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A B S T R A C T   

Desorption and adsorbent regeneration are imperative factors that are required to be taken into account when 
designing the adsorption system. From the environmental, economic, and practical points of view, regeneration 
is necessary for evaluating the efficiency and sustainability of synthesized adsorbents. However, no study has 
investigated the optimization of arsenic species desorption from spent adsorbents and their regeneration ability 
for reuse as well as safe disposal. This study aims to investigate the desorption ability of arsenic ions adsorbed on 
hybrid granular activated carbon and the optimization of the independent factors influencing the efficient re-
covery of arsenic species from the spent activated carbon using central composite design of the response surface 
methodology. The activated carbon before the sorption process and after the adsorption-desorption of arsenic 
ions have been characterized using SEM-EDX, FTIR, and TEM. The study found that all the investigated inde-
pendent desorption variables greatly influence the retrievability of arsenic ions from the spent activated carbon. 
Using the desirability function for the optimization of the independent factors as a function of desorption effi-
ciency, the optimum experimental conditions were solution pH of 2.00, eluent concentration of 0.10 M, and 
temperature of 26.63 ℃, which gave maximum arsenic ions recovery efficiency of 91 %. The validation of the 
quadratic model using laboratory confirmatory experiments gave an optimum arsenic ions desorption efficiency 
of 97 %. Therefore, the study reveals that the application of the central composite design of the response surface 
methodology led to the development of an accurate and valid quadratic model, which was utilized in the 
enhanced optimization of arsenic ions recovery from the spent reclaimable activated carbon. More so, the 
desorption isotherm and kinetic data of arsenic were well correlated with the Langmuir and the pseudo-second- 
order models, while the thermodynamics studies indicated that arsenic ions desorption process was feasible, 
endothermic, and spontaneous.   
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1. Introduction 

Several factors including its harmful effects on the natural environ-
ment and the sustainable growth of humanity, arsenic-based water 
pollution is a worldwide problem (Saleh et al., 2021). According to 
recent studies, several essential organs, including the lungs, skin, liver, 
bladder, and kidneys may experience impairment due to the consump-
tion of arsenic-contaminated water (Bi et al., 2020). The presence of 
arsenic species in the ecosystem requires more attention due to its high 
solubility in aqueous systems as well as its toxicity and sequestration 
challenges (Deng et al., 2019). Therefore, efforts have been made to 
remove arsenic species from wastewater resulting from different in-
dustries including mining, refinery, tannery, fertilizers, electroplating, 
dyes, and textiles using traditional technologies including reverse 
osmosis, solvent extraction, membrane filtration, oxidation, ion ex-
change, and chemical precipitation (Priyadarshanee and Das, 2021; 
Kocadagistan and Oksuz, 2022). Even so, there are many drawbacks to 
these purification technologies, including the production of hazardous 
secondary chemical sludge, insufficient reduction of metal ions, limited 
performance, as well as substantial energy and reagents consumption 
(Ezeonuegbu et al., 2021; Tokay and Akpınar, 2021; Bayuo et al., 2022). 

Hence, new cost-effective, safe, and economical water and waste-
water treatment methods are required to overcome the challenges of 
these conventional methods. In comparison to the traditional treatment 
systems, the adsorption technique is adaptable in both design and 
operation, and it typically offers high effectiveness in decontaminating 
water pollutants. Furthermore, the dynamic nature of the adsorption 
process enabling adsorbent recycling and reusability of the spent 
adsorbent is one of its key benefits (Hua et al., 2012; Jadidi et al., 2017; 
Bayuo et al., 2023a, 2023b). Desorption and adsorbent recycling are the 
main imperative variables for designing the desorption process, which is 
described by the recovery of the bounded ions and the regeneration of 
the spent sorbent material (Hamza et al., 2022). Undoubtedly, one of the 
sustainability and regenerative elements that demonstrate the adsorp-
tion approach is environmentally friendly is the ability to recover 
adsorbed heavy metal ions and reuse the previously utilized sorbent 
material. In reality, when the used adsorbents are not regenerated and 
properly disposed of will lead to more environmental pollution. 

Additionally, the storage and disposal of used adsorbents may result 
in fires, explosions, and foul odors (Vakili et al., 2019). The reusability of 
the sorbent material is determined by its adsorption and desorption 
characteristics and as a result it is crucial that the adsorbent is simple to 
renew and the desorbing agent is efficient, affordable, non-polluting, 
and not destructive to the surface chemistry of the adsorbent (Koło-
dyńska et al., 2017; Taşdemir et al., 2021). The extraction of the metal 
ions from the used adsorbent can be accomplished with desorption el-
uents such as acid or alkaline solutions or deionized water when the 
mechanism of adsorption of the metal ions by the adsorbent is mainly 
due to ion exchange or chemical bonding (Staroń et al., 2021). Hence, 
desorption is performed to extract as many adsorbed metal ions from the 
used adsorbent as possible as well as to potentially regenerate and reuse 
the adsorbent. Due to the importance of renewability in commercial 
adsorbent and industrial applications, the ideal sorbent material is ex-
pected not only to have a greater capacity for the adsorption of heavy 
metals but also to have improved recovery efficiency, as this would 
greatly improve reusability and lower the overall cost in producing the 
adsorbent (Alimohammady et al., 2017; Karapinar et al., 2021). 

