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Abstract
Ternary bio-adsorbent was synthesized by using sisal fiber as a base with the integration of conductive polymer; poly-
aniline (PANI), supported with zero-valent iron nanoparticles by chemical activation with potassium hydroxide. The 
activation temperature impact on adsorption properties of Sisal fiber composite activated carbon was studied. The 
activation temperatures had a major effect on adsorption process as 100% removal efficiency was attained at 800 °C 
activated temperature. Scanning electron microscopy (SEM) was used for surface analysis of the adsorbent. Adsorption 
isotherms (Langmuir, Freundlich and Temkin) were examined and the negative values of 1∕n

F
 demonstrated that the 

adsorption data does not match with Freundlich model for chemisorption. The pseudo second order and Elovich kinet-
ics correlation coefficients for the retention of Fe and Cd to solid-phase interface at SF-800/NP/PANI (C) offered a better 
correlation for the bio-adsorption of Fe and Cd than pseudo first order kinetic. However, the pseudo second order kinetic 
attained a surpassing interaction for the bio-adsorption of Fe (0.989) than Cd (0.966); while the Elovich kinetic attained 
a surpassing interaction for the bio-adsorption of Cd (0.975) than Fe (0.945). The recovery and recycling stability of the 
bio-adsorbent composites were studied.

Keywords  Textile industrial wastewater · Heavy metals · Bio-adsorbent composite · Adsorption isotherm · Kinetics · 
Desorption and regeneration

1  Introduction

Industrial wastewater is considered as a thrown away aqueous ensued from chemicals that have been dissolved in water, 
usually, in the course of the utilization of water in industrial processes or activities that involves cleaning, which occurs 
along with industrial processes [1]. Industrial wastewaters are more difficult to manage than residential waste. Indus-
trial wastewater composition varies by industry [2]. Textile factory effluent dyes are considered the main cause of water 
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pollution in the environment. Surface water contains highly carcinogenic dyes and degradation products [3]. Hence, 
textile effluents must be treated before they are discharged into the water supply. The way dyes move and disperse in 
water have been investigated widely over the last three decades due to their toxic effects on humans, plants, animals, 
and aquatic organisms [4]. Nearly 25% of dye is been discharged in textile industries, and 2–21% of that amount is been 
discharged into quite a few environmental constituents via a direct process method. Due to the color of the dyes, aquatic 
life has a hard time getting enough sunlight. Because dyes have such a long half-life period, their noxious effects have 
gotten out of hand [5]. Dyes linger in the environment for a long time because there is no acceptable treatment process. 
As a result, it is difficult to decolorized effluents once released into the aquatic environment.

The most important methods for removing noxious waste from wastewater are reverse osmosis, precipitation, 
ion exchange and adsorption, among others. Among these techniques, the adsorption technique is adaptable and 
widely utilized for heavy metal removal [6]. Water and wastewater treatment have typically used activated carbon 
as their preferred adsorbent. Activated carbon (AC) can be gotten from different kinds of agricultural materials such 
as orange peels, coconut shells, walnut shells, cashew nuts and sisal fiber. The incomparable adsorptive properties 
of activated carbon (ACs) synthesized from sisal fiber ensued from its porosity; typically, such properties are accred-
ited to their distinctive pore distribution pattern, high durability, recyclability and their large internal surface area 
[7]. Sisal Fibre (Agave sisalana), which is one of the sources for producing AC, is taken out from the leaves of Agave 
sisalana. This leaf is a vital source of fibres for composites on account of its biodegradability, high tensile strength and 
adaptability [8]. It is considered a fibre that is highly rich in cellulose; hence, comprises lignin and hemicellulose [9].

Synthetic polymer precursors are typically employed for producing AC when impure low-inorganic carbon materials 
are essentially needed [10]. Polyethylene terephthalate (PET) offers an outstanding precursor due to its high carbon con-
tent (about 62.5 wt%). In addition, its conversion to activated carbon provides serves as a means of combating polymer 
wastes; however, the utilization of PET for such a purpose produces low pyrolysis yield [10]. Conducting polymer is a 
novel class of organic substance that has previously been discovered for their remarkable physicochemical and electrical 
properties. The most popular forms of conducting polymers include polyaniline, poly(3,4-ethylenedioxythiophene), poly-
pyrrole, poly-furan, poly(p-phenylenevinylene), polythiophene and their derivatives. Chemical and biosensors, recharge-
able batteries, flexible transparent displays, photovoltaics, photocatalysts, energy storage, medicinal applications, and 
environmental cleanup are just a few of the possibilities for conducting polymer [11].

Polyaniline (PANI) is a polyaromatic amine that is chemically easy to make from Bronsted acidic aqueous solutions. 
It is one of the most promising conducting polymers, and it has been noticed a lot in recent years owing to its stability 
in the environment, cheap raw material costs, readily available monomer, good physicochemical properties, doping 
feasibility and ease of synthesis [12]. Polyaniline has been widely investigated for the improvement of adsorbents 
through synthetic alteration, doping, and the creation of composites. The presence of active groups, to be explicit 
amine, an imine, which teams up with molecules of various debasements present in polluted water, fits the normal 
usage of polyaniline as an adsorbent in wastewater treatment [13]. Furthermore, the use of PANI for adsorption has 
essentially credited to amine and imine polyfunctionalities that are present in PANI [14], this gave PANI the capability 
of removing pollutants owning to complexation and ion exchange [15]. Zare et al. [16] utilized polyaniline for the 
adsorption cycle for the elimination of cationic and anionic dyes from a fluid medium [16].

