 
was evaluated using Eq. (1). Furthermore, the effect of pro-
cess variable variation on the adsorption capacity was evalu-
ated via one-factor-at-a-time (OFAT) methodology in the 

Fig. 1   Pictorial presentation of 
the Citrullus colocynthis fruit, 
fruit peel, and fruit peel powder
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range of 0.01–0.2 g (adsorbent mass), pH 2.0–pH 10.0, and 
313–343 K (solution temperature).

where Co, Ce, V, and W are the starting dye concentration 
(mg/L), dye concentration at equilibrium point (mg/L), vol-
ume of wastewater used (mL), and mass of adsorbent (g).

The isotherm studies were conducted at varying initial 
concentrations (10–100 mg/L) and the generated equilibrium 
data was modeled using the nonlinear forms of the Langmuir 
(Eq. 2) [26], Freundlich (Eq. 3) [27], and Temkin (Eq. 4) 
[28] isotherm models.

Similarly, the adsorption kinetics and mechanistic inves-
tigation were conducted within the contact time range of 
0–180 min. The experimental kinetics data were modeled 
using the nonlinear forms of the pseudo-first-order (Eq. 5) 
[29] and the pseudo-second-order (Eq. 6) [30] kinetic mod-
els, while the mechanistic investigation was achieved using 
the linear form of intraparticle diffusion (Eq. 7) [31] and 
Bangham models (Eq. 8). Furthermore, the goodness of fit 
on the nonlinear adsorption models was determined based 
on the value of the sum of the normalized error value. The 
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details of the mode of evaluating the SNE values for the 
respective nonlinear adsorption models have been exten-
sively elucidated in our previous publication [32].

3 � Results and discussions

3.1 � Adsorbent’s characterization result

3.1.1 � Fourier transform infrared spectroscopic analysis

The Fourier transform infrared (FTIR) spectra of the raw 
and dye-loaded CCP were obtained on a PerkinElmer spec-
trophotometer (LAMBDA 365 UV–Vis Spectrophotometer, 
USA) and shown in Fig. 2. The raw CCP sample showed five 
predominant functional groups, in addition to other groups 
with weak absorption bands. The predominant groups are 
the carboxylic –OH (3265 cm−1), aliphatic C–H stretch-
ing (2919 cm−1), C = C stretching (1627 cm−1), and C–OH 
bending vibration (1014 cm−1) groups. Also, wavenumbers 
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Fig. 2   FTIR spectra of the raw 
and dye-loaded CCP
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around 400–800 cm−1 are assigned to the aromatic and out-
of-plane C–H bending bands whose degrees of substitution 
vary significantly [33]. Other sublime peaks observed in the 
raw CCP sample are H-bonded carboxyl (1535 cm−1), car-
boxylic (1423 cm−1), aliphatic C–H bending (1315 cm−1), 
and P = O/P–OH stretching (1151–1093 cm−1) [33].

Furthermore, the functional groups reported by other 
authors who worked on different shell-based adsorbents are 
in line with those reported in this study. For instance, during 
the FTIR analysis of walnut shell powder, Miyah et al. [34] 
reported the presence of –OH stretching (from the carboxylic 
groups), C–H stretching, C = O stretching, and C–H in-plane 
bending vibrations at 3339, 2920, 1731, and 1368–1437 cm−1, 
respectively. Similarly, the FTIR analysis of wood apple shell 
powder revealed the presence of –OH (at 3406 cm−1), C–H 
(at 2925 cm−1), C = O stretch (1738 cm−1), and C = C bending 
groups (at 1634 cm−1) [35]. Acid-treated palm shell powder 
also depicted –OH stretching, C–O stretching and carboxylic 
acid groups at ∼3419.42, ~ 1200, and ~ 1739 cm−1, respectively.

The FTIR spectra pattern of the raw and dye-loaded 
CCP samples did not, however, show any appreciable 

differences, although the dye-loaded sample’s absorbance 
reading was lower than that of the raw CCP sample. This 
observation indicates successful adsorption and suggests 
the depletion of the functional groups that would have 
otherwise absorbed the light rays transmitted through the 
CCP sample.

3.1.2 � Scanning electron microscopic analysis

Using a scanning electron microscope (JEOL JSM 6060, 
Jeol Ltd., Tokyo, Japan), the raw and dye-loaded CCP sam-
ples’ surface morphology and elemental distribution map-
ping were obtained (Fig. 3). A rough, porous surface with 
apparent fissures and irregularly shaped pores was observed 
on the surface morphology of the raw CCP sample (Fig. 3a). 
These pores, which are present in the CCP structure, play a 
crucial role in the process of adsorbing the molecules of the 
acid blue 193 dye. The dye-loaded CCP sample (Fig. 3c) 
showed less porosity, with the fissures visibly disappearing 
and a whitish film of the adsorbed dye being deposited, thus 
suggesting a successful dye adsorption.

Fig. 3   a SEM image of the raw CCP, b EDX mapping spectra of the raw CCP, c SEM image of the dye-loaded CCP, d EDX mapping distribu-
tion of the dye-loaded CCP
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Further proof for the dye biosorption can be found in the 
identification of about 0.37 and 0.62% of chromium and sul-
fur ions, respectively, in the scanning electron microscopic 
(SEM)-EDX elemental distribution of the dye-loaded CCP 
sample (Fig. 3d), which was absent in the raw sample (Fig. 3b), 
given that the acid blue 193 dye is chromium-based.