Due to the high cost of production and disposal, greater focus has 
been placed on the regeneration and reuse of the spent adsorbents 
(Vakili et al., 2019). Several studies have found that for any large-scale 
application of adsorbents derived from biomass for heavy metals 
remediation from aqueous systems, the regeneration, and reuse of used 
adsorbents are crucial (Ghangale et al., 2019; Touihri et al., 2021). The 
desorption behavior of heavy metal ions adsorbed on agricultural 
biomass-derived activated carbon, which is thought to be crucial to 
understanding the resiliency of the adsorption process, has, however, 

received very little research attention (Li et al., 2018; Xie et al., 2018; Lu 
et al., 2019; Zou et al., 2019; Gan et al., 2020). In addition, there is no 
study on the optimization of desorption parameters influencing the 
retrievability of absorbed adsorbate molecules from the adsorbent and 
the regeneration of the spent adsorbent for subsequent use. 

Therefore, for the first time, the present study investigates the opti-
mization of desorption variables using a statistical experimental design 
for the effective retrieval of arsenic ions from the previously spent 
hybrid granular activated carbon. Three independent desorption vari-
ables such as eluent pH and concentration as well as desorption tem-
perature were evaluated using a central composite design of the 
response surface methodology to establish the optimal operating con-
ditions for effective and high arsenic ions desorption from the spent 
activated carbon for the purpose of reusability and proper disposal of the 
exhausted sorbent material. The central composite design of the 
response surface methodology is a statistical tool that is applied in in-
dustrial process optimization using large experimental data obtained 
from a minimum number of designed experiments. 

2. Materials and methods 

2.1. Activated carbon preparation and characterization 

In this study, the proficient recovery of arsenic ions from spent 
hybrid granular activated carbon (adsorbent) and the optimization of 
desorption variables influencing the process were explored. The hybrid 
granular activated carbon was synthesized from maize plant biomass in 
accordance with the procedures outlined previously by Bayuo et al. 
(2023). Maize plant residues are carbon-rich in nature and possess 
lignocellulose constituents containing several surface functional groups, 
which are capable of binding heavy metals from wastewater. In Africa 
and other parts of the world, huge numbers of maize residues are pro-
duced throughout the season posing environmental nuisance and 
disposal issues. Hence, the production of hybrid granular activated 
carbon from the maize plant biomass provides a cost-effective techno-
logical solution to arsenic pollution and waste disposal challenges in the 
environment. The hybrid granular activated carbon before the sorption 
process as well as after the adsorption and desorption of arsenic ions 
have been characterized using Scanning Electron Microscopy (SEM) 
coupled with Energy Dispersive X-ray (EDX) analysis, Fourier Transform 
Infrared Spectrometer (FTIR), and Transmission Electron Microscopy 
(TEM). 

All of the laboratory reagents and chemicals acquired and utilized by 
this research were of analytical quality. Such as hydrochloric acid (HCl, 
37 %), sodium hydroxide (NaOH, 97 %)), phosphoric acid (H3PO4, 
85 %), nitric acid (HNO3, 68 %), Ethylenediaminetetraacetic acid 
(EDTA, 99 %), deionized and distilled water. 

2.2. Industrial wastewater sampling and adsorption studies 

Real wastewater from a textile-based industry was collected, pro-
cessed, handled, and analyzed in accordance with the guidelines for 
wastewater and water examination (Gilcreas, 1967). The collected 
wastewater was kept in plastic bottles and treated with HNO3 to acidify 
them to a pH of less than 2.0 before being transferred to the laboratory 
for testing within 4.0 h at a temperature of 4.0 ◦C. At the laboratory, the 
wastewater was characterized by an atomic absorption spectropho-
tometer using the standard protocols in APHA (Gilcreas, 1967) to detect 
the possible heavy metals/metalloids and their concentrations in the 
wastewater. Subsequently, the wastewater was put through an adsorp-
tion test by the activated carbon utilizing a batch method, whereby 
100 mL of the wastewater was transferred in 250 mL Erlenmeyer flasks, 
and 0.5 g/L activated carbon dosage was added. The batch experiments 
were carried out with 90.0 µm activated carbon particle size, a pH of 6.0, 
and an agitation period of 60.0 min. Using a flask rotary shaker, the 
sample mixtures were shaken at 120.0 rpm at a room temperature of 
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20.0 ℃. The sample mixtures were then centrifuged and filtered with 
0.42 µm Whatman filtering paper following the shaking period. The 
quantity of arsenic species adsorbed on the activated carbon was 
determined by using Eq. (1) by measuring the total arsenic in the su-
pernatant via atomic absorption spectrophotometer at a wavelength of 
193.70 nm (Ciopec et al., 2021). 