Nanomaterials are generally studied for their multi-useful applications in the food business, medication, and horticul-
ture [17]. They certainly stand out for utilizing an adsorption cycle to disinfect water. The utilization of nanoparticles as 
a productive adsorbent is because they have higher surface regions than bulk particles on a mass basis, and they can be 
changed with different chemical groups to expand their substance partiality toward target compounds [18]. The improve-
ment of nanocomposites has provoked logical and modern curiosity lately because of a few headways made conceivable 
by consolidating polymers and different adsorbents. Nanocomposites can likewise show extraordinary plan prospects, 
giving huge advantages in the making of practical materials with explicit properties for explicit applications [19].

Recent advancement in the employment of adsorbent for treating textile wastewater have depicted that hybrids 
adsorbents are more effective for treating wastewater. Lei et al. [20] used waste Polyacrylonitrile fiber (PANF) for effec-
tive adsorption of dye. The synthesized fiber adsorbents were used for the removal of anionic dye. The synthesized 
fiber exhibited outstanding adsorption efficiency than a common adsorbent [20]. Badawi and Zaher [21] investigated 
the likelihood of employing hybrid system of treatment (coagulation/flocculation, adsorption and filtration processes) 
for treating textile wastewater. A study on the economic assessment was done in order to evaluate the commercial 
application of the system. All data attained confirmed the efficacy of employing the hybrid integrated system of 
treatment [21]. Wang et al. [22] employed in situ polymerization technique to synthesized a Chinese yam peel–PPy 
composite (CYP–PPy) and attained a high adsorption efficacy for the elimination of Congo red (CR) dye from aqueous 
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media. At equilibrium time of 20 h, 98.9% removal efficacy was considerably attained [22]. Shaki [23], studied a series 
of acid dyes removal by means of polyacrylamide/iron sulfate (PAM-FeSO4) adsorbent. The study showed that the 
adsorbent possess a satisfactory adsorption capacity for the elimination the Orange II and Sunset Yellow.

The surface coating of PANI on fibrous materials is well thought-out to be a prospective technique for improving 
the short processability and the creation of polyaniline aggregate [24, 25]. Sisal fiber has attracted special considera-
tion as reinforcement phase for many polymeric resin composites [26]. It has distinctive characteristics like strong 
mechanical property and coarse surface [27], which enable its appropriateness to coat the surface of polyaniline for 
the treatment of wastewater [24].

The motivation for using zerovalent iron nanoparticle was its favourable characteristics like high reactivities [28], 
high specific surface area [29] and high adsorption capacity for heavy metals [30]. And the motivation for using sisal 
fiber is its high content of cellulose and hemicelluloses properties which offer high adsorption capacities. Polymer 
own irreplaceable physical properties on account of their large molecular masses when equated to small molecule 
compounds like viscoelasticity, high elasticity, toughness, and the propensity to form amorphous and semi-crystalline 
structures in place of crystalline structures [31]. Hence, the significant of these use of this bio-adsorbent composite 
is its exceptional metal ion adsorbents as a result of the excellent properties such as large surface area, abundance 
of active site and tunable pores that will be attained from the three material used to synthesized the composite. This 
work seeks to assess the removal of metals ions from textile industry wastewater employing ternary bio-adsorbent 
synthesized by using sisal fiber as a base with the integration of conductive polymer; polyaniline (PANI), supported 
with zero-valent iron nanoparticles (SF/NP/PANI). The ability of the bio-adsorbent composites to be recycled for 
adsorption of heavy metals was examined.

2 � Materials and methods

2.1 � Materials and material pre‑treatment

Sodium borohydride, ferrous sulfate, polyaniline and ethanol were procured from Sigma Aldrich. All the chemical rea-
gents employed in this experiment were of laboratory reagent grade. The sisal fiber was gotten from Ota market in Ogun 
state. It was cut into 2 mm size. The glassware and plastic ware utilized in the course of the experimental and analytical 
work were rinsed three times with distilled water. The sisal fiber was rinsed in distilled water to eliminate contaminants 
and impurities. The washed sisal fiber was put in the electric oven for 1 h 30 min for 110 °C to eliminate any residual 
moisture. The dried sample was wrapped in a foil before carbonization.

2.2 � Synthesis of zero valent iron nanoparticle

Zero valent iron nanoparticle was prepared via chemical reduction method. This method utilized a 1:2 proportion of 
sodium borohydride (NaBH4, 0.2 M, 50 mL) to ferrous sulfate heptahydrate (FeSO4·7H2O, 0.5 M, 100 mL). 3.97 g of sodium 
borohydride was dissolved in 50 mL of distilled water and 13.9 g of ferrous sulfate heptahydrate salt was disintegrated 
in 100 mL of distilled water and combined as one, it was mixed constantly on a magnetic stirrer at ambient temperature 
(25 °C) for 5 min [32]. During the reduction reaction, variety changes quickly from clear caramel to dark with the develop-
ment of colloidal precipitate. The solution which contains the magnetic iron nanoparticles was separated by employing 
a filter paper, after separation, the precipitate was washed twice with distilled water for the elimination of excess sodium 
borohydride and then with ethanol three times. The washed precipitate was transferred to an electric oven and dried at 
100 °C for 1 h producing the nanoparticle [32].

