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Abstract
The presence of heavy metal ions in water environments has raised significant concerns, necessitating practical solutions 
for their complete removal. In this study, a combination of adsorption and electrocoagulation (ADS + EC) techniques was 
introduced as an efficient approach for removing high concentrations of nickel ions (Ni2+) from aqueous solutions, employ-
ing low-cost sunflower seed shell biochar (SSSB). The combined techniques demonstrated superior removal efficiency 
compared to individual methods. The synthesized SSSB was characterized using SEM, FT-IR, XRD, N2-adsorption–des-
orption isotherms, XPS, and TEM. Batch processes were optimized by investigating pH, adsorbent dosage, initial nickel 
concentration, electrode effects, and current density. An aluminum (Al) electrode electrocoagulated particles and removed 
residual Ni2+ after adsorption. Kinetic and isotherm models examined Ni2+ adsorption and electrocoagulation coupling 
with SSSB-based adsorbent. The results indicated that the kinetic data fit well with a pseudo-second-order model, while the 
experimental equilibrium adsorption data conformed to a Langmuir isotherm under optimized conditions. The maximum 
adsorption capacity of the activated sunflower seed shell was determined to be 44.247 mg.g−1. The highest nickel ion removal 
efficiency of 99.98% was observed at initial pH values of 6.0 for ADS and 4.0 for ADS/EC; initial Ni2+ concentrations of 
30.0 mg/L and 1.5 g/L of SSSB; initial current densities of 0.59 mA/cm2 and 1.32 kWh/m3 were also found to be optimal. 
The mechanisms involved in the removal of Ni2+ from wastewater were also examined in this research. These findings sug-
gest that the adsorption-assisted electrocoagulation technique has a remarkable capacity for the cost-effective removal of 
heavy metals from various wastewater sources.
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Introduction

The increasing levels of heavy metal ions in aquatic eco-
systems pose a serious threat to human health due to their 
persistent nature and detrimental impacts (Jaishankar et al. 
2014). According to Di Natale et al., nickel and other heavy 
metal ions are found in many different types of water, 
including those from wastewater treatment plants, indus-
trial effluents, and aquatic environments. The presence of 
nickel ions in water reservoirs is a cause for serious worry, 
necessitating targeted attention and measures to reduce 
the negative effects of heavy metal pollution (Di Natale 
et al. 2020). The possible effects of nickel contamination 

on human and environmental health make it an issue that 
requires deep investigation. Different industrial processes, 
such as metal coating, metal cleaning, battery production, 
electronics, electroplating, fertilizer smelting, car emissions, 
and uncontrolled fertilizer use, release nickel ions into water 
systems (Šuránek et al. 2021) (Jiang et al. 2019). Moreo-
ver, nickel ions have the potential to enter the human body 
through the food chain, where they accumulate in various 
tissues and organs. This accumulation poses health risks 
and threatens vital systems, as highlighted in studies such 
as (Khan et al. 2013). An increased risk of kidney illness, 
cardiovascular problems, lung cancer, dermatitis, and other 
health concerns in humans has been connected to prolonged 
exposure to nickel through food intake and water consump-
tion (Liakos et al. 2021). Given these concerns, it is criti-
cal to protect public health by creating effective methods 
for removing nickel ions from water. Nickel removal from 
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wastewater is an issue that has been addressed by numerous 
technologies in recent years. These technologies encompass 
various approaches such as reverse osmosis (Ali 2018), ion 
exchange (Yan et al. 2020), plasma and electrochemistry 
coupling (Spanos et al. 2017), membrane separation (Zhang 
et al. 2019), adsorption (Kumari et al. 2020), electrodialysis 
(Sano et al. 2018), electrocoagulation (Ii et al. 2020), and 
chemical precipitation (Tanong et al. 2017). These advance-
ments have shown promising results. However, some limi-
tations have been identified, including the need for large 
amounts of chemicals, high operational and capital costs, 
production of secondary sludge, and sensitivity to operating 
conditions.

Adsorption (ADS) has emerged as a prominent technol-
ogy for removing nickel ions, attracting considerable atten-
tion due to its effectiveness and cost efficiency. Various 
adsorbent materials have been extensively investigated for 
their nickel removal capabilities. These materials encompass 
a diverse range, such as polymer resins, zeolites, biochar, 
biological materials, chitin, activated carbon, eggshells, 
sunflower shells, clays, and mineral oxides. The exploration 
of these adsorbents reflects the ongoing efforts to identify 
versatile and efficient materials for nickel removal from 
wastewater(Burakov et al. 2018).