qt =

(
C0 − Ct

W

)

× V (1)  

where C0 is the baseline concentration of arsenic before the sorption 
process, Ct is the amount of arsenic in the aqueous phase at a particular 
adsorption time, qt is the arsenic ions uptake capacity at a precise time, 
W is the mass (g) of activated carbon, and V is the solution volume (L). 

2.3. Experimental design for desorption process modeling and 
optimization 

The central composite design of the response surface methodology 
was used to investigate the interactive effects of desorption factors such 
as solution pH and eluent concentration as well as desorption temper-
ature. In the past few years, the central composite design of the response 
surface methodology has emerged as the top multivariate statistical tool 
for heavy metals adsorption process optimization (Dulla et al., 2020; 
Bangaraiah et al., 2021; Corral-Bobadilla et al., 2021; Khoshraftar et al., 
2023). The central composite design of the response surface methodol-
ogy optimization studies is highly helpful in lowering operation time 
and cost. It is also asserted that the results acquired through the central 
composite design of the response surface methodology are statistically 
acceptable in addition to the decrease in experimental runs (Biswas 
et al., 2019; Afraz et al., 2020). The experimental data of the response 
(Y) could be analyzed by the second-order polynomial equation as a 
function of independent desorption variables (Fawzy, 2020; Afolabi 
et al., 2021): 

Y = b0 +
∑n

i=1
biXi +

∑n

i=1
biiXi

2 +
∑n− 1

i=1

∑n

j=i+1
bijXiXj + ε (2)  

where Y is the predicted response factor, b0 is the constant coefficient, bi 
is the linear coefficient, bij is the interaction coefficient, bii is the 
quadratic coefficient, Xi and Xj are the coded values of the factors, and ε 
is the error function (Biswas et al., 2020). 

In the current study, three most influencing variables and their levels 
were selected from the one-factor-at-a-time batch experiments as 
described in Text S1 to model and optimize the desorption efficiency of 
arsenic ions loaded on the activated carbon and the regeneration of the 
spent activated carbon for further reuse. The number of experimental 
runs needed for designing, modeling, and optimizing the three inde-
pendent desorption variables was 20 as determined by Eq. (2) (Kush-
waha and Dutta, 2017; Brahmi et al., 2019). 

N = 2k +2k+C0 (3)  

where N is the total number of experiments to be performed, k is the 
number of independent desorption process factors, and C0 is the number 
of center points. 

2.4. Experimental design by central composite design 

To optimize the desorption process, batch experiments were statis-
tically designed by the central composite design of the response surface 
methodology in the Design Expert Software Version 13, Stat-Ease using 
three independent desorption factors, and each factor was set at three 
levels (− 1.00, 0.00, +1.00) as listed in Table S1. The batch desorption 
experiments were carried out by applying the appropriate dosage of the 
spent activated carbon into a series of Erlenmeyer flasks holding 100 mL 
of the best recovery eluent (HCl), with varying concentrations provided 

by the central composite design of the response surface methodology as 
displayed in Table S2. By utilizing 0.1 M solutions of HCl or NaOH, the 
appropriate eluent pH was achieved. Both the pH of the eluent and 
temperature were also adjusted according to the central composite 
design of the response surface methodology matrix using a pH meter and 
digital water bath, respectively. Similarly, after each desorption test, the 
amount of arsenic ions recovered was determined by the atomic ab-
sorption spectrophotometer. 

3. Results and discussion 

3.1. Activated carbon characterization 

The scanning electron micrograph of the activated carbon before the 
sorption process of arsenic ions is presented in Fig. 1(a). 

The SEM micrographs were observed to appear more porous and 
rough with uneven and irregular large cavities which could facilitate the 
interaction between the arsenic ions and the activated carbon surface 
leading to efficient decontamination of the arsenic ions from the in-
dustrial wastewater. The presence of the mesopores in the activated 
carbon is due to the impregnation and chemical activation of carbon 
precursor with H3PO4. Fig. 1(b) shows the scanning electron micrograph 
of the activated carbon after the adsorption of arsenic ions from the 
wastewater. The disappearance of the mesopores from the activated 
carbon surface demonstrated the efficient adsorption of arsenic ions by 
the adsorbent. Also, Fig. 1(c) depicts the scanning electron micrograph 
of the spent activated carbon after the desorption of the arsenic species 
from its surface using HCl as the best elution agent. It is observed in 
Fig. 1(c) that there is a re-emergence of the mesopores that were occu-
pied by the arsenic ions in Fig. 1(b) indicating the successful desorption 
of the arsenic ions. Hence, the spent activated carbon can be regenerated 
and reused for further sorption studies. 