2.3 � Carbonization and activation of the carbon

The dried sisal fiber was wrapped in a foil and put into a stainless cup before entering the muffle furnace. The sisal 
fiber was carbonized in the automated muffle furnace in the absence of air at 400 °C. The samples were grinded with 
a mortar and pestle, after which it was accurately weighed and chemically activated with potassium hydroxide at 
the impregnation ratio of 1:1. The mixture was impregnated and set aside for 24 h at ambient temperature for the 
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purpose of allowing proper contact. The samples were then transferred to crucibles and dried in the electric oven 
for 2 h 30 min at 110 °C. It was thermally activated in the furnace at two temperatures of 700 °C and 800 °C for 2 h 
respectively. It was transferred to Whatman filter paper for the purpose of filtration, and the paste was constantly 
rinsed with distilled water until it attained a neutral pH value. The sample was transferred to the oven to be dried to 
a constant weight after which it was stored in an airtight polythene bag [33].

2.4 � Batch adsorption experiment

The bio-adsorbent composite preparation dosage for the batch experiment is shown in Table 1. The textile waste-
water was analyzed to find the concentration of cations and the cations with the high concentrations were chosen 
for adsorption experiment. From the atomic adsorption spectroscopy (AAS) results, Cadmium (Cd) (0.0264 mg/L) 
and Iron (Fe) (0.9403 mg/L) have a very high concentration in the textile wastewater. The pH value of the textile 
wastewater used for the study was 6.95. The pH was measured for the wastewater sample using a pH-meter (HI2209 
bench top pH meter) purchased from Hanna Instruments, Wood socket RI USA. The pH meter was calibrated with two 
pH buffer standards and the adsorptions of Fe and Cd were carried out as follows: different parameters like activa-
tion temperature, adsorbent dosage and time were varied. The textile industrial wastewater was treated using SF 
activated carbon synthesized at two different activation temperatures (700 °C and 800 °C). Composites of AC were 
formed by integrating different ratios of the zero-valent ion nanoparticle and polyacrylonitrile into the synthesized 
SF activated carbon. A digital magnetic stirrer was employed to mix the solution in the batch adsorption process at a 
constant speed of 120 rpm and a constant pH of 5. The effect of adsorbent dosage (3.65, 4.01 and 4.1 g) was observed 
for the removal efficiency of Cd and Fe. The solution was filtered with Whatman filter paper and the filtered solution 
was subjected to AAS to determine target metal concentration. Two factors were used for the experiment which are 
controlled independent variable (time and activation temperature); while the dependent variable is the adsorption 
removal efficiency. Table 2 shows the conditions for the batch adsorption process which was manually designed on 
account of cost factor. The percentage removal efficiency (%R) of Fe and Cd is represented by utilizing Eq. 1 [34].

where Ci (mg/L) and Cf (mg/L) are the metal ions concentration before and after adsorption experiments at time t.

(1)%Removal Efficiency =
Ci − Cf

Ci
× 100

Table 1   Adsorbent 
preparation ratio

S/N Sisal fiber (SF) (g) Zero-valent nanoparticle (NP) (g) Polyacryloni-
trile (PANI) 
(g)

A 3.6 0.025 0.025
B 3.6 0.1 0.04
C 3.6 0.4 0.01

Table 2   Experimental 
conditions

S/N Experimental ID Activation temperature 
(°C)

Dosage (g/80 mL) Time (min)

1 SF-700/NP/PANI (A) 700 ± 4 10–60
2 SF-700/NP/PANI (B) 700 ± 4 10–60
3 SF-700/NP/PANI (C) 700 ± 4 10–60
4 SF-800/NP/PANI (A) 800 ± 4 10–60
5 SF-800/NP/PANI (B) 800 ± 4 10–60
6 SF-800/NP/PANI (C) 800 ± 4 10–60
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2.5 � Characterization

The structural configuration of the composite adsorbents was done by employing Scanning Electron Microscopy (SEM). 
It is an instrument that is commonly utilized for viewing the microstructure of composite adsorbents [35]. The equipment 
employed to access the surfaces of the samples was a TESCAN, furnished with Oxford instrument X-Max for the study of 
morphology. The SEM measurement was conducted by revealing the surface of the bio-adsorbent composites to a beam 
of electrons in vacuum at a specific accelerating voltage of 15 kV. The bio-adsorbent composites were died and mounted 
rigidly on a double-sided carbon tape to prepare them the SEM studies. The SEM study was done by exposing the samples 
to an electron beam. The EDS spectra was done to determine the samples’ elements. ImageJ, a software from the National 
Institute of Mental Health, Bethesda, Maryland, USA was employed for the study of the pore size distribution. The SEM images 
observed on the microscope were converted into digital images to be analyzed using ImageJ which was utilized to measure 
the porosity of the bio-adsorbent composites. The ImageJ will also be employed to threshold the images for the purpose of 
visualizing the pores and attained the specific surface area.

2.6 � Adsorption isotherms

In order to validate the percentage removal efficiency of the adsorption process and to further seek the adsorption param-
eters that verify the adsorption removal efficiency in the course of the adsorption process, Langmuir, Freundlich and Temkin 
isotherm models were studied. These adsorption isotherm models were used to describe a suitable fit with experimental 
data that provide a good correlation coefficient [36, 37]. The utilization of the adsorption isotherm to characterize the process 
of adsorption was assessed through the correlation coefficient value (R2). The Langmuir isotherm presumes that the bio-
adsorbent composites possess a homogeneous adsorbent surface, having the monolayer covered by the adsorbates and 
equality of the adsorption activation energy for each molecule on the surface [38]. Equation 2 gives the linearized expression 
of Langmuir adsorption isotherm. An important characteristics of the Langmuir isotherm is demonstrated with regards to a 
dimensionless constant known as separation factor/equilibrium parameter RL , represented by Eq. 3. The impact of isotherm 
shape on whether or not the adsorption is favourable or not was assessed using Eq. 2 [39].