Biochar-based adsorbents have particularly attracted 
interest due to their cost-effectiveness and high adsorption 
efficiency. In this study, sunflower seed shell biochar (SSSB) 
was chosen as a special adsorbent due to its availability and 
low cost. However, it is important to note that biochar alone 
may exhibit relatively low removal efficiency and an inabil-
ity to degrade pollutants completely, leaving residual pol-
lutants in the water solution. Therefore, there is a need to 
enhance the adsorption capacity of biochar for its potential 
future applications. Electrocoagulation (EC) is another pow-
erful electrochemical process that involves the continuous 
in-situ generation of a coagulant from polluted water. EC 
can destabilize, polarize, and dissociate suspended particles 
in wastewater under a uniform electric field (Heidmann and 
Calmano 2008). By utilizing EC, the efficiency of removing 
pollutants from water can be improved. Overall, the com-
bination of adsorption and electrocoagulation techniques 
holds promise for the efficient removal of nickel ions from 
wastewater. It provides a cost-effective and environmentally 
friendly approach to address the challenges associated with 
nickel contamination.

In this study, aluminum electrodes were employed as both 
the anode and the cathode (Al-Al configuration). By utiliz-
ing a DC power supply to apply current to the fluid medium, 
the electrocoagulation (EC) process was initiated, resulting 
in the formation of coagulants. This process involves the 
dissolution of aluminum ions from the aluminum electrodes. 
At the anode, metal ions are generated through electrolytic 
oxidation, while water molecules undergo simultaneous 

hydrolysis. Simultaneously, hydrogen gas is produced at 
the cathode. The formation of hydrogen bubbles causes 
pollutants to rise to the surface of the solution, facilitating 
their concentration, collection, and easier removal com-
pared to when they are dispersed throughout the solution 
(Huang et al. 2020). The overall reactions occurring in the 
EC process can be summarized in three successive steps, 
as depicted by the equations below (Channa et al. 2019). 
Firstly, at the anode, the sacrificial aluminum anode under-
goes a dissolution reaction, generating aluminum ions:

The cathode also acts as a site for the electrolysis of water, 
where a reduction reaction takes place in the bulk solution. 
Through electrolysis, hydrogen gas is formed at the surface 
of the cathode. The generated gas bubbles facilitate flota-
tion during the reduction reaction. Consequently, the nickel 
ions form agglomerates, which gather into larger clusters 
and float to the water's surface, making their removal easier.

(ii) The outcomes of the EC process include the destabi-
lization of pollutants, suspension of particulate matter, and 
breakup of emulsions. Additionally, as the pH of the waste-
water increases, hydroxide ions are generated at the cathode. 
This leads to the precipitation of nickel ions, as well as their 
hydroxides, and co-precipitation with aluminum hydroxides.

(iii) The last stage involved the stabilization of the coag-
ulation phases, leading to the formation of flocs. Further-
more, the anodic nickel ions and hydroxide ions produced 
at the electrode surfaces react with the contaminated water, 
resulting in the generation of different aluminum hydroxides 
within the electrocoagulation system.

Although using electrocoagulation (EC) technology 
alone may not be cost-effective and sometimes results in 
the generation of additional pollutants, combining EC with 
adsorption can offer advantages such as cost reduction, 
recovery and recycling of pollutants in water solutions, and 
complete elimination of contaminants. Our study aims to 
achieve two objectives: (1) treating highly contaminated 
wastewater using a small amount of sunflower seed shell 
biochar (SSSB) to minimize time and energy consumption 
compared to using either adsorption (ADS) or EC alone, 
and (2) preparing SSSB from sunflower seed shells without 

(1)Al(s) → Al3+
(aq)

+ 3e−

(2)2H2O + 2e− → H2(g) + 2OH−

(3)2H2O → 4H+ + O2(g) + 4e−

(4)Ni2+ + 2OH−
→ Ni(OH)2(g)

(5)Al3+
(aq)

+ 3OH−
→ Al(OH)3(s)
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any modification and characterizing its properties using 
techniques such as scanning electron microscopy (SEM), 
Fourier-transform infrared spectroscopy (FT-IR), X-ray pho-
toelectron spectroscopy (XPS), Brunauer–Emmett–Teller 
(BET) analysis, X-ray diffraction (XRD) and Transmission 
Electron Microscopy (TEM).