The elemental composition of the activated carbon determined by 
the energy dispersive x-ray before the sorption process of arsenic ions 
from the wastewater is displayed in Fig. 2(a). The elements found in the 
activated carbon with the highest percentage weight composition (wt%) 
include carbon (C), oxygen (O), phosphorus (P), and silicon (Si). After 
the application of the activated carbon for the adsorptive sequestration 
of arsenic ions from the wastewater, it was observed that the elemental 
arsenic was present in the energy dispersive x-ray results as shown in 
Fig. 1(b). This observation showed that the adsorption of arsenic ions on 
the activated carbon was successful. Fig. 2(c) also represents the energy 
dispersive x-ray image after the desorption process, in which the 
elemental arsenic that was present in the micrograph presented in Fig. 2 
(b) disappeared suggesting complete desorption of the arsenic ions on 
the spent activated carbon surface using the HCl as a stripping agent. 
The effective retrieval of the adsorbed arsenic ions from the used acti-
vated carbon is indicative of the renewability and reusability of the as- 
prepared adsorbent. 

The transmission electron micrographs of the untreated activated 
carbon with the arsenic ions are presented in Fig. 3(a), which revealed 
that the activated carbon is transparent and highly porous. The highly 
porous microstructure could increase the surface area of the activated 
carbon and promote the adsorption of arsenic ions from the wastewater. 

In Fig. 3(b), it was found that after the sequestration of arsenic ions 
from the wastewater, the pores that were observed in Fig. 3(a) were 
filled up and the presence of the tiny spherical shapes on the activated 
carbon surface confirmed the proficient adsorption of arsenic ions. The 
tiny spherical shapes that were purported to represent the arsenic ions 
adsorbed on the activated carbon surface were found to disappear as 
shown in Fig. 3(c) indicating that the desorption of the arsenic ions from 
the spent activated carbon was achieved effectively. Due to the fact that 
the adsorbed arsenic ions could be recovered completely from the spent 
activated carbon, this novel adsorbent is promising, regenerable, and 
can be utilized repeatedly for the remediation of arsenic from 
wastewater. 

J. Bayuo et al.                                                                                                                                                                                                                                   



Ecotoxicology and Environmental Safety 280 (2024) 116550

4

The major functional groups found on the activated carbon before 
the sorption process include hydroxyl (O-H), amino (N–H), and carbonyl 
(C––O) groups as shown in Fig. 4(a), and they played a crucial function 
in the uptake of arsenic ions from the wastewater. After the adsorptive 
sequestration and desorption of the arsenic ions as presented in Fig. 4(b 
and c), respectively, it was observed that there were shifting and 
disappearance of wavenumbers of some of the functional groups sug-
gesting that these surface functional groups were accountable for the 
adsorption-desorption of the arsenic ions. The mechanism of adsorption 
and desorption of the arsenic ions might be because of the complexation 
with surface functional groups, ion exchange, and the π − π interactions 
with the aromatic complexes on the activated carbon surface. 

More importantly, it was observed that after the adsorption and 
desorption of arsenic species, the FTIR spectra [Fig. (b) and (c), 
respectively] nearly coincided with the spectrum of the original acti-
vated carbon before the beginning of the sorption process [Fig. (a)]. This 
showed that the microstructure and chemical properties of the activated 
carbon stayed mostly steady during the process of arsenic ions adsorp-
tion and desorption indicating the renewability of the activated carbon 
for further use. 

3.2. Industrial wastewater characterization and sorption studies 

The physiochemical characterization of the textile wastewater 
showed that the heavy metals found in the wastewater comprise chro-
mium (VI), arsenic (As), cadmium (Cd), mercury (Hg), lead (Pb), and 
iron (Fe), in which arsenic concentration was discovered to be far higher 
than the World Health Organization’s approved upper limit (Joseph 
et al., 2019). The amount of arsenic found in the wastewater was 
0.8805 mg/L and after subjecting the wastewater to an adsorption test 
using 0.50 g/L of the activated carbon in batch mode, the average 
quantity of arsenic ions adsorbed on the activated carbon was 
0.8726 mg/L. This showed that the as-prepared activated carbon is an 
efficient sorbent material in the removal of arsenic ions from industrial 
wastewater. 