In these equations Ce represents the concentration of equilibrium of Fe and Cd in (mg/L), qe represents the quantity of Fe 
and Cd adsorbed per unit mass of adsorbent (mg/g). qm and KL respectively represent Langmuir constants connected to the 
peak adsorption capacity and energy of adsorption. In addition, CO (mg/L) represents the initial concentration of Fe and Cd 
and KL (L/mg) represents the Langmuir constant associated with the adsorption of energy. RL designates the shape of the 
isotherms to be either unfavorable (RL > 1), linear (RL = 1), favourable (0 < RL).

The importance of Freundlich Adsorption Isotherm model is to present the ratio of adsorbate adsorbed to the adsorbate 
concentration with respect to the solution concentration [40, 41]. Freundlich isotherm presumes adsorption takes place at 
heterogeneous adsorption sites and its consequence is multilayers formation [41] It can be mathematically expressed by 
the linearized equation given in Eq. 4 [41]:

In this equation, qe and Ce are as well-defined previously. KF represents the multilayer adsorption capacity and nF signi-
fies the degree of dependence of adsorption with equilibrium concentration; having the range of 1

nF
 between 0 and 1 

which shows the extent of nonlinearity between concentration of solution and adsorption.
Temkin isotherm presumption is centered on the linear decrease in the heat of adsorption of all metal ions in the 

stratum with the surface coverage on account of adsorbent/adsorbate interactions. It is also assumed that the adsorption 
demonstrates even distribution of binding energies, until it gets to a certain binding energy peak [38, 42]. The model is 
presented in linear form using Eq. 5 [39].

(2)qe =
q0KLCe

1 + KLCe

(3)RL =
1

1 + KLC0

(4)log qe = log KF +

(

1

nF

)

log Ce
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Which can be condensed to Eq. 6 [39].

In these equations, R is regarded as the universal gas constant in J/(mol K), T is regarded as the temperature in K. 
Where b stands for the Temkin isotherm constant associated with the heat of adsorption (J/mol), and Km stands for the 
Temkin isotherm constant in L/g, which can be respectively estimated from the slope and the intercept of the linear 
graph of qe against ln(Ce).

2.7 � Adsorption kinetics

One of the essential components that is used in estimating the adsorption rate is the adsorption kinetics examination; 
from which the mechanism of adsorption can be determined. Adsorption kinetics measure the adsorption uptake as a 
function of time while making the pressure or concentration constant and it is used to find the diffusion of adsorbate in 
the pores [43]. In this study, the adsorption kinetics were used to measure the release of textile wastewater solute from 
the aqueous media to the solute-phase interface of the bio-adsorbent composites with regards to time variation. For 
the purpose of studying and analyzing the adsorption kinetic; the pseudo-first order, pseudo second order and Elovich 
models were used. The pseudo-first order kinetic equation is represented by Eq. 7 [44].

Which in a simple form is represented by Eq. 8 [44].

In these equations, qt represents the quantity of adsorbate adsorbed at time t (mg g−1), qe represents the adsorption 
capacity in the equilibrium (mg g−1), k1 represents the pseudo-first order rate constant (min−1) and t is the contact time 
(min).

The pseudo-second order kinetic equation is represented by Eq. 9 [44].

Which in a simple form is represented by Eq. 10 [44]

where k2 represents the pseudo-second order rate constant (g gm−1 min−1), t is the contact time (min).
The Elovich equation has been utilized for chemisorption general application. Hence, the theory of Elovich has been 

satisfactorily employed to some chemisorption processes and literature found that it has covered an extensive span 
of slow rates of adsorption. In addition, this equation is usually binding for systems in which the adsorbing surface is 
heterogeneous, and is presented as Eq. 11 [45]:

In this equation, a and b are the parameters of the Elovich rate equation (initial adsorption rate and desorption con-
stant). The constants could be attained from the slope and intercept of the graph of ln(t) versus qt.

(5)qe =
RT

b
In
(

KmCe
)

(6)qe =
RT

b
InCe +

RT

b
InKm

(7)
dq(t)

dt
= k1

[

qe − q(t)
]

(8)q(t) = qe
(

1 − e−k1t
)

(9)
dq

dt
= k2

(

qe − q
)2

(10)
t

qt
=

1

k2q
2
e

+

(

1

qe

)

t

(11)
dqt

dt
= a exp

(

−bqt
)



Vol.:(0123456789)

Discover Sustainability           (2024) 5:312  | https://doi.org/10.1007/s43621-024-00523-9	 Research

3 � Results and discussion

3.1 � The removal rate

Activation temperature usually have remarkable effect on the pore structure and adsorption performance [46]. Figures 1 
and 2 illustrate the percentage elimination efficiency of Fe and Cd at the activation temperature of 700 °C and 800 °C for 
the three different composites. As shown in Fig. 1, the percentage elimination of iron employing the three bio-adsorbent 
composites increased with an upsurge in time. However, the percentage removal of iron was lower when treated water 
(TW) of SF-700 (3.6 g)/NP (0.25 g)/PANI (0.025 g) and TW of SF-700 (3.6 g)/NP (0.1 g)/PANI (0.04 g) bio-adsorbent compos-
ites activated at temperature of 700 °C averagely attained 79.20% and 75.49% removal efficiency respectively, for iron. 
While an average of 80.71% removal of iron was attained when TW of SF-700 (3.6 g)/NP (0.1 g)/PANI (0.04 g) adsorbent 
activated at temperature of 700 °C was used. Nonetheless, averagely, TW of SF-800 (3.6 g)/NP (0.25 g)/PANI (0.025 g) and 
TW of SF-800 (3.6 g)/NP (0.1 g)/PANI (0.04 g) bio-adsorbent composites activated at temperature of 800 °C attained high 
removal efficiency of 77.69% and 75% respectively. While TW of SF-800 (3.6 g)/NP (0.4 g)/PANI (0.01 g) bio-adsorbent 
composite activated at temperature of 800 °C, averagely attained 80.1% after the adsorption process.