To accomplish these goals, adsorption using non-modi-
fied SSSB combined with electrocoagulation at a low cur-
rent density and minimal cost were selected. The operat-
ing parameters, including the adsorbent dosage, pH, initial 
nickel concentration, different electrode materials, and cur-
rent density, were optimized. Our study also calculated the 
total operating cost of Ni2+ removal in the EC cell. Addition-
ally, adsorption isotherm and kinetic studies were conducted 
to understand the adsorption mechanisms.

The findings of this study provide valuable insights and 
information for effectively removing highly concentrated 
heavy metals from wastewater.

Materials and methods

Materials preparation

The Sunflower Seed Shell (SSS) was obtained from a local 
market and underwent a thorough washing process using 
both tap water and distilled water to remove surface pollut-
ants. Afterward, it was dried for 30 min to eliminate moisture 
content before being crushed into a powder using a crushing 
machine. The resulting powder was sieved to obtain particles 
with a size of 0.45 μm. Subsequently, the SSS powder was 
heated at 500 °C for 2 h under a nitrogen gas environment 
using a muffler to produce the sunflower seed shell-based 
biochar (SSSB) adsorbent. After a cooling period of 5 h, 
the prepared samples were washed with ultrapure water and 
dried at 105 °C for 7 h. The final products were stored in 

polyethylene bags for further experiments and characteriza-
tion. No additional modifications or chemical reagents were 
used before the adsorption experiments.

Preparation and characterization of chemical agents

Analytical-grade chemicals, including nickel chloride hexa-
hydrate (NiCl2·6H2O) (purity > 98.0%, molecular weight of 
237.69 g/mol, Sodium hydroxide (NaOH), (purity > 96.0% 
molecular weight is 40  g/mol, sodium chloride (NaCl) 
(purity > 98.0%, molecular weight of 58.44 g/mol, and hydro-
chloric acid (HCl, purity 36.5%, molecular weight of 36.46 g/
mol) and all chemicals are supplied by Sino-pharm Chemical 
Reagent Co., Ltd. Stock solutions of Ni2+ with a concentration 
of 1000 mg/L were prepared using nickel NiCl2·6H2O to create 
synthetic wastewater. A solution of 0.1 M NaOH and HCl was 
utilized for initial pH adjustments. Aluminum (Al-Al) plates 
[(99.5% purity), 30 cm × 20 m × 0.05 cm] were employed as 
the anode and cathode electrodes, which were purchased from 
Taobao Inc.

Adsorption experiments

Figure 1 illustrates the experimental setup for the adsorption 
studies. The experiments were conducted in 250 mL Erlen-
meyer flasks containing 100 mL of solution with an initial 
concentration of 30 mg/L of nickel metal ions. Different dos-
ages of SSSB ranging from 0.1 to 3 g were added to the flasks. 
The experiments were carried out at room temperature, and 
the initial pH of the solution was varied between 2 and 8. To 
ensure proper mixing, an orbital shaker was employed to agi-
tate the flasks for 2 h at a constant room temperature of 25 °C 
and a shaking speed of 150 rpm. After the completion of the 
agitation process, the materials were filtered using a 0.45 μm 
filter paper (Whatman) and analyzed using a flame atomic 

Fig. 1   Schematic representation 
of experimental set-up
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absorption spectrophotometer (AAS Z-5000, Japan). The 
removal efficiencies (R) of Ni2+ were calculated using Eq. 6.

Electrocoagulation experiments

The experimental setup, as depicted in Fig. 1, involved the 
construction of a Plexiglas electrocoagulation cell with dimen-
sions of 14 cm × 10 cm × 14 cm. Each experiment utilized 
approximately 650 mL of synthetic wastewater. The sacrifi-
cial electrodes were aluminum (Al) plates measuring 12 cm 
in height, 7 cm in width, and 0.2 cm in thickness. These elec-
trodes were arranged in a monopolar configuration, with a 
spacing of approximately 10 mm between them. To maintain 
a constant current, a precision DC power supply (GW GPC-
3060D) with current and voltage ranges of 0–6 A and 0–30 V, 
respectively, was utilized. Sodium chloride (NaCl) was added 
to the wastewater to increase its conductivity and achieve dif-
ferent values. The pH of the wastewater was measured using an 
Inola WTW pH meter and adjusted using a 0.1 M NaOH solu-
tion. During the electrocoagulation (EC) process, the effluent 
from the adsorption (ADS) step was agitated at 150 rpm using 
a magnetic stirrer. Before use, the electrodes were cleaned with 
0.1 M HCl, a brush, and distilled water to remove rust and con-
taminants, followed by drying in an oven for 10 min. Samples 
of 10 mL were taken from the electrocoagulation cell every 
5 min for analysis, while the cell was maintained at 6.0 V. The 

sludge was filtered using a Whatman 0.45 μm filter, and the 
nickel ion content was evaluated using a flame-atomic absorp-
tion spectrophotometer. The removal efficiency of nickel ions 
was calculated using Eq. 6.