3.1.3 � X‑ray diffraction analysis

A Rigaku Miniflex II diffractometer (Japan) was used to 
obtain the X-ray diffraction (XRD) patterns of the raw and 
dye-loaded CCP, and the findings are displayed in Fig. 4. The 
amorphous structural property of the raw CCP sample was 
implied by the large peaks at 2θ° = 22.28° and 34.91°. A pair 
of large diffraction peaks at 2θ° = 24° (002) and 2θ° = 42° 
(100) were similarly found by Jawad et al. [36]. for coconut 
shell powder. This discovery, in the author’s opinion, is evi-
dence of amorphous structural properties and further shows 
that the adsorbent is made up of crystallographic planes of 

carbonaceous materials. Penicillium sp. [37] and Aspergillus 
ustus [25] both showed a large peak at 2θ° = 20° and 19.80°, 
respectively, leading the authors to likewise conclude that 
both materials had amorphous structural properties. Notably, 
no structural changes were observed in the post-adsorption 
samples of the CCP.

3.1.4 � BET surface area measurement

The surface area, pore volume, and pore radius of CCP were 
measured and found to be, respectively, 58.04 m2/g, 0.041 
cm3/g, and 1.92 nm. According to the results in Table 1, the 
BET surface area value obtained in this study is significantly 
higher than those reported for other shell-based adsorbents. 
Further evidence for the CCP’s adsorptive potentials in com-
parison to these other adsorbents was provided by the fact that 
the higher the surface area, the greater the adsorptive capacity. 
Additionally, the fact that the pore radius is smaller than 2 nm 
shows that the majority of CCP is made up of micropores.

Fig. 4   The XRD spectra of the 
raw and dye-loaded CCP

Table 1   BET surface area and 
pore properties of other shell-
based adsorbent powders

Adsorbent BET surface 
area (m2/g)

Pore volume 
(cm3/g)

Pore radius 
(nm)

Reference

Cashewnut shell powder 395.0 0.473 5.89 [33]
Citrullus colocynthis fruit peels powder 58.04 0.041 1.92 Present study
Citrullus colocynthis seed powder 24.679 0.023 1.49 [23]
Citrullus colocynthis peels powder 11.988 0.013 1.56 [23]
Hazelnut shell powder 2.850 – – [38]
Coconut shell powder 1.137 0.002 – [36]
Palm shell powder 0.674 – – [39]
Acidified palm shell powder 0.298 – – [39]
Almond shell powder 0.20 – – [40]
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3.2 � Adsorption process variable investigation

3.2.1 � Effect of pH

The point of zero charge is a parameter that describes the 
evolution of the surface charge in a particular adsorbent. 
As a result, an adsorbent can efficiently function as either 
an anion exchanger, a cation exchanger, or a neutral species 
when effluent pH is less than the adsorbent’s pHpzc, greater 
than the adsorbent’s pHpzc, or equal to the adsorbent’s pHpzc, 
respectively. According to Fig. 5 a, the pHpzc of the CCP was 
measured at pH 5.8; thus, the successful adsorption of the acid 
blue 193 anionic species should typically take place within 
a strongly acidic pH range if electrostatic interaction domi-
nates the entire adsorption process. This assertion was further 
corroborated by the result of the effect of pH on the adsorp-
tion capacity (Fig. 5b). Accordingly, a rise in the adsorption 
capacity, qe (mg/g), was recorded between pH 2.0–3.0, with 
the optimum qe value occurring at pH 3.0.

Other studies have also reported a similar trend of results. 
For instance, Alghamdi and El Mannoubi [23] utilized Cit-
rullus colocynthis peel powder for the adsorption of cationic 
methylene blue dye. According to the authors, the adsorbent 
exhibited a zero-surface charge at pH 6.4 and an optimum dye 
uptake at pH 8.0. Also, Basharat et al. [24] investigated the 
adsorption of cationic brilliant green dye onto Citrullus colo-
cynthis peel powder. The study reported an adsorbent pHpzc at 
pH 5.0 and an optimum dye uptake occurred at pH7.0. Fur-
thermore, the optimum adsorption of acid blue 193 dye onto 
pumpkin seed shell (pHpzc = pH 7.9) [41] and apricot seed shell 
(pHpzc = pH 7.3) [20] occurred at pH 2.0 in both cases.

3.2.2 � Effect of adsorbent concentration

Using different adsorbent doses (0.01 to 0.20 g) and a fixed 
volume of adsorbate solution (100 mL), the study on the 
impact of adsorbent concentration was carried out at an initial 
dye concentration of 30 mg/L. According to the experimen-
tal results depicted in Fig. 6, the amount of dye adsorbed per 
gram of the adsorbent (qe, mg/g) continuously declined from 
53.33 to 8.04 mg/g as the adsorbent concentration rose, cor-
respondingly from 0.01 to 0.2 g. This discovery may be the 
result of the progressive unsaturation of the adsorption sites 
with increasing adsorbent concentrations, at constant con-
taminant concentrations. The likely aggregation of adsorbent 
particles, which tends to decrease the surface area accessible 
and lengthen the diffusion path, is another explanation [42].

Other authors like Naseem et al. [43] and Naseem et al. 
[44] who worked on pollutant adsorption onto various adsor-
bents reported a similar trend of results. Also, Omorogie 
et al. [45] reported a consistent and significant decrease in 
the adsorption capacity of modified Terminalia ivorensis 
biomass due to increasing adsorbent concentration. Accord-
ing to the study, an increase in the adsorbent mass from 10 
to 1000 mg reduced the amount of methyl orange and congo 
red dye adsorbed from 229.61 to 2.37 mg/g and 249.8 to 
2.42 mg/g respectively. Also, according to Chukwuemeka-
Okorie et al. [46], the increase in adsorbent mass from 0.1 
to 0.5 g reduced the uptake capacity of biomass-derived 
activated carbon from 22.2 to 4.49 mg/g (for sunset yellow 
dye) and 29.4 to 5.78 mg/g (for tartrazine dye). Notably, 
all the referenced literature concluded that the decrease 
in the uptake capacity of the respective anionic dyes with 

Fig. 5   a Titrimetric plot for the point of zero charge determination; b plot of the effect of solution pH on the adsorption capacity
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increasing adsorbent mass is due topossible aggregation/
overlapping of the sites at higher doses, thus elongating the 
diffusion paths of solute towards the adsorption sites.