The performance of the bio-adsorbent composites was also observed for the erasure of cadmium. As displayed in 
Fig. 2, the percentage elimination of cadmium by employing the three bio-adsorbent composites also increased with 

Fig. 1   Percentage removal efficiency of Fe @ a 700 °C of Sisal Fiber activation temperature; b 800 °C of Sisal Fiber activation temperature

Fig. 2   Percentage removal efficiency of Cd @ a 700 °C of Sisal Fiber activation temperature; b 800 °C of Sisal Fiber activation temperature
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an upsurge in time. However, the percentage erasure of cadmium was lower when TW of SF-800 (3.6 g)/NP (0.25 g)/PANI 
(0.025 g), TW of SF-800 (3.6 g)/NP (0.1 g)/PANI (0.04 g) and TW of SF-800 (3.6 g)/NP (0.4 g)/PANI (0.01 g) bio-adsorbent 
composites activated at temperature of 800 °C averagely attained 98.7%, 98.8% and 98.7% removal efficiency respec-
tively, for cadmium. It is important to note that 100% removal efficiency cadmium was observed for TW of SF-800 (3.6 g)/
NP (0.25 g)/PANI (0.025 g) and TW of SF-800 (3.6 g)/NP (0.4 g)/PANI (0.01 g) at 50 and 60 min. However, 100% removal 
efficiency of cadmium removal was attained with the three bio-adsorbent composite activated at 800 °C for all the time 
of adsorption (10–60 min) expect for TW of SF-800 (3.6 g)/NP (0.1 g)/PANI (0.04 g) bio-adsorbent composite that attained 
100% removal efficiency at 40–60 min. This study shows that the synthesized bio-adsorbent composites is more suitable 
for the removal of cadmium from textile wastewater; however, bio-adsorbent composites activated at 800 °C are more 
suitable as they gave 100% removal.

These results show that the potassium hydroxide (KOH) is highly effective at 800 °C for the removal of iron and 
cadmium; however, cadmium has the highest removal efficiency for the bio-adsorbent composites. In addition, the 
variance in the adsorption performance could be correlated to their surface characteristics which is influenced by the 
activation temperature. This could also be as a result of the upsurge in materials’ surface area with an upsurge in activa-
tion temperature; which resulted in the improvement of the porosity in the bio-adsorbent composites [47, 48]. Hence, 
the higher the surface area, the more pores expected to be developed in order to make available free active sites. In 
consequence, it possibly will make available higher likelihoods for the iron and cadmium molecules to be adsorbed on 
the surface of adsorbent’s composites [49]. In addition, the high specific surface area establishes the existence of high 
amounts of –OH groups on the surface of the synthesized bio-adsorbent composites [50]. The advantages of the bio-
adsorbent composite are the attainment of the large surface area that subsequently developed more pores that resulted 
to abundance of active site.

3.2 � SEM, EDX and pore size study

The bio-adsorbent composites that gave the highest percentage removal efficiency for Fe and Cd were selected for SEM 
analysis to have a good surface analysis of the bio-adsorbent composites that offered good adsorption efficiency (adsorp-
tion composites prepared at 800 °C). Subsequently, all other investigations were studied at 800 °C. Hence, as a result of 
the data attained from percentage removal efficiency; SEM was done to examine the high-description micrographs of the 
bio-adsorbent composites. Figure 3 depicts that micrographs have diverse and tailorable shapes on account of the prepa-
ration ratio. The Figure shows that the micrographs clearly demonstrated bundle structure as a result of the preparation of 
AC by utilizing chemical activation; on account that activating agents have the capacity to easily having contact with the 
interior surface of material [51]. Furthermore, the three micrographs in Fig. 3 depicts a nanofibrillar structure achieved for 
the PANI synthesized with sisal fiber; hence, the bio-adsorbent composites are composed of interconnected nanofibers. 
Nevertheless, as the polymerization continues in the course of the synthesis, the attained composites become thicker 
and coarser ensuing from the creation of mostly irregularly shaped with aggregation of molecules [52]. In addition, Fig. 3 
depicts a noteworthy variation in the morphology, particularly in size and pores. The SEM images of the bio-adsorbent 
composites confirmed that wide-ranging exterior surfaces with high porosity were formed at the activation point. It 

Fig. 3   Bio-adsorbent composite surfaces: (EAC1) SF-800 (3.6  g)/NP (0.1  g)/PANI (0.04  g); (EAC2) SF-800 (3.6  g)/NP (0.25  g)/PANI (0.025  g); 
(EAC3) SF-800 (3.6 g)/NP (0.4 g)/PANI (0.01 g)
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was observed that the outer surfaces of the bio-adsorbent composites have high porosity. These pores ensued from the 
evaporation of chemical reagents in the course of carbonization allowing the spaces to be empty [53]. Furthermore, In 
Fig. 3, it was observed that samples’ structures were rough with the (EAC3) having high aggregation of molecules. This 
singularity permitted the higher adsorption capacity of materials [54, 55]; hence, the efficiency of adsorbent increased 
(see Fig. 2). Through the study of the EDS shown in Fig. 4, It was observed that the main compounds in the bio-adsorbent 
composites are carbon and oxygen; this is because the amount of sisal fiber added into the composites is much higher 
than other component that make the composites.