The spent activated carbon was then pretreated by drying in an oven 
at 105.0 ℃ to a constant mass and utilized in the desorption studies to 
test the recoverability of the arsenic ions and regeneration of the used 
activated carbon for the purpose of reusability and proper disposal of the 
exhausted secondary waste. Five different desorption eluents including 
de-ionized H2O, 0.1 M concentration of EDTA, HCl, HNO3, and H2SO4 
were tested for stripping off the adsorbed arsenic ions from the spent 
activated carbon and in testing its reusability and safe disposal. 
Figure S1 displays the results of the various desorption eluents tested for 

Fig. 1. SEM images of the activated carbon before the sorption process (a), after the adsorption (b), and desorption of As ions (c).  
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the effective recovery of arsenic ions from the spent activated carbon. A 
0.1 M HCl acid solution was found to have the highest arsenic ions re-
covery of 96.57 %. Similar results were obtained by Mladin et al. (2022) 
where 5 % HCl was effective in the desorption of about 93 % of As(III) 
adsorbed on silica-iron oxide nanocomposite. The desorption capability 
of the various eluents was found to follow the trend: HCl > HNO3 >

EDTA > H2SO4 > De-ionized H2O. The ineffective desorption eluent was 
de-ionized water with a recovery rate of 12.42 % for arsenic ions. The 
high desorption rates attained by the HCl indicated that the hydrogen 
ions undoubtedly play a significant role in the desorption of arsenic ions 
from the used activated carbon (Zhang et al., 2019). The successful 
desorption of the arsenic ions from the surface of the activated carbon by 
HCl suggested an ion exchange mechanism (Bayuo et al., 2020; Bayuo 
et al., 2023). Therefore, the suitability of using HCl as the best eluent for 
arsenic ions desorption from the used activated carbon was further 
tested at varying concentrations. 

The results of the effect of the independent variables on the 
desorption ability of arsenic ions from the spent activated carbon are 
detailed in Text S2 and shown in Figure S2. These three desorption 
variables, comprising solution pH, eluent concentration, and tempera-
ture were found to significantly influence the desorption efficiency (%) 
of arsenic ions loaded on the activated carbon and the regeneration of 
the spent activated carbon for further reuse. Therefore, the central 

composite design of the response surface methodology was adopted to 
enhance the desorption rate of arsenic ions from the spent activated 
carbon as a function of these desorption process factors. 

3.3. Quadratic model development and analysis of variance 

The central composite design of the response surface methodology 
was used to explore the desorption characteristics of arsenic species 
loaded on the activated carbon and the optimization of the selected 
independent variables on the retrieval efficiency of arsenic species from 
the used activated carbon using HCl as a suitable elution agent. The 
desorption tests were performed following the experimental layout 
presented in Table S2, which was statistically designed by the central 
composite design of the response surface methodology. 

The experimental data (Table S3) attained following the experi-
mental design were analyzed using the central composite design of the 
response surface methodology and a quadratic model equation corre-
lating the independent and the response variables was suggested and 
selected for the prediction of the response. The accuracy and fit statistics 
of the developed quadratic model expressed in Eq. (3) are summarized in  
Table 1. 

Fig. 2. EDX images of the activated carbon before the sorption process (a), after the adsorption (b), and desorption of As ions (c).  
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Y =+71.74 − 4.79A − 0.64B+5.55C+4.05AB+ 0.88AC+4.53BC
+5.85A2 +3.56B2 − 7.03C2

(4) 

Table 1 illustrates the fit statistics of the quadratic model developed 
for arsenic ions desorption efficiency from the spent activated carbon. 
The correlation coefficients such as R-squared (R2), adjusted R2, and 
predicted R2 values of 0.9555, 0.9111, and 0.7866, respectively were 
observed to be close to unity. A closer correlation coefficient (R2) to 1.0 
indicated a greater fitness and better prediction of the response by the 
quadratic model (Hadiani et al., 2019; El-Ahmady El-Naggar et al., 
2020). Furthermore, there is a discrepancy of less than 0.2 between the 
adjusted R2 of 0.9111 and the predicted R2 of 0.7866, which is indicative 
of good conformity of the model to the experimental data (Parmar et al., 
2020; Ünügül and Nigiz, 2022). Similarly, the lack of fit P-value of 
0.6530 demonstrated that the quadratic model’s lack of fit is not sig-
nificant proving that the developed model is accurate and suitable for 
fitting the experimental data (Mondal et al., 2019; Hannachi and Hafidh, 
2020). 

The analysis of variance was applied to determine the suitability and 
reliability of the developed quadratic model. The analysis of variance 
tests such as P-value, degree of freedom, F-value, and the sum of squares 
for each factor as shown in Table 2 are applied in examining the ade-
quacy of the selected model. The interactive influence of the F-value is 
well-recognized when the P-value is less than 0.05 implying model 

Fig. 3. TEM images of the activated carbon before the sorption process (a), after the adsorption (b), and desorption of As ions (c).  