3.3 � Adsorption modeling

3.3.1 � Isotherm modeling

The equilibrium relationship between the amount of sol-
ute adsorbed onto the adsorbent (qe) and the equilibrium 
concentration in the bulk fluid (Ce) under constant process 
conditions is described by the adsorption isotherms [47]. 
Three nonlinear models [Eqs. (2)–(4)]were used in this 
study to model the experimental equilibrium data. Table 2 
displays the respective isotherm model parameters and the 
related goodness of fit (R2 and SNE) values, while the data 
generated from the respective isotherm models are plotted 
in Fig. 7. In general, all of the models displayed reasonably 
high R2 values (R2 > 0.9); however, based on literature stud-
ies, R2 values alone do not suffice to forecast the nonlinear 
model of best fit. Herein, some well-known error models 
that were earlier mentioned in Section 2.2 were adopted. 
The error values produced by the various error models were 
successfully normalized to yield the sum of normalized 

error (SNE) values, and the lower the SNE value is for a 
given isotherm model, the better the model’s fit.

The lowest SNE value was obtained for the Lang-
muir isotherm model, thus indicating that the binding of 
acid blue 193 dye onto CCP occurred via the formation 
of a homogeneous monolayer of adsorbed solute, with 
no molecular interactions between adjacent sites. The 
monolayer adsorption capacity (qmax) was found to be 
139.83 mg/g and the Langmuir isotherm constant (RL) 
value of 0.02 indicates a favorable process. Besides the 
Langmuir model, the Freundlich and Temkin models 
also showed a reasonable description of the experimen-
tal equilibrium data judging from the low SNE values 
(SNE-value < 2.0). The Freundlich nF value is useful 
for elucidating the isotherm curvature and according to 
Table 2, the nF value = 1.49 indicates a favorable phys-
isorption interaction [48]. Also, the reciprocal of the nF 
value (1/nF) provides insight into the existence of either 
a cooperative (1/nF > 1) or none cooperative sorption 
(1/nF > 1) [49]. Notably, the 1/nF-value is less than unity 
(0.67) and indicates the occurrence of non-cooperative 
sorption. The Temkin model parameters are related to 
the heat of adsorption and the minimal positive bT-value 
recorded in Table 2 means that the adsorption is both a 
physical and endothermic process [50].

3.3.2 � Kinetics modeling

For assessing the adsorption kinetics data, the kinetic mod-
els shown in Eqs. (5)–(7) were applied. Table 3 and Fig. 8 
a–b respectively display the results of the kinetics model 
and the corresponding graphs generated at various initial 
solute concentrations. In general, two zones can be distin-
guished from the data points in Fig. 8 a–b, a region of rapid 

Fig. 6   Plot of the effect of 
adsorbent concentration on 
adsorption capacity

Table 2   Nonlinear isotherm model parameters

Langmuir Freundlich Temkin

qmax = 139.83 nF = 1.49 AT = 63.90
kL = 3.13 1/nF = 0.67 bT = 122.90
RL = 0.02 KF = 6.35 R2 = 0.906
R2 = 0.939 R2 = 0.990 SNE = 1.09
SNE = 1.08 SNE = 1.17
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uptake with spiked qt value (which occurred within the 
first 30 min) and a zone of abated uptake with seemingly 
gradual improvement in the qt-value over time. The fluc-
tuation in qt-value over time is explained by the variation 
in the number of accessible sorption sites [51]. Further-
more, all of the kinetic models depicted efficient correla-
tion with the experimental data plot lines (Fig. 8a, b), and 
just like with isotherm modeling, the SNE value is utilized 
to identify which model provides the best match. The PFO 
model, having the lowest SNE value, is considered the 
model of best fit at both 30 and 40 mg/L concentration sys-
tems, for both adsorbents and suggests the predominance 

of physisorption via interfacial diffusion. Additionally, 
because of the enhanced concentration gradient, which 
promotes qualitative affinity between the adsorbate and 
the adsorbents, the values of k1 (L/min) and k2 (g/mg/min) 
were higher at higher initial concentrations [52].

Using the linear versions of intraparticle diffusion 
(Eq. 8) and Bangham (Eq. 9), the stages of the adsorption 
process were also investigated. The plots of qt vs. t0.5 at 
both initial adsorbate concentrations are linear and exhibit 
acceptable R2 values, despite the plot line’s departure from 
the origin (Fig. 8c) (Table 3). This demonstrates that sur-
face sorption and intraparticle diffusion both regulate the 
adsorption rate [53]. Additionally, based on the size of 
the intercept (C-value), it is possible to deduce the role 
intraparticle diffusion plays in regulating the adsorption 
rate. When the C-value is significantly more than unity, 
intraparticle diffusion contributes more, and vice versa 
[53, 54]. Thus, with C-values of 37.85 (for 30 mg/L initial 
dye concentration system) and 37.72 (for 40 mg/L initial 
dye concentration system), it is obvious that the acid blue 
193 dye uptake was greatly aided by the intraparticle dif-
fusion mechanism. Similarly, when the Bangham model 
produces a straight-line plot with a superior R2 value, the 
possible involvement of pore diffusion is postulated. The 
results in Fig. 7 d and Table 3 indicate that the R2 value 
for both adsorption systems is relatively high. As a result, 
the pore diffusion mechanism was equally crucial to the 

Fig. 7   The nonlinear isotherm 
model plot for the adsorption of 
acid blue 193 dye onto CCP