The amount of nickel ions absorbed can be calculated using 
the following Eq. (7).

where C0 and Ce are the initial and final concentration of 
Ni2+ mg L−1, m is the amount of SSSB (g) and V is the vol-
ume of solution (mL.L−1).

Characterization of adsorbent

The mineral composition and surface morphology of the acti-
vated sunflower seed shell (SSSB) were analyzed using scan-
ning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDS) analysis. The SEM analysis was per-
formed using a JEM-2100F microscope operating at 200 kV. 
The functional groups responsible for the adsorption of nickel 
ions on the SSSB surface were determined using Magna 560 

(6)%R =
(C0 − Ce)

C0

100

(7)qe =
V

m

(
C0 − Ce

)

Fig. 2   a illustrates the surface morphology analyzed by SEM before ADS, b SEM after ADS, and (c) SEM after ADS + EC while (b) EDS 
before ADS, e EDS after ADS, and (f) EDS after ADS + EC images
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Fourier-transform infrared spectroscopy (FTIR). The crystal-
lographic behavior of the SSSB before and after adsorption 
was evaluated using X-ray diffraction (XRD) with a Rigaku D/
MAXYA diffractometer equipped with a Ni-filtered Cu source. 
The specific surface area of the SSSB and the pore size distri-
bution were determined using the Brunauer–Emmett–Teller 
(BET) method and a volumetric adsorption system (Micromer-
itics ASAP 2020 MC) at 77 K. The chemical composition 
and elemental valence of the SSSB-based adsorbents were 
analyzed using X-ray photoelectron spectroscopy (XPS) with 
a Thermo Scientific Escalab 250Xi instrument.

Energy consumption and amount of dissolved 
electrodes

The energy consumption in the electrocoagulation treatment 
process plays a crucial role in its financial implications. It is 

directly related to the applied electric current and voltage in 
the treatment system. To determine the energy required for 
the removal of Ni2+ from the solution, the following equa-
tion was employed:

where EC energy consumption in kilowatt-hours per cubic 
meter (kWh.m−3), I represents the electric current in 
amperes (A), v is the applied voltage in volts (V), t is the 
reaction time in hours (h), and V is the volume of the sample 
in cubic meters (m3). Furthermore, Faraday's law describes 
the mass of aluminum electrodes dissolved in the solution 
and is expressed as:

(8)EC
(
kWh.m−3

)
=

I × t × v

1000V

(9)mAl =
I × t ×Mw

ZF

Fig. 3   a XRD characterization, b N2 adsorption–desorption, c porous distribution, and (d) FT-IR spectroscopy characterization
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where mAl is the mass of dissolved aluminum electrode (kg/
m3), I the current (A), t is the electrolysis time (s), Mw is 
the molecular mass of Al (26.98 g/g.mol), z is the number 
of electrons involved in the reaction Al (3) and Faraday’s 
constant (96,485.34 C/mol).

Result and Discussion

Characteristic of adsorbent

Figure 2a depicts the surface morphology of the SSSB 
before its application, revealing an angular and uniform 
pore structure with significant porosity and a pristine com-
position without any deposited compounds within the pores. 
On the other hand, Fig. 2b shows visible rough flaws in the 
agglomerated surface morphology, along with a pore struc-
ture that facilitates the effective deposition of nickel ions 
after the adsorption process. The influence of nickel ions 
on the SSSB surface after exposure to ADS + EC is evident 
in Fig. 2c, with clean and irregular cracks as well as cylin-
drical shapes indicating the absorption of nickel ions and 
contaminants containing aluminum hydroxides (Jain et al. 
2020). Figure 2d demonstrates that the pyrolyzed biomass 
has a high carbon content, which contributes to the adsorp-
tion of pollutants from wastewater due to the presence of 
carbon-based functional groups (Elabbas et al. 2020). The 
appearance of a new intensity peak in Fig. 2e indicates the 
successful adsorption of nickel ions from the solution onto 
the SSSB sample after the introduction of the NiCl2.6H2O 
compound, highlighting the efficient performance of our 
adsorbent material during the ADS process. In Fig. 2f, the 
dissolution of aluminum from the electrodes and the wide-
spread presence of nickel ions across the SSSB surface 
are observed during the ADS + EC process. The enhanced 

nickel adsorption is attributed to the active sites depicted in 
Fig. 2c, thus confirming the synergistic mechanism of ADS 
and ADS + EC in the removal of higher concentrations of 
Ni2+ when combined.