Fig. 4. FTIR spectra of the activated carbon before the sorption process (a), 
after the adsorption (b) and desorption (c) of As ions. 
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adequacy (Gomravi et al., 2021). 
Table 2 showed that the P-value of the quadratic model is less than 

0.0001 with a high F-value of 21.49 indicating the accuracy of the model 
(Bhateria and Dhaka, 2019; Lyonga et al., 2021; Mushtaq et al., 2023). 
Likewise, the non-significant lack of fit revealed the conformity of the 
quadratic model to the experimental data (Kusrini et al., 2019; Liu et al., 
2021). Also, the model terms are statistically significant when the 
P-value is lower than 0.05, and the model terms are insignificant when 
the P-value is more than 0.10 (Liu et al., 2019). While A, C, AB, BC, A2, 
B2, and C2 were found as the significant model terms with P < 0.05, the 
insignificant model terms were B and AC with P > 0.05. The fewer the 
insignificant model terms, the more accuracy the quadratic model is and 
model reduction is not require to improve the conformity of the model 
with the experimental data. According to the F-values, the magnitude of 
the interactive effects exhibited by the significant model terms on the 
desorption efficiency of arsenic ions from the spent activated carbon is in 

the sequence of: C2 > A2 > C > A > B2 > BC > AB. Besides, the coeffi-
cient of variance (C.V.%) value of 4.87 was found to be lower than 10 
implying that the quadratic model is reliable and could be applied in the 
prediction of simlilar data in the future (Khoshraftar et al., 2023). It has 
been found that the higher the C.V.% value, the lower the quadratic 
model’s reliability (Mahmood et al., 2017; Fawzy et al., 2022). Addi-
tionally, the adequate precision of 21.31, which measures the 
signal-to-noise ratio was found to be far higher than 4.0 demonstrating 
adequate signal and the model suitability in navigating the design space 
(Chen et al., 2020). 

In Eq. (4), the coefficients of the model terms play a substantial role 
in the optimization of the desorption process. While the model terms 
with negative coefficients exhibited antagonistic effects on the desorp-
tion efficiency of arsenic ions from the spent activated carbon, the model 
terms with positive coefficients revealed synergistic effects and pro-
moted the desorption process optimization (Bai and Venkateswarlu, 

Table 1 
Quadratic model fit statistics for arsenic ions desorption efficiency.  

Source Sequential P-value Lack of Fit P-value Adjusted R2 Predicted R2 R2 Std. Dev.  

Linear 0.1739  0.0173  0.1298  -0.5685  0.2748  11.41  
2FI 0.5542  0.0138  0.0799  -0.4212  0.3866  11.74  
Quadratic < 0.0001  0.6530  0.9111  0.7866  0.9555  3.65 Suggested 
Cubic 0.6925  0.3480  0.8905  -4.3467  0.9696  4.05 Aliased  

Table 2 
Analysis of variance for desorption efficiency quadratic model.  

Source Sum of Squares df Mean Square F-value P-value  

Block  1283.28  1  1283.28     
Model  2575.24  9  286.14  21.49 < 0.0001 Significant 
A-pH of solution  313.69  1  313.69  23.56 0.0009  
B-Eluent concentration  5.54  1  5.54  0.4161 0.5350  
C-Desorption temperature  421.38  1  421.38  31.64 0.0003  
AB  130.98  1  130.98  9.84 0.0120  
AC  6.25  1  6.25  0.4692 0.5106  
BC  164.08  1  164.08  12.32 0.0066  
A2  493.10  1  493.10  37.03 0.0002  
B2  182.03  1  182.03  13.67 0.0049  
C2  711.65  1  711.65  53.44 < 0.0001  
Lack of Fit  55.91  5  11.18  0.6997 0.6530 Not significant 
C.V.%  4.87         
Adeq Precision  21.31          

Fig. 5. Normal % probability versus residual values (a) and predicted versus actual values (b) of arsenic desorption efficiency using spent activated carbon.  
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2019; Brahmi et al., 2019; John et al., 2019). Therefore, the model terms 
that have synergistic effects on the optimization of the desorption pro-
cess are C, AB, AC, BC, A2, and B2 whereas the antagonistic model terms 
were found to be A, B, and C2. 

In addition to the analysis of variance, diagnostic tests were carried 
out to verify the suitability of the selected quadratic model. It can be 
concluded from the residual analysis that the developed quadratic 
model for the efficient desorption of arsenic ions on the spent activated 
carbon is accurate and suitable for the response prediction. In Fig. 5(a), 
all the residual values were observed to follow a normal distribution, 
and almost all the residuals were aligned closely along the diagonal line 
indicating the good fitness of the actual data to the selected quadratic 
model (Yuan et al., 2019; Cheng et al., 2021). The predicted values by 
the quadratic model and actual (experimental) values were compared by 
plotting the predicted against the actual values as shown in Fig. 5(b). 
Fig. 5(b) showed that all the data points were oriented along and close to 
the diagonal line signifying minimal variability between the predicted 
and the experimental values (Liang and Shen, 2022). Several studies 
found that the smaller the residuals between the actual and predicted 
values, the more accuracy the predicted values are attained by the 
quadratic model (Sadhukhan et al., 2016; Biswas et al., 2020). 