Table 3   Parameters determined from the kinetic and mechanistic 
studies

Initial conc Kinetic models Mechanistic models

PFO PSO Intraparticle Bangham

30 mg/L qe = 50.84 qe = 53.14 kid = 1.41 kb = 0.24
k1 = 0.17 k2 = 0.007 C = 37.85 α = 0.033
R2 = 0.992 R2 = 0.998 R2 = 0.999 R2 = 0.909

SNE = 1.27 SNE = 1.47
40 mg/L qe = 59.99 qe = 62.39 kid = 2.03 kb = 0.24

k1 = 0.13 k2 = 0.004 C = 37.72 α = 0.024
R2 = 0.994 R2 = 0.998 R2 = 0.989 R2 = 0.908

SNE = 1.20 SNE = 1.37
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adsorption process.Therefore, it is noted that both the intra-
particle and the pore diffusion mechanism control the pre-
sent adsorption system at both 30 and 40 mg/L adsorbate 
concentrations.

3.3.3 � Thermodynamics modeling

The temperature effect was elucidated in terms of process 
thermodynamics using the values of the change in Gibbs 
free energy, (ΔG°), change in enthalpy (ΔH°), and change 
in entropy (ΔS°). These thermodynamics parameters were 
evaluated using the appropriate version of Eqs. (10)–(10). 
Consequently, the generated thermodynamic data as pre-
sented in Table 4 is generated from the thermodynamics 
plot shown in Fig. 9.

(10)ΔGo = −RTlnkc

Fig. 8   a Nonlinear kinetic model plot at 30 mg/L adsorbate concentration. b Nonlinear kinetic model plot at 40 mg/L adsorbate concentration. c 
Intraparticle diffusion model plot. d Bangham model plot

Table 4   Thermodynamic parameters

Temp. (K) ∆G° (kJ mol−1) ∆H° (kJ mol−1) ∆S° (kJ mol−1)

313 3.988 31.086 513.570
323 3.738
333 3.394
343 3.063
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According to the results, positive values of ΔG°, ΔH°, 
and ΔS° were recorded. Despite the positive ΔG° values, 
the present system is thermodynamically favorable and 
spontaneous. This is because Doke and Khan [55] and 
Saha and Chowdhury [56] earlier reported that the spon-
taneity of a given adsorption process is guaranteed, even 
with positive ΔG° values, provided both ΔH° and ΔS° 
also retain positive values. Also, the system is predomi-
nantly physisorption, with an endothermic characteristic, 
judging from the fact that its ΔH°-value is respectively 
larger than zero and is also positive. Similarly, the posi-
tive value of ΔS° suggests an increase in the degree of 
entropy of this adsorption system. The aforementioned 
results are well related and logical, noting that external 
energy (positive ΔH° value), accompanied by increased 
system disorderliness (positive ΔS° value) is required to 
sustain the spontaneity of the adsorption system. Posi-
tive ΔH° and ΔS° values have been previously reported 
in several adsorption studies [57, 58]. Furthermore, dur-
ing the adsorption of methylene blue dye onto coconut 
coir dust, Etim et al. [59] recorded positive ΔH° and 
ΔS° values at varying initial adsorbate concentrations. 
Similarly, Lyu et al. [60] reported positive ΔH° and ΔS° 
values during the adsorption of anionic azo dye Acid 
Red G onto magnetic polyaniline nanofibers.

(11)lnkc =
ΔSo

R
−

ΔHo

RT

(12)kc =
Co − Ce

Co

(13)ΔGo = ΔHo − TΔSo

3.4 � Adsorption mechanism

The results of the different parameters, physical charac-
terization, kinetic, and isothermmodeling were adopted 
to understand the adsorption mechanism. Based on the 
obtained results, acid blue 193 dye adsorption onto CCP 
involves different interaction mechanisms.

During the adsorption kinetics studies, an initial rapid 
solute uptake (occurring within the first 30 min of adsorp-
tion), which abated later upon equilibration at 180 min, 
was recorded. Also, the solute binding at the different 
initial concentration studies was well described by the 
pseudo-first-order model, thus highlighting the extensive 
role of physisorption interaction.

The effect of pH on the adsorption capacity can pro-
vide useful insight into prevalent adsorbent-adsorbate 
binding interaction. The pHpzc of the CCP was recorded 
at pH 5.8 and optimum adsorption of acid blue 193 dye 
occurred within a strongly acidic pH range (between pH 
2.0–3.0). Notably, at a strongly acidic pH range (where 
solution pH < pHpzc), there is the protonation of the adsor-
bent surface groups and as a consequence, they electro-
statically attract the negatively charged sulfonic acid 
(–SO3H) group of the anionic acid blue 193 dye. This is 
an indicator of the importance of electrostatic interaction 
between the dye and biosorbents.

Furthermore, dipole–dipole hydrogen bonds might 
be  formed between the highly polar C = O and –OH 
groups acting as proton donors on the surface of the CCP 
adsorbents and nitrogen atoms on the dye backbone (pro-
ton acceptors). This development is further buttressed by 
the decrease in the % absorbance of the aforementioned 
functional groups in the post-adsorption FTIR spectra. It 
is therefore proposed that the adsorption of acid blue 193 

Fig. 9   The thermodynamic plot 
for the adsorption of acid blue 
193 dye onto CCP
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dye onto CCP occurred via physisorption, electrostatic, 
and hydrogen bonding interactions.

Table 5 displays the dye adsorptive performance of 
different biomass-based adsorbents as compared to those 
of the adsorbent utilized in this study. From the presented 
data, it is observed that the adsorption performance 
recorded in this study is well-situated among the previ-
ously published works.