Figure 3a displays the crystal behavior of biochar before 
and after adsorption. The pristine amorphous biochar exhib-
ited diffraction peaks in the range of 20° to 40°, correspond-
ing to crystalline graphite-like structures such as quartz 
(SiO2) and calcite, respectively. The intensity of these peaks 
decreased after ADS and ADS + EC treatments (Hubetska 
et al. 2021). Additionally, new peaks emerged at 30° and 45° 
on the adsorbents following both treatments, with ADS + EC 
showing a greater number of new peaks.

Figure 3b presents the image of porous distribution, 
revealing the presence of micro-mesopores and macropores, 
which are crucial for effective Ni2+ adsorption. The textural 
behavior of the SSSB is depicted in Fig. 3c, obtained by 
evaluating the N2 adsorption–desorption isotherm curves. 
The isotherms correspond to type IV according to the 
IUPAC classification, indicating the presence of micro-
mesopores in the pristine biochar. The hysteresis loops 
within the P/P0 range of 0.1–1.0 further confirm the exist-
ence of micro-mesopores.

Table 1 demonstrates that the prepared biochar exhib-
its a relatively good specific surface area (SBET = 331.74 
m2 g−1), which is advantageous for the adsorption process. 
Figure 3d and Table 2 display the FTIR spectra of the SSSB 
before adsorption (raw material), after ADS, and ADS + EC, 
along with the main aspects of these spectra and their 
respective assignments, as documented by Mohamed et al. 
(Mohamed et al. 2017).

The following assignments can be made based on 
these spectra: An intense and broadband in the wavenum-
ber range of 3500–3100  cm−1, indicating the presence 
of primary and secondary amines and amides. Peaks at 
3429, 3417, and 3421 cm−1 are attributed to the stretch-
ing of H-bonded alcohols, phenols, primary and second-
ary amines, amides, and carboxylic acids (O–H and N–H). 
Similar results were observed by (Baysal et al. 2018). New 
peaks were detected at 1720, 1715, and 1710 cm−1, which 
can be attributed to aldehydes, ketones, and carboxylic acids 

Table 1   Textural structure of SSSB materials in this study

Adsorbent SBET (m2 g−1) Pore volume (cm−3 g−1) Pore size (nm)

SSSB 331.74 0.171 2.00

Table 2   Summary of peak location for every functional group analyzed in FT-IR spectra for raw and Ni2+ loaded activated sunflower seed shell

Types of bond Functional groups Wavenumber (cm−1)

Before ADS 
(Raw)

After ADS After ADS + EC

O–H
N–H

alcohols, phenols, primary, secondary amines, and amides stretch, 
and carboxylic acid

3429 3417 3421

C = O Aldehyde, ketone, and carboxylic acid 1720 1715 1710
N–H Primary, secondary amines and amides bend 1577 1578 1571
C–O
C–N

Alcohol, ethers, carboxylic acids and anhydrides, and amines 1217 1232 1216
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(C = O) (Mohamed et al. 2017; Abdulhussein and Al wared 
2019). Peaks observed at 1577, 1578, and 1571 cm−1, are 
indicative of bending vibrations of primary and secondary 
amines and amides (N–H) (Eletta et al. 2019). Strong peaks 
were observed at 1217, 1232, and 1216 cm−1, assigned to 
functional groups such as C–O and C–N, predominantly 
linked to alcohols, ethers, carboxylic acids, anhydrides, and 
amines (Jain et al. 2015). Hence, the presence of carboxylic 
acids, amines, alcohols, and ethers groups in SSSB plays a 
significant role in adsorbing nickel ions from wastewater. 
Additionally, the better removal of Ni2+ is observed when 
adsorption is coupled with electrocoagulation. These results 
indicate that SSSB effectively eliminates Ni2+ through its 
textural properties (microporosity and surface area) as well 
as its heterogeneous functional groups.