The statistical distribution of the radius of the largest sphere that can fit inside a pore at a certain point is depicted 
in Fig. 5. The pore size distribution of bio-adsorbent composites has capacity to impact on the performance of the bio-
adsorbent composites through the diffusion of adsorbate. The pore size of an adsorbent material is very vital for the 
access of the adsorbate species. Figure 5a confirmed what was observed in Fig. 3 with the variation in the morphology 
with respect to the pores. It confirmed that the bio-adsorbent composites possess wide-ranging exterior surfaces with 
high porosity. The grey area of Fig. 5b is confirmation of the pores in Fig. 3. In accordance with the International Union 
of Pure and Applied Chemistry (IUPAC), pore diameters of a material smaller than 2 nm are characterized as microporous 
[56]; hence, and retention of solutes in micropores. It was observed from the Fig. 5 that the three bio-adsorbent compos-
ites exhibited microporous size material with EAC1, EAC2 and EAC3 having average pore sizes of 0.046 nm, 0.043 nm and 
0.019 nm respectively with a total surface area of 8.969 m2/m3, 6.975 m2/m3 and 4.640 m2/m3 respectively. Other data 

Fig. 4   EDS study of: (EAC1) SF-800 (3.6 g)/NP (0.1 g)/PANI (0.04 g); (EAC2) SF-800 (3.6 g)/NP (0.25 g)/PANI (0.025 g); (EAC3) SF-800 (3.6 g)/NP 
(0.4 g)/PANI (0.01 g)
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such as mean, mode, median and feret are in the supplementary file. Furthermore, Fig. 5c, confirmed the high aggrega-
tion of molecules observed in Fig. 3.

3.3 � Study of adsorption isotherms

The adsorption study was only done for SF-800/NP/PANI (C) adsorbent because a higher percentage removal efficiency 
was attained for the activation temperature of 800 °C. Langmuir, Freundlich and Temkin isotherm models examined are 
depicted in Figs. 6, 7, 8. Figure 6 is the representation of Langmuir isotherm for removal of iron and cadmium at 800 °C 
activation temperature. The values of qm and KL were calculated from the slope and are furnished in Table 3. The attained 
values of RL are respectively 0.847 and 0.645 for Fe and Cd ions adsorption on SF-800/NP/PANI (C) sample at 800 °C acti-
vation temperature shows that the Fe and Cd uptake is favorable; as 0 < RL. The correlation coefficient is 0.9998 and 1 for 
Fe and Cd respectively at 800 °C. Hence, the correlation coefficient for the removal of Cd at obeyed Langmuir isotherm 
more than the correlation coefficient for the removal of Fe. However, the data shows the model is suitable for both Fe 
and Cd, indicating that the adsorption the metals on the bio-adsorbent composites was a chemical adsorption process, 
which was steady with the monolayer adsorption, as depicted in the Langmuir model [57].

Figure 7 is the representation of Freundlich isotherm for removal of iron and cadmium at 800 °C activation tempera-
ture. The Freundlich isotherm parameters, KF and nF are attained from the intercept and slope of the Fig. 7 (see Table 3). 
The correlation coefficients are respectively 0.9989 and 0.9858 for Fe and Cd at 800 °C. Hence, the correlation coefficient 

Fig. 5   Pore size distribution of: (EAC1) SF-800 (3.6 g)/NP (0.1 g)/PANI (0.04 g); (EAC2) SF-800 (3.6 g)/NP (0.25 g)/PANI (0.025 g); (EAC3) SF-800 
(3.6 g)/NP (0.4 g)/PANI (0.01 g). a shows the number of pores with respect to various pores sizes, the grey area in; b is the confirmationof the 
pores while; c depicts high aggregation of molecules in the bio-adsorbent composites
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for the removal of Fe show that the Freundlich isotherm was obeyed more for the removal of Fe than the removal of Cd. 
The Freundlich constant, nF attained from the experiment are − 0.2538 and − 0.0153 at 800 °C for Fe and Cd respectively. 
Though the correlation coefficients are high; however, the negative values of 1/nF indicates that the current adsorption 
data does not match with Freundlich model. Hence, the surface of adsorbent is non-heterogeneous with an exponential 
distribution of energy sites; in other words, it demonstrates an unfavorable physical process of adsorption of Fe and Cd 
[58]. This is on account that Freundlich constant is a characteristic of the correlative sorption capacity factor which is 
subsequently a characteristic of the magnitude of the adsorption and heterogeneity of the system [59]. In addition, it 
was recorded in a study that should the value of nF appears less than unity, it infers that adsorption process is chemical 
which is a favorable chemical process [60, 61].