4 � Conclusion

Waste Citrullus colocynthis fruit peel was utilized to pre-
pare an adsorbent, termed CCP which is utilized for the 
removal of acid blue 193 dye from simulated wastewa-
ter. The CCP underwent characterization via FTIR, SEM, 
EDX, XRD, and BET analysis. Due to its inherent func-
tional groups, CCP exhibited strong adsorption capabilities 
for acid blue 193 dye, with a monolayer adsorption capac-
ity of 139.83 mg/g. The surface area, pore volume, and 
pore radius of CCP were measured at 58.04 m2/g, 0.041 
cm3/g, and 1.92 nm, respectively. Furthermore, the adsorp-
tion capacity varied with solution pH. Optimal dye uptake 
was attributed to electrostatic interactions between the pro-
tonated surface groups of the adsorbent and the negatively 
charged sulfonic acid (–SO3H) group of the anionic acid 
blue 193 dye, along with hydrogen bond formation between 
the highly polar C = O and –OH groups of the CCP adsor-
bents and nitrogen atoms on the dye backbone. This suc-
cessful adsorption study holds significant implications 
for addressing dyeing wastewater by offering a promising 
avenue for utilizing agricultural waste.
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Table 5   Comparison of the adsorption capacities of different dyes onto agro-waste

Agro waste Operating conditions Surface area
(m2/g)

Adsorbate qe (mg/g) Ref

pH Adsorbent 
dose (g/L)

Contact 
time 
(min)

Initial 
conc. 
(mg/L)

Rice husk 2.0 0.2 60.0 5.0 342.5 Tartrazine 1.24 [61]
Coconut dreg 11.0 0.25 240.0 50.0 – Methylene Blue 5.72 [62]

2.0 0.25 180.0 50.0 – Brilliant Red Remazol 3.76
Lupinus albus seed peel 4.0–6.0 0.2 60.0 30.0 1170.0 Malachite Green 6.60 [63]
Lemon peel 2.0 0.5 60.0 25.0 – Eosin 8.24 [64]
Macadamia shells 11.0 0.25 150.0 30.0 2.76 Methylene Blue 25.77 [65]
G-seed 2.0 0.2 180.0 25.0 38.25 Acid Violet 90 30.05 [66]
Citrullus colocynthis fruit peel 3.0 0.01 120 30 58.04 Acid Blue 193 139.83 Present study
Rice straw 7.0 0.1 60.0 140.0 4.42 Methylene Blue 158.0 [67]

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


7116	 Biomass Conversion and Biorefinery (2025) 15:7105–7117

References

	 1.	 Nicolai S, Tralau T, Luch A, Pirow R (2021) A scientific review 
of colorful textiles. J Consum Protect Food Saf 16:5–17

	 2.	 Kumar A, Dixit U, Singh K, Gupta SP, Beg MSJ (2021) Structure 
and properties of dyes and pigments, in dyes and pigments-novel 
applications and waste treatment. IntechOpen. https://​doi.​org/​10.​
5772/​intec​hopen.​97104

	 3.	 Lellis B, Fávaro-Polonio CZ, Pamphile JA, Polonio JC (2019) 
Effects of textile dyes on health and the environment and biore-
mediation potential of living organisms. Biotechnol Res Innov 
3(2):275–290

	 4.	 Shabir M, Yasin M, Hussain M, Shafiq I, Akhter P, Nizami A-S, 
Jeon B-H, Park Y-K (2022) A review on recent advances in the 
treatment of dye-polluted wastewater. J Ind Eng Chem 112:1–19

	 5.	 Solayman H, Hossen MA, Abd Aziz A, Yahya NY, Hon LK, Ching 
SL, Monir MU, Zoh KD (2023) Performance evaluation of dye 
wastewater treatment technologies: a review. J Environ Chem 
Eng 11(3):109610. https://​doi.​org/​10.​1016/j.​jece.​2023.​109610

	 6.	 Nishat A, Yusuf M, Qadir A, Ezaier Y, Vambol V, Khan MI, 
Moussa SB, Kamyab H, Sehgal SS, Prakash C (2023) Wastewater 
treatment: a short assessment on available techniques. Alex Eng J 
76:505–516

	 7.	 Maged A, Elgarahy AM, Hlawitschka MW, Haneklaus NH, Gupta 
AK, Bhatnagar A (2023) Synergistic mechanisms for the superior 
sorptive removal of aquatic pollutants via functionalized biochar-
clay composite. Biores Technol 387:129593

	 8.	 Aniagor CO, Hashem A, Badawy NM, Aly A (2023) Verifica-
tion of the optimal kinetics behaviour during the methyl blue dye 
adsorption onto quaternized starch derivative. Hybrid Advances 
3:100047. https://​doi.​org/​10.​1016/j.​hybadv.​2023.​100047

	 9.	 Naseem K, Farooqi ZH, Rehman MZU, Rehman MAU, Ghufran 
M (2019) Microgels as efficient adsorbents for the removal of 
pollutants from aqueous medium. Rev Chem Eng 35(2):285–309

	10.	 Wang B, Lan J, Bo C, Gong B, Ou J (2023) Adsorption of 
heavy metal onto biomass-derived activated carbon. RSC Adv 
13(7):4275–4302

	11.	 El-Qelish M, Maged A, Elwakeel KZ, Bhatnagar A, Elgarahy 
AM (2024) Dual valorization of coastal biowastes for tetracycline 
remediation and biomethane production: a composite assisted 
anaerobic digestion. J Hazard Mater 465:133143

	12.	 Hashem A, Aniagor CO, Fikry M, Taha GM, Badawy SM (2023) 
Characterization and adsorption of raw pomegranate peel powder 
for lead (II) ions removal. J Mater Cycles Waste Manag 25:2087–
2100. https://​doi.​org/​10.​1007/​s10163-​023-​01655-2