XPS surveys were conducted on the prepared SSSB 
before adsorption (Fig. 4a), after ADS (Fig. 4b), and after 
ADS + EC (Fig. 4c). In Fig. 4a-c, the wide scan analysis 
of SSSB before and after adsorption is described. Nota-
bly, new peaks corresponding to oxygen (O1s), carbon 
(C1s), and nitrogen (N1s) were observed between 275 

and 600 eV on the SSSB before and after ADS, as well 
as after ADS + EC. These peaks signify the presence of 
carbon–oxygen functional groups, which are advantageous 
for the adsorption of targeted pollutants, particularly Ni2 + , 
onto the surface of the SSSB adsorbent. A slight increase in 
the nitrogen (N1s) band from 399.3 to 399.5 eV indicates 
the formation of complexes between SSSB and Ni2+. This 
suggests that a pair of ion electrons from nitrogen atoms are 
shared with nickel ions, resulting in a decrease in electron 
cloud density around the nitrogen atoms and giving rise to 
a higher band energy peak (Yuan et al. 2022). The changes 
observed in the carbon (C1s) and oxygen (O1s) peaks after 
ADS and ADS + EC, as shown in Fig. 4, demonstrate the 
involvement of carbon–oxygen functional groups in the 
adsorption process. Furthermore, new peaks corresponding 
to aluminum (Al), calcium (Ca), sodium (Na), and nickel 
(Ni) were detected on the surface of the used adsorbents 
after ADS and ADS + EC, as depicted in Fig. 4c. The pres-
ence of the two peaks at 856.8 and 872.7 eV in the nickel 
(Ni 2p) spectrum confirms the presence of nickel on the 
surface of the SSSB after ADS and ADS + EC.

Fig. 4   XPS characterization of 
sunflower seed shell biochar 
(SSSB)
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Figure 5 shows the results of a transmission electron 
microscopy (TEM) study that compared the surface proper-
ties of SSSB materials used before ADS, after ADS, and 
with ADS + EC. The results reveal that a porous network 

shape of SSSB can be seen in the SSSB-TEM micrograph 
depicted in Fig. 5a. Here, the presence of Ni(0) ions on the 
absorbent is indicated by the white spots. In both Fig. 5b and 
c, which represent SSSB materials subjected to TEM after 

Fig. 5   Transmission electron microscopy analyzed by TEM before ADS, (b) TEM after ADS, and (c) TEM after ADS + EC

Fig. 6   a, b effect of pH for 
ADS and ADS + EC, and (c, d) 
effect of dosage for ADS and 
ADS + EC
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ADS and ADS + EC, respectively, the materials exhibit fine 
agglomerations of Nickel ions with dense and disordered 
pores. However, Fig. 5c reveals a higher presence of contam-
inants filling the pores compared to Fig. 5b. This indicates 
that a greater amount of Ni ions has been adsorbed during 
ADS + EC. This observation aligns with findings reported 
by Prakash and Seyed Hossein (Om Prakash et al. 2020; 
Mousavi et al. 2023).

Effect of parameters

Effect of pH

When combining ADS with EC techniques, such as SSSB 
adsorption and an Al electrode, the pH of the aqueous solu-
tions plays a crucial role and exerts a significant influence. 
The experimental results illustrating the effects of varying 
the initial solution's pH on both processes are presented 
in Fig. 6a and 6b. Extensive research has demonstrated 
that the pH of ADS can affect the ability of biosorbents 
to remove pollutants (Jiang et al. 2009; Patil et al. 2019). 
For ADS (Fig. 6a), the removal efficiency increased within 
the pH range of 6.0 and slightly decreased at pH 8.0, with 
a notable removal efficiency of 81.03% for Ni adsorption 
from SSSB. In acidic conditions, the binding of nickel 
ions to SSSB was hindered due to surface charges and the 
presence of functional groups. This can be attributed to 
the competition between hydrogen ions and Ni2+ on the 
surface of SSSB. The -OH and -COOH functional groups 
on the SSSB adsorbent play a significant role in targeted 
adsorption (Abdulhussein and Al Wared 2019). Therefore, 
these functional groups undergo Ni2+ ion exchange and 
dissociate across a range of pH values. The negatively 
charged surfaces of the adsorbent facilitate the adsorption 

of nickel ions. In the case of the ADS + EC process for 
Ni2+ removal, the optimal pH value was found to be 4.0, 
as depicted in Fig. 6b. As the pH increased from 2.0 to 
4.0, the Ni2+ removal efficiency increased from 81.03% to 
99.96%. Notably, at pH 4.0, the highest removal percent-
age of 99.98% was achieved. However, when the solu-
tion's pH exceeded 7.0, there was a slight decrease in Ni2+ 
removal. The pH plays a crucial role in chemical coagula-
tion as it governs the presence of various metal hydroxides 

in the system. In the pH range of 2.0–4.0, Al(OH)+
2
 and 

Al3+ are the predominant metal species involved in chemi-
cal coagulation. Conversely, at alkaline pH, Al(OH)−