Figure 8 is the representation of Temkin isotherm for removal of iron and cadmium at 800 °C activation temperature; 
and the Temkin constants are estimated in Table 3. The correlation coefficients are 0.9993 and 0.9934 for Fe and Cd 
respectively at 800 °C. Therefore, the correlation coefficient for the removal of Fe 800 °C obeyed the Temkin isotherm 

Fig. 6   Langmuir a Fe; b Cd @ 800 for SF-800/NP/PANI (C) sample

Fig. 7   Freudlich a Fe; b Cd @ 800 for SF-800/NP/PANI (C) sample

Fig. 8   Temkin a Fe; b Cd @ 800 for SF-800/NP/PANI (C) sample
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than the removal of Cd. The Temkin constants for the chosen sample [SF-800/NP/PANI (C)] observed in Table 3, show that 
the adsorption heat of Iron and cadmium adsorption on the chosen sample for adsorption study was restricted within 
254.34–264.34 J/mol for the removal of Fe and Cd. This high degree of fitting with the models could aid in understand-
ing the removal mechanism of Fe and Cd which will subsequently offer a good idea in improving the properties of the 
bio-adsorbent composites [57].

3.4 � Study of adsorption kinetics

Just as the adsorption study was only done for SF-800/NP/PANI (C) adsorbent sample because a higher percentage 
removal efficiency was attained for the adsorbent at activation temperature of 800 °C; in the same vein, the kinetic study 
was only done for SF-800/NP/PANI (C) adsorbent sample. Three different adsorption kinetics (Pseudo-first order, Pseudo-
second order and Elovich) study were employed to describe the rate of retention Fe and Cd to solid-phase interface at 
SF-800/NP/PANI (C) adsorbent sample (see Figs. 9, 10, 11). The parameters for the three kinetics studies obtained from 
the slope and intercept are furnished in Table 4. The pseudo first order kinetics correlation coefficients for the retention 
of Fe and Cd to solid-phase interface at SF-800/NP/PANI (C) are 0.0645 and 0.9775, respectively; which resulted to the 
conclusion that pseudo first order kinetic provides a poor correlation for the bio-adsorption of Fe and Cd (see Fig. 9). 
However, the linear plot of t∕qt versus t depicts that there is an equitable confirmation between experimental and 
theoretical values (see Fig. 10). The correlation coefficients for the pseudo second order kinetics for the retention of Fe 
and Cd to solid-phase interface at SF-800/NP/PANI (C) are 0.989 and 0966, respectively; which led to the assumption 
that pseudo second order kinetic offered a better correlation for the bio-adsorption of Fe and Cd than pseudo first order 
kinetic. In addition, the plot of t/qt against versus t depicted a linear relationship shows that the pseudo-second-order 
kinetics is applicable for the study, and the equilibrium adsorption capacity, qe, was calculated from Eq. (9). Furthermore, 
the correlation coefficients for Elovich kinetics for the retention of Fe and Cd to solid-phase interface at SF-800/NP/PANI 

Table 3   The isotherm 
parameters for adsorption 
of metal ions @ 800 °C for 
SF-800/NP/PANI (C) sample

Activation temperature Metals Parameters

800 °C Fe Langmuir
 Qmax 11.185 (mg g−1)
 KL 0.048 (L mg−1)
 RL 0.847

R2 0.9998
Freundlich
 KF 2.6985 (mg g−1)
 n

F
− 0.2538

 R2 0.9989
Temkin
 KT 1.022
 b
T

254.34 (J mol−1)
 R2 0.9993

800 °C Cd Langmuir
 Qmax 18.181 (mg g−1)
 KL 0.123 (L mg−1)
 RL 0.645
 R2 1.000

Freundlich
 KF 3.4311 (mg g−1)
 n

F
− 0.0153

 R2 0.9981
Temkin
 KT 1.037
 b
T

264.38 (J mol−1)
 R2 0.9934
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(C) are 0.945 and 0.975, respectively; which also resulted to the assumption that Elovich kinetic also offered a better 
correlation for the bio-adsorption of Fe and Cd than pseudo first order kinetic. Overall, the pseudo second order kinetic 
offered a better correlation for the bio-adsorption of Fe (0.989) than Cd (0.966); while the Elovich kinetic offered a better 
correlation for the bio-adsorption of Cd (0.975) than Fe (0.945) (see Table 4). These kinetic results have been influenced 
by the characteristic of the bio-adsorbent composites which include the point of zero charge, the pore size [62], cation 
exchange capacity, and the textile wastewater characteristics such as the pH [63], the hydrated ionic radius of metals 
and the complexation of metals.

Fig. 9   Pseudo-first order kinetics for the adsorption of a Fe, b Cd ions onto SF-800/NP/PANI (C) adsorbent sample

Fig. 10   Pseudo-second order kinetics for the adsorption of a Fe, b Cd ions onto SF-800/NP/PANI (C) adsorbent sample

Fig. 11   Elovich order kinetics for the adsorption of a Fe, b Cd ions onto SF-800/NP/PANI (C) adsorbent sample
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3.5 � Desorption and regeneration study