	13.	 Parimelazhagan V, Yashwath P, ArukkaniPushparajan D, Car-
penter J (2022) Rapid removal of toxic Remazol brilliant blue-R 
dye from aqueous solutions using Juglans nigra shell biomass 
activated carbon as potential adsorbent: optimization, iso-
therm, kinetic, and thermodynamic investigation. Int J Mol Sci 
23(20):12484

	14.	 Naseem K, Ahmad K, Anwar A, Farooqi ZH, Najeeb J, Iftikhar 
MA, Hassan W, Batool AU, Haider S, Akhtar MS (2023) 
Raphanus caudatus biomass powder as potential adsorbent for the 
removal of crystal violet and Rhodamine B dye from wastewater. 
Z Phys Chem 237(11):1863–1883

	15.	 Naseem K, Arif M, Anwar A, Haider S, Akhtar MS (2023) Inves-
tigating adsorptive potential of Raphanus caudatus leaves biomass 
for methyl orange dye: isotherm and kinetic study. Zeitschrift für 
Physikalische Chemie 237(8):1183–1205. https://​doi.​org/​10.​1515/​
zpch-​2023-​0255

	16.	 Jia Z, Li Z, Ni T, Li S (2017) Adsorption of low-cost absorption 
materials based on biomass (Cortaderia selloana flower spikes) 
for dye removal: kinetics, isotherms and thermodynamic studies. 
J Mol Liq 229:285–292

	17.	 Sakr F, Alahiane S, Sennaoui A, Dinne M, Bakas I, Assabbane 
A (2020) Removal of cationic dye (Methylene Blue) from aque-
ous solution by adsorption on two type of biomaterial of South 
Morocco. Mater Today: Proceedings 22:93–96

	18.	 Abdul Rahim AR, Mohsin HM, Chin KBL, Johari K, Saman N 
(2021) Promising low-cost adsorbent from desiccated coconut 
waste for removal of Congo red dye from aqueous solution. Water, 
Air Soil Pollut 232(9):357

	19.	 Wekoye JN, Wanyonyi WC, Wangila PT, Tonui MK (2020) 
Kinetic and equilibrium studies of Congo red dye adsorption on 
cabbage waste powder. Environ Chem Ecotoxicol 2:24–31

	20.	 Hashem A, Aniagor CO, Morsy OM, Abou-Okeil A, Aly A (2022) 
Apricot seed shell: an agro-waste biosorbent for acid blue193 dye 
adsorption. Biomass Convers Biorefinery. https://​doi.​org/​10.​1007/​
s13399-​022-​03272-9

	21.	 Basharat S, Rehman R, Mahmud T, Basharat S, Mitu L (2020) 
Tartaric acid-modified Holarrhena antidysenterica and Citrullus 
colocynthis biowaste for efficient eradication of crystal violet dye 
from water. J Chem 2020:1–18

	22.	 Basharat S, Rehman R, Basharat S (2022) Adsorptive behavior 
of tartaric acid treated holarrhena antidysenterica and citrullus 
colocynthis biowastes for decolourization of Congo Red Dye from 
aqueous solutions. J Chem. https://​doi.​org/​10.​1155/​2022/​57243​47

	23.	 Alghamdi WM, El Mannoubi I (2021) Investigation of seeds and 
peels of Citrullus colocynthis as efficient natural adsorbent for 
methylene blue dye. Processes 9(8):1279

	24.	 Basharat S, Rehman R, Mitu L (2021) Adsorptive separation 
of brilliant green dye from water by tartaric acid-treated holar-
rhena antidysenterica and Citrullus colocynthis biowaste. J Chem 
2021:1–18

	25.	 Mohamed L, Aniagor CO, Aly A, Hashem A (2023) Removal of 
chromium (VI) and Acid Orange 142 dye from contaminated waste-
water using bio-waste mycelium of Aspergillus ustus: extraction, 
isotherms and kinetics studies. Water Conserv Sci Eng 8(1):31

	26.	 Langmuir I (1918) The adsorption of gases on plane surfaces of 
glass, mica and platinum. J Am Chem Soc 40(9):1361–1403

	27.	 Freundlich H (1906) Over the adsorption in solution. J Phys chem 
57(385471):1100–1107

	28.	 Ali I, Babkin AV, Burakova IV, Burakov AE, Neskoromnaya EA, 
Tkachev AG, Panglisch S, AlMasoud N, Alomar TS (2021) Fast 
removal of samarium ions in water on highly efficient nanocom-
posite based graphene oxide modified with polyhydroquinone: 
isotherms, kinetics, thermodynamics and desorption. J Mol Liq 
329:115584–115584

	29.	 Simonin J-P (2016) On the comparison of pseudo-first order and 
pseudo-second order rate laws in the modeling of adsorption 
kinetics. Chem Eng J 300:254–263

	30.	 Ho Y-S, McKay G (1999) Pseudo-second order model for sorption 
processes. Process Biochem 34(5):451–465

	31.	 Simonin J-P, Bouté J (2016) Intraparticle diffusion-adsorption 
model to describe liquid/solid adsorption kinetics. Revista Mexi-
cana de Ingeniería Química 15(1):161–173

	32.	 Aniagor C, Abdel-Halim E, Hashem A (2021) Evaluation of the 
aqueous Fe (II) ion sorption capacity of functionalized microcrys-
talline cellulose. J Environ Chem Eng 9(4):105703

	33.	 Kumar PS, Ramalingam S, Senthamarai C, Niranjanaa M, Vijay-
alakshmi P, Sivanesan S (2010) Adsorption of dye from aqueous 
solution by cashew nut shell: studies on equilibrium isotherm, 
kinetics and thermodynamics of interactions. Desalination 
261(1–2):52–60