4
 may 

become the dominant ion species despite its weaker floc-
forming ability (Balouchi et al. 2020). Equations (10) and 
(11) suggest that in highly alkaline solutions, the system's 
performance may be compromised as OH ions attack the 

Table 3   Isotherm parameters 
for Ni2+ ADS/EC coupling 
process

Langmuir model Freundlich model Temkin D-R model

Parameters Ni Parameters Ni Parameters Ni Parameters Ni

KL(L/mg) 0.03688 Kf (mg/g)(L/mg)1/n 0.2888 A 9.00568 qm(mg/g) 5.283
qm(mg/g) 44.247 n 1.7615 B 1.35973 β (mol2/k2/j2 7.37E-08
R2 0.984 R2 0.958 R2 0.95847 E(kj/mol) 2604.262

R2 0.83246

Table 4   Comparison of the 
maximum capacities of nickel 
ions in other studies that used 
sunflower adsorbents

Sunflower adsorbents qm(mg/g) References

Sunflower (Tithonia diversifolia) stalk 35.84 (Abdulhussein and Al wared 2019)
Sunflower pith 965 and 580 (Baysal et al. 2018)
Sunflower Seed Husks 79.37 (Sahu et al. 2014)
Sunflower seed husks 18.56 (Jean Claude et al. 2022)
sunflower stem (Helianthus annuus) 4.9 and 3.6 (Jain et al. 2016)
sunflower seed shell 44.247 This study

Table 5   Kinetic parameters for Ni2+ ADS/EC coupling process: 
HRT, 20  min; initial pH, 6.0; Adsorbent dose, 1.5  g/L and current 
density = 0.59 mA/cm2 in the presence of Al-Al electrode

Models Parameters Ni ions in 
the system

Pseudo-first-order K1(1/min) 0.00115
qe (mg/g) 4.206
R2 0.905

Pseudo-second-order K2 (g/mg.min) 0.0590
qe (mg/g) 19.030
R2 0.974

Intraparticle diffusion Kdif 3.27772
C 5.73486
R2 0.66923
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cathode electrode, resulting in the formation of Al(OH)+
4
 

instead of Al(OH)+
3
(Bazrafshan et al. 2015).

In Figure S1, the distribution of aluminum hydrolysis spe-
cies based on pH has been shown. Various hydroxylated cation 
forms are produced by reacting Al3+ and OH− with different 
medium pH values. Up until pH 3.5, the free cation Al3+ is 
the most abundant ion in acidic environments. The distribu-
tion of several hydroxo-complexes, including monomers and 
polymers, changes as the pH rises. These complexes include 
Al(OH)2+ , Al(OH)+

2
 , Al2(OH)

4+
2

 , Al(OH)−
4
 , and polymeric 

species such as Al6OH
3+
15

 , Al7OH
4+
17

 , etc. In the pH range of 
4 to 9, aluminates can be found in the solid phase, which is 
formed by precipitating the neutral form of Al(OH)3 and its 
polymerized structures (Reaction (12) (Lekhlif et al. 2014).

(10)2Al(s) + 6H2O + 2OH−
→ 2Al(OH)−

4
+ 3H2

(11)Al(OH)3 + OH−
→ 2Al(OH)−

4

(12)nAl(OH)3 → Aln(OH)3n

Effect of adsorbent dosage

The effect of dosage was investigated for both ADS and 
ADS + EC, as depicted in Figures 5c and 6d. The dosage range 
of 0.1–3.0 g/L was utilized while keeping the values of other 
operating parameters such as time, pH, and initial concentra-
tion constant. Within the ADS process (Fig. 6c); a substan-
tial removal efficiency (Re) of 88.0% was achieved with an 
adsorbent dosage of 0.5 to 1.5 g/L. At equilibrium, when the 
adsorption process was completed, the solution was transferred 
to the Electrocoagulation cell and subjected to treatment at a 
current density of 0.59 mA/cm2. The results demonstrate that 
the ADS + EC process significantly enhances the Ni2+ removal 
rate compared to the ADS technique alone (Fig. 6c and 6d). 
In under 20 min, the Ni2+ removal efficiency was elevated to 
98.98% from 88.0% in the ADS + EC process, representing a 
substantial increase of 10.98% (Fig. 6d). These findings high-
light that increasing the dosage of SSSB enhances the effec-
tiveness of Ni2+ removal. Interestingly, within the ADS + EC 
method, a remarkable efficiency of 99.9% was achieved using 
a low SSSB dosage of 0.5 g/L. Therefore, it is evident that 