The recovery and recycling stability of the solid adsorbents is considered one of the most significant features in practical 
applications for the removal of dye from industrial wastewater as such adsorbents will possess outstanding adsorp-
tion capacity and high desorption property that will decrease secondary pollution and the total cost [64]. Hence, the 
desorption experiments of the best-performed adsorbents at the end of 60 min adsorption were done to assess the 
recyclable potential. By employing the method of Yao et al. [65] and Wang et al. [64], the already utilized adsorbent 
prepared at 800 °C were washed using acidic ethanol as eluent; which serves as the carrier portion of the mobile phase 
for the adsorbed Cd molecules to be effectively desorbed. Cd was considered for recyclability study because 100% 
efficiency was attained with the adsorbent prepared at 800 °C [64, 65]. The outcome of treated wastewater (TW) for 
repeated adsorptions-desorption of two cycles are shown in Fig. 12, with TW of SR-800 (3.6 g)/NP (0.4 g)/PANI (0.01 g) 
having an average percentage removal of 96.55% and 95.60% for the first and second cycle respectively. TW of SR-800 
(3.6 g)/NP (0.025 g)/PANI (0.025 g) have an average percentage removal of 95.84% and 94.25% for the first and second 
cycle respectively; while TW of SR-800 (3.6 g)/NP (0.1 g)/PANI (0.04 g) have an average percentage removal of 94.60% 
and 93.58% for the first and second cycle respectively. The adsorption capacity depicted that Cd adsorbed on adsorbent 
prepared at 800 °C decreased to some extent at the end of every cycle of adsorption–desorption process. However, the 
bio-adsorbent made at 800 °C can be employed repeatedly for the erasure of Cd from industrial wastewater treatment 
as the percentage removal of all the bio-adsorbent composites respectively attained over 94% and 93% percentage 
removal of Cd for the first and second cycles.

3.6 � Analysis of the adsorption mechanism of ternary adsorbent for the wastewater

The surface characteristics of the ternary adsorbent, like surface area, pore size and functional groups have a significant 
role to play in the study of heavy metal analytes’ capacity and adsorption mechanism [66]. One of the most imperative 

Table 4   The kinetic 
parameters attained from the 
study

Activation temperature Metals Parameters

800 °C Fe Pseudo-first order
 qe (mg/g) 0.3365
 k
1

0.00424

 R2 0.0645

Pseudo-first order
 qe 16.53 mg/g
 k
1

0.02568

 R2 0.989

Elovich
 � 12.86 g/mg
 � 1.632

 R2 0.945

800 °C Cd Pseudo-first order
 qe 0.15342 mg/g
 k
1

0.00019

 R2 0.0775

Pseudo-first order
 qe 26.54 mg/g
 k
1

0.02887

 R2 0.966

Elovich
 � 16.58 g/mg
 � 1.167

 R2 0.975



Vol.:(0123456789)

Discover Sustainability           (2024) 5:312  | https://doi.org/10.1007/s43621-024-00523-9	 Research

factors that will govern the adsorptive mechanism of ternary adsorbent for metal ion adsorption is the ternary adsorbent 
configuration and its porous nature [67]. Figure 13 shows the adsorption mechanisms of ternary adsorbent for the eras-
ure of Fe and Cd in textile wastewater; this is the demonstration of how this present study differs from previous studies. 
The ternary adsorbents have the capacity to upsurge the adsorption affinity for Fe and Cd by presenting Van der Waals 
interactions, hydrogen bonds, and or electrostatic interactions [68]. Other prospective adsorption mechanism possibili-
ties for Fe and Cd adsorption on the ternary adsorbents includes:

	 i.	 Surface complexation between Fe and Cd ions which is a process that ensues when multiple species combine on 
the surface of the ternary adsorbents also play an imperative role in the process [68].

	 ii.	 Electrostatic interaction between Fe and Cd and the surface of ternary adsorbents, which ensued on account of the 
ternary adsorbents surface possessing either a negative or positive charge to create an electrostatic attraction force 
that is accountable for drawing the oppositely charged Fe and Cd ions in the direction of the ternary adsorbents 
[69].

Fig. 12   Evaluation using SF-800/NP/PANI for the a first cycle and b second cycle of cadmium removal

Fig. 13   Schematic representation for the adsorption mechanism of iron and cadmium by the ternary adsorbents
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	 iii.	 Ion exchange reactions between Fe and Cd ions and ternary adsorbents which ensued during the exchange pro-
cess. In the course of the exchange process, the ions went through strong nonclassical polarization close to the 
solid–liquid interface under the influence of the surface electric field [70].

4 � Limitation of the study

The limitation of the study was the utilization of Brunauer, Emmett and Teller (BET) for the determination of their pore 
size distribution, the pore volume and the total specific surface area that characterized the porosity of materials. In addi-
tion, three important factors which includes specific surface area, pore structure, and surface chemical functional group 
affects the adsorption capacity of biomass-derived activated carbon [71]; though this study studied the pore structure 
and pore surface area using ImageJ, however, chemical functional group was not studied.

5 � Conclusion

Bio-material supported zero-valent iron nanoparticles and polyaniline was synthesized and used for the adsorption of 
Fe and Cd from textile wastewater. It was demonstrated that the bio-adsorbent composites are more suitable for the 
removal of cadmium from textile wastewater; however, bio-adsorbent composites activated at 800 °C are more suit-
able as they gave 100% removal for Cd. It was established in the batch adsorption studies; the activation temperature 
influenced the adsorption process. Also, the equilibrium was well fitted by the Langmuir isotherm model as the cor-
relation coefficient is 0.9998 and 1 for Fe and Cd respectively at 800 °C. The kinetics demonstrated that the adsorption 
process agrees with the pseudo-second-order and Elovich model kinetics. The bio-adsorbent synthesized at 800 °C can 
be repeatedly utilized for the erasure of Cd from textile industrial wastewater treatment as the percentage removal of all 
the bio-adsorbent composites respectively attained over 94% and 93% percentage removal of Cd for the first and second 
cycles. The ternary bio-adsorbent synthesized in this study experiment could be a potential adsorbent in removing Cd 
from textile industrial wastewater treatment.
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