	34.	 Miyah Y, Lahrichi A, Idrissi M, Khalil A, Zerrouq F (2018) 
Adsorption of methylene blue dye from aqueous solutions onto 
walnut shells powder: equilibrium and kinetic studies. Surfaces 
Interfaces 11:74–81

	35.	 Sartape AS, Mandhare AM, Jadhav VV, Raut PD, Anuse MA, 
Kolekar SS (2017) Removal of malachite green dye from 

https://doi.org/10.5772/intechopen.97104
https://doi.org/10.5772/intechopen.97104
https://doi.org/10.1016/j.jece.2023.109610
https://doi.org/10.1016/j.hybadv.2023.100047
https://doi.org/10.1007/s10163-023-01655-2
https://doi.org/10.1515/zpch-2023-0255
https://doi.org/10.1515/zpch-2023-0255
https://doi.org/10.1007/s13399-022-03272-9
https://doi.org/10.1007/s13399-022-03272-9
https://doi.org/10.1155/2022/5724347


7117Biomass Conversion and Biorefinery (2025) 15:7105–7117	

aqueous solution with adsorption technique using Limonia acidis-
sima (wood apple) shell as low cost adsorbent. Arab J Chem 
10:S3229–S3238

	36.	 Jawad AH, Abdulhameed AS, Mastuli MS (2020) Acid-faction-
alized biomass material for methylene blue dye removal: a com-
prehensive adsorption and mechanism study. J Taibah Univ Sci 
14(1):305–313

	37.	 Yu D, Bo B, Yunhua H (2013) Fabrication of TiO2@ yeast-car-
bon hybrid composites with the raspberry-like structure and their 
synergistic adsorption-photocatalysis performance. J Nanomater 
2013:20–20

	38.	 Doğan M, Abak H, Alkan M (2009) Adsorption of methylene blue 
onto hazelnut shell: kinetics, mechanism and activation param-
eters. J Hazard Mater 164(1):172–181

	39.	 Sreelatha G, Ageetha V, Parmar J, Padmaja P (2011) Equilibrium 
and kinetic studies on reactive dye adsorption using palm shell pow-
der (an agrowaste) and chitosan. J Chem Eng Data 56(1):35–42

	40.	 Duran C, Ozdes D, Gundogdu A, Senturk HB (2011) Kinetics 
and isotherm analysis of basic dyes adsorption onto almond 
shell (Prunus dulcis) as a low cost adsorbent. J Chem Eng Data 
56(5):2136–2147

	41.	 Hashem A, Aniagor CO, Farag S, Morsy OM, Aly A (2023) Kinet-
ics and thermodynamics studies on the adsorption of acid blue 193 
dye onto pumpkin seed shell. Environ Sustain 6:373–382. https://​
doi.​org/​10.​1007/​s42398-​023-​00285-6

	42.	 Wakejo WK, Maged A, Meshesha BT, Kang JW, Demesa AG, 
Chakrabarti S, Bhaskar T, Gupta AK, Bhatnagar A (2024) Tune-
able functionalized biochar for simultaneous removal of pharma-
ceuticals from binary mixture. Colloids Surf, A 681:132718

	43.	 Naseem K, Farooqi ZH, Begum R, Ghufran M, Rehman MZU, 
Najeeb J, Irfan A, Al-Sehemi AG (2018) Poly (N-isopropylmeth-
acrylamide-acrylic acid) microgels as adsorbent for removal of 
toxic dyes from aqueous medium. J Mol Liq 268:229–238

	44.	 Naseem K, Huma R, Shahbaz A, Jamal J, Ur Rehman MZ, Sharif 
A, Ahmed E, Begum R, Irfan A, Al-Sehemi AG (2019) Extraction 
of heavy metals from aqueous medium by husk biomass: adsorp-
tion isotherm, kinetic and thermodynamic study. Zeitschrift für 
Physikalische Chemie 233(2):201–223

	45.	 Omorogie MO, Babalola JO, Unuabonah EI, Song W, Gong JR 
(2016) Efficient chromium abstraction from aqueous solution 
using a low-cost biosorbent: Nauclea diderrichii seed biomass 
waste. J Saudi Chem Soc 20(1):49–57

	46.	 Chukwuemeka-Okorie HO, Ekuma FK, Akpomie KG, Nnaji JC, 
Okereafor AG (2021) Adsorption of tartrazine and sunset yellow 
anionic dyes onto activated carbon derived from cassava sievate 
biomass. Appl Water Sci 11:1–8

	47.	 Naseem K, Begum R, Wu W, Usman M, Irfan A, Al-Sehemi AG, 
Farooqi ZH (2019) Adsorptive removal of heavy metal ions using 
polystyrene-poly (N-isopropylmethacrylamide-acrylic acid) core/
shell gel particles: adsorption isotherms and kinetic study. J Mol 
Liq 277:522–531

	48.	 Al-Ghouti MA, Al-Absi RS (2020) Mechanistic understanding of 
the adsorption and thermodynamic aspects of cationic methylene 
blue dye onto cellulosic olive stones biomass from wastewater. 
Sci Rep 10(1):15928

	49.	 Terangpi P, Chakraborty S (2017) Adsorption kinetics and equilib-
rium studies for removal of acid azo dyes by aniline formaldehyde 
condensate. Appl Water Sci 7:3661–3671

	50.	 Magdy YM, Altaher H, ElQada E (2018) Removal of three nitro-
phenols from aqueous solutions by adsorption onto char ash: equi-
librium and kinetic modeling. Appl Water Sci 8:1–15

	51.	 Aina ST, Kyomuhimbo HD, Ramjee S, Du Plessis B, Mjimba V, 
Maged A, Haneklaus N, Brink HG (2023) Synthesis and assess-
ment of antimicrobial composites of Ag nanoparticles or AgNO3 
and egg shell membranes. Molecules 28(12):4654