Fig. 7   a, b effect of initial 
concentration for ADS and 
ADS + EC, and (c, d) Langmuir 
and Freundlich isotherm fitting 
model
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at low adsorbent dosages, the combined ADS + EC technique 
exhibits great potential for enhancing the efficiency of metal ion 
removal from wastewater, as demonstrated by Vasudevan (Vas-
udevan et al. 2011). However, increasing the adsorbent dosage 
does not impact Ni2+ adsorption due to the saturation of active 
sites on the adsorbent (Rathour et al. 2016; Sikdar et al. 2020).

Effect of initial concentration

In the investigation of the effect of initial concentration, an 
SSSB dosage of 0.5 g/L and varying Ni2+ concentrations 
of 10, 30, 50, 100, 150, and 200 mg/L were employed. Fig-
ure 7a and 7b illustrate the impact of initial concentration 
on Ni2+ removal efficiencies, where Re increased at lower 
initial concentrations, while qe (mg/g) increased with higher 
initial concentrations. For the ADS process, the removal effi-
ciencies of SSSB for Ni2+ adsorption were 88.4%, 40.6%, 
26.4%, 14.6%, 10.7%, and 9.0%, respectively (Figure 6a). 
In the ADS + EC process, the removal efficiencies ranged 
from 99.7% to 99.3%, 96.2% to 91.3%, and 90% to 22% as 
the initial concentration increased, as depicted in Fig. 7b. 
The increase in Re for ADS at lower concentrations can 

be attributed to the rapid bonding of Ni2+ ions to avail-
able adsorption sites (Abdulhussein and Al wared 2019). 
In contrast, in the ADS + EC process, the slower coagu-
lation at higher initial concentrations led to a decrease in 
removal efficiency. The amount of coagulants (Al(OH)3) 
generated in ADS + EC remained relatively constant, which 
can result in electrode passivation and affect the efficiency 
of metal removal from the solution. However, it should be 
noted that the initial Ni2+ concentration values could not 
be eliminated by this volume of sludge. Similar findings 
have been reported by Farihahusnah Hussin, where initial 
Ni2+ concentrations above 50 mg/L showed limited reduc-
tion during the ADS + EC process due to slower coagulation 
rates, which resulted in lower removal efficiency. Addition-
ally, Zakaria has described comparable findings (Salem and 
Majeed 2019).

Effect of electrodes

Using a fixed potential difference of 7 V, a current of 
50 mA, a Ni2+ concentration of 30 mg/L, and a contact 
time of 20 min, the ADS + EC method was employed 

Fig. 8   a effect of different types 
of electrodes, b effect of current 
density, c PFO fitting kinetic 
model, and (d) PSO fitting 
model kinetics
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to investigate the influence of Al- and Fe-based elec-
trode materials on Ni2+ removal from aqueous solutions. 
Experiments were conducted in a reactor using differ-
ent electrode combinations (Fe–Fe, Al-Al, Al–Fe, and 
Fe-Al) under the same operational conditions to assess 
the system's effectiveness in Ni2+ removal. The hydrau-
lic retention time for Ni2+ removal was examined, and 
the results (Fig. 8a) showed maximum metal removal 
of 96.9%, 99.87%, 99.70%, and 99.78% with the Fe–Fe, 
Al-Al, Al–Fe, and Fe-Al electrode combinations, respec-
tively, after 20 min. These findings indicated a higher 
rate of Ni2+ removal during the first 10 min of opera-
tion, followed by a decrease, possibly due to inadequate 
coagulant dosage. This discrepancy in removal effi-
ciency could be attributed to the varying release rates 
of ions from the Al and Fe electrodes. The Al electrodes 
released more ions into the solution compared to the 
Fe electrodes, resulting in higher sludge production. 
Considering that the Al electrodes exhibited higher 
efficiency than the Fe electrodes, it is logical to prior-
itize further research involving Al electrodes. Bhagawan 
et al., supporting our findings (Bhagawan et al. 2014), 
reported similar results.

Effect of current density

The adsorption coupled with the electrocoagulation 
process can be influenced by the current density, as it 
affects factors such as coagulant dosage, bubble forma-
tion, and the size and growth of flocs. Higher current 
densities lead to increased anode dissolution and the 
formation of metal hydroxide flocs in greater quantities, 
resulting in improved pollutant removal. In this