Table S4 summarizes the actual and predicted values with minimum 
residuals and the leverage values were found to be less than one, which 
demonstrates the quadratic model accuracy in predicting the response 
(Bhateria and Dhaka, 2019). Besides, the interactive effect among the 
independent desorption factors as a function of desorption efficiency 
was assessed as detailed in Text S3 using 3-D response surface and 
contour plots displayed in Fig. S3, Fig. S4, and Fig. S5, respectively. It 
was found that all the investigated independent desorption variables 
greatly influence the retrievability of arsenic ions from the spent acti-
vated carbon. 

3.4. Desorption process optimization and quadratic model validity 

The desirability function was employed to determine the ideal 
experimental operating conditions for which effective and highest re-
covery of arsenic ions from the spent activated carbon could be attained. 
The constraints set for the numerical optimization are summarized in 
Table S5, in which all the independent desorption factors were kept in 
range and the response variable was set as maximize. Using the con-
straints set for the optimization process and by applying the central 
composite design of the response surface methodology, the best oper-
ating condition for efficient desorption of arsenic ions from the spent 
activated was found at a solution pH of 2.0, eluent concentration of 
0.1 M, and desorption temperature of 22.63 ℃ after seeking 20 solutions 
as summarized in Table S6. At this ideal experimental condition, arsenic 
ions recovery efficiency of 90.62 % with a combined desirability of 
0.937 and desirability of 1.00 for each independent factor as presented 
in Fig. S6 and Fig. S7, respectively. 

To validate the quadratic model developed for the desorption ability 
of arsenic ions from the spent activated carbon, laboratory confirmatory 
experiments were conducted. Table S7 shows the data mean of the five 
confirmatory experimental runs performed at a two-sided 95 % confi-
dence level using the best operating conditions achieved during the 
efficient recovery of arsenic ions on the used activated carbon. The 
confirmatory experimental results showed that at the optimal conditions 
suggested in Table S6 (Number 1), the optimum recovery efficiency of 
96.75 % was attained. The obtained optimum desorption efficiency from 
the laboratory experiments is found to be between the 95 % prediction 
interval of 84.41–96.83 % Therefore, there exists a good conformity 
between the confirmatory experimental and the predicted results with 
standard error prediction (SE Pred) of 2.74 indicating that the developed 
quadratic model is valid and could be used in predicting future cases. 

3.5. Desorption modeling and thermodynamic studies 

The desorption isothermal data of arsenic fitted into the Langmuir 
and the Freundlich isotherm models described in Text S4 and results 
shown in Fig. S8 (a) and (b), respectively. It was observed that both 
isotherm models were well-fitted with the equilibrium desorption data 
of arsenic with a high coefficient of determination values (R2) as sum-
marized in Table S8. However, comparing the R2 values of the Langmuir 
and Freundlich models, the Langmuir model conformed well with the 
desorption data of arsenic better than the Freundlich model demon-
strating that arsenic ions recovery proceeded mainly through the 
chemical desorption process which involves the breakage of chemical 
bonds existing between the adsorbed arsenic ions and functional groups 
on the spent activated carbon. With respect to the Langmuir isotherm 
model, the maximum quantity of arsenic ions desorbed from the spent 
activated carbon was found to be 86.96 mg/g. 

The kinetic desorption data of arsenic fitted to the pseudo-first-order 
and pseudo-second-order models are summarized in Text S5 and results 
displayed in Fig. S9 (a) and (b), respectively, and the kinetic parameters 
are summarized in Table S9. The kinetic desorption data of As is well 
described by both the pseudo-first-order and pseudo-second-order 
models. However, the pseudo-second-order kinetic model correlated 
well with the desorption data of arsenic with a higher R2 of 0.9999 than 
the pseudo-first-order model revealing the possibility of chemical 
desorption as also suggested by the best-fitted Langmuir model. The 
calculated equilibrium desorption capacity value of 11.71 mg/g was 
close to the experimental value of 11.50 mg/g indicating the viability of 
the pseudo-second-order model to fit the experimental data of arsenic 
during its desorption from the spent activated carbon. 

For the thermodynamic parameters evaluated as detailed in Text S6, 
the desorption process of arsenic ions was found to follow a spontaneous 
and feasible trend due to the negative values of ΔG◦ obtained for the 
temperature range (283.0–333.0 K) studied (Table S10). The decrease in 
the values of ΔG◦ with rising temperature indicated that higher tem-
peratures facilitated the desorption of arsenic ions from the spent acti-
vated carbon. The positive value of ΔH◦ confirmed an endothermic 
process during arsenic ions recovery with physical desorption charac-
teristics as the value of ΔH◦ is smaller than 40.0 kJ/mol (Khan et al., 
2020). Also, the positive value of ΔS◦ suggested an upsurge in 
randomness between the desorbed arsenic ions in the liquid phase and 
spent activated carbon. 