	52.	 Ferreira DCM, Dos Santos TC, dos Reis Coimbra JS, de Oliveira 
EB (2023) Chitosan/carboxymethylcellulose polyelectrolyte com-
plexes are an effective material for dye and heavy metal adsorp-
tion from water. Carbohydr Polym 315:120977. https://​doi.​org/​10.​
1016/j.​carbp​ol.​2023.​120977

	53.	 Kurajica S, Minga I, Blazic R, Muzina K, Tominac P (2018) 
Adsorption and degradation kinetics of methylene blue on as-
prepared and calcined titanate nanotubes. Athens J Sci 5:7–22

	54.	 Ofomaja AE, Naidoo EB, Pholosi A (2020) Intraparticle diffusion of 
Cr (VI) through biomass and magnetite coated biomass: a compara-
tive kinetic and diffusion study. S Afr J Chem Eng 32(1):39–55

	55.	 Doke KM, Khan EM (2013) Adsorption thermodynamics to clean 
up wastewater; critical review. Rev Environ Sci Bio/Technol 
12(1):25–44

	56.	 Saha P, Chowdhury S (2011) Insight into adsorption thermody-
namics. Thermodynamics 16:349–364

	57.	 Naseem K, Farooqi ZH, Begum R, Rehman MZU, Shahbaz 
A, Farooq U, Ali M, Rahman HMAU, Irfan A, Al-Sehemi AG 
(2019) Removal of cadmium (II) from aqueous medium using 
vigna radiata leave biomass: equilibrium isotherms, kinetics 
and thermodynamics. Z Phys Chem 233(5):669–690

	58.	 Naseem K, Farooqi ZH, Ur Rehman MZ, Ur Rehman MA, Begum 
R, Huma R, Shahbaz A, Najeeb J, Irfan A (2019) A systematic 
study for removal of heavy metals from aqueous media using 
Sorghum bicolor: an efficient biosorbent. Water Sci Technol 
77(10):2355–2368

	59.	 Etim U, Umoren S, Eduok U (2016) Coconut coir dust as a low 
cost adsorbent for the removal of cationic dye from aqueous solu-
tion. J Saudi Chem Soc 20:S67–S76

	60.	 Lyu W, Yu M, Feng J, Yan W (2018) Highly crystalline polyani-
line nanofibers coating with low-cost biomass for easy separation 
and high efficient removal of anionic dye ARG from aqueous solu-
tion. Appl Surf Sci 458:413–424

	61.	 Khader EH, Mohammed TJ, Albayati TM (2021) Comparative 
performance between rice husk and granular activated carbon for 
the removal of azo tartrazine dye from aqueous solution. Desalin 
Water Treat 229:372–383

	62.	 Shukor H, Yaser AZ, Shoparwe NF, MohdZainiMakhtar M, 
Mokhtar N (2022) Biosorption study of Methylene Blue (MB) 
and Brilliant Red Remazol (BRR) by coconut dregs. Int J Chem 
Eng 2022:1–11

	63.	 Alene AN, Abate GY, Habte AT, Getahun DM (2021) Utiliza-
tion of a novel low-cost Gibto (Lupinus Albus) seed peel waste 
for the removal of malachite green dye: equilibrium, kinetic, and 
thermodynamic studies. J Chem 2021:1–16

	64.	 Bukhari A, Ijaz I, Zain H, Gilani E, Nazir A, Bukhari A, Raza S, 
Hussain S, Alarfaji SS, Naseer Y (2022) Removal of Eosin dye 
from simulated media onto lemon peel-based low cost biosorbent. 
Arab J Chem 15(7):103873

	65.	 Edokpayi JN, Alayande SO, Adetoro A, Odiyo JO (2020) The 
equilibrium, kinetics, and thermodynamics studies of the sorp-
tion of methylene blue from aqueous solution using pulverized 
raw macadamia nut shells. J Anal Methods Chem. https://​doi.​
org/​10.​1155/​2020/​88406​66

	66.	 Hashem A, Aniagor CO, Farag S, Aly A (2023) Adsorption of 
acid violet 90 dye onto activated carbon and guava seed powder 
adsorbents. Biomass Convers Biorefin. https://​doi.​org/​10.​1007/​
s13399-​023-​04758-w

	67.	 Jawad AH, Hum N, Farhan AM, Mastuli MS (2020) Biosorp-
tion of methylene blue dye by rice (Oryza sativa L.) straw: 
adsorption and mechanism study. Desalin Water Treat 
190:322–330

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

https://doi.org/10.1007/s42398-023-00285-6
https://doi.org/10.1007/s42398-023-00285-6
https://doi.org/10.1016/j.carbpol.2023.120977
https://doi.org/10.1016/j.carbpol.2023.120977
https://doi.org/10.1155/2020/8840666
https://doi.org/10.1155/2020/8840666
https://doi.org/10.1007/s13399-023-04758-w
https://doi.org/10.1007/s13399-023-04758-w

	Adsorptive removal of acid blue 193 dye from wastewater using Citrullus colocynthis biomass
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Adsorbent preparation
	2.2 Adsorption experiment and data modeling

	3 Results and discussions
	3.1 Adsorbent’s characterization result
	3.1.1 Fourier transform infrared spectroscopic analysis
	3.1.2 Scanning electron microscopic analysis
	3.1.3 X-ray diffraction analysis
	3.1.4 BET surface area measurement

	3.2 Adsorption process variable investigation
	3.2.1 Effect of pH
	3.2.2 Effect of adsorbent concentration

	3.3 Adsorption modeling
	3.3.1 Isotherm modeling
	3.3.2 Kinetics modeling
	3.3.3 Thermodynamics modeling

	3.4 Adsorption mechanism

	4 Conclusion
	References