3.6. Comparison to literature 

The related studies for As ions removal from aqueous systems were 
compiled to compare the uptake capacity of the hybrid granular acti-
vated carbon prepared from maize plant biomass. Table 3 shows the 

Table 3 
Comparison between adsorption capacities obtained for different adsorbent 
materials.  

Adsorbent Uptake capacity 
(mg/g) 

Reference 

Hybrid granular activated carbon  86.96 Present study 
Ferrihydrite-modified biochar  18.38 (Tian et al., 2022) 
Amaltash seed  1.42 (Giri et al., 2021) 
Java plum seed  1.45 (Giri et al., 2021) 
Activated hematite (Fe2O3) iron 

ore  
14.96 (Memon et al., 2021) 

Nano-porous carbon magnetic 
composite  

6.69 (Joshi et al., 2019) 

Fly ash/zeolite-graphene oxide  0.05 (Soni and Shukla, 
2019) 

Chitosan  8.00 (Kwok et al., 2018) 
Nano-chitosan  13.00 (Kwok et al., 2018) 
Potato peel and rice husk ash  0.03 (Bibi et al., 2017) 
Mulberry wood  5.00 (Zama et al., 2017)  
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uptake capacity of various adsorbents applied for the decontamination 
of As ions from aquatic systems. It was found that among the complied 
studies, the hybrid granular activated carbon prepared from the maize 
plant residues shows higher sorption capacity than all the other adsor-
bents utilized in the previous studies. Therefore, the as-prepared acti-
vated carbon employed in this current study is more proficient for As 
ions removal and could be utilized as a promising adsorbent for the 
decontamination of other heavy metal ions from aquatic environments. 

4. Conclusion 

The current study investigated the desorption ability of arsenic 
species adsorbed on the activated carbon and the optimization of the 
independent factors influencing the proficient recovery of arsenic ions 
on the spent activated carbon using the central composite design of the 
response surface methodology. The study found that all the investigated 
independent desorption variables greatly influence the retrievability of 
the arsenic ions from the spent adsorbent. It was revealed that the suc-
cessful desorption of arsenic species on the used activated carbon was 
favored at higher eluent concentration and desorption temperature, 
while keeping the pH of the solution at a lower value, especially in a 
more acidic medium. 

The analysis of variance and residuals analysis demonstrated that the 
developed quadratic model was appropriate and accurate with a high R- 
squared of 0.9555 and an adequate precision of 21.31. Using the 
desirability function in the central composite design of the response 
surface methodology for the optimization of the independent factors as a 
function of desorption efficiency, the optimum experimental conditions 
attained after seeking 20 optimization solutions were solution pH of 2.0, 
eluent concentration of 0.1 M, and temperature of 26.6 ℃. At this op-
timum operating condition, the maximum arsenic ions desorbed from 
the spent activated carbon was 91 % with a desirability of 0.937. The 
validation of the quadratic model developed from the desorption ability 
of arsenic ions from the spent activated carbon was done by conducting 
laboratory confirmatory experiments, which yielded an optimum 
arsenic ions recovery efficiency of 96.75 %. The obtained optimum 
desorption efficiency from the laboratory confirmatory experiments was 
between the 95 % confidence prediction interval of 84–97 %. In com-
parison, there existed a good agreement between the confirmatory 
experimental and the predicted results with a standard error prediction 
of 2.74. 

More so, the desorption isotherm and kinetic data of arsenic were 
well correlated with the Langmuir and the pseudo-second-order models, 
while the thermodynamics studies indicated that the desorption of the 
arsenic ions on the spent activated carbon was feasible, endothermic in 
nature, and spontaneous with upsurged randomness between the des-
orbed arsenic ions and spent activated carbon. The study therefore, 
concludes that the application of the central composite design of the 
response surface methodology led to the development of an accurate and 
valid quadratic model, which was utilized in predicting the response and 
optimization of the desorption parameters for effective recoverability of 
arsenic ions from the spent activated carbon for the purpose of reus-
ability and proper disposal of the exhausted sorbent material. 

CRediT authorship contribution statement 

Jonas Bayuo: Writing – original draft, Visualization, Software, 
Methodology, Investigation, Funding acquisition, Formal analysis, Data 
curation, Conceptualization. Mwemezi J. Rwiza: Writing – review & 
editing, Validation, Supervision, Software, Resources, Methodology, 
Formal analysis, Data curation, Conceptualization. Joon Weon Choi: 
Writing – review & editing, Visualization, Validation, Supervision, 
Methodology, Conceptualization, Project administration. Mika 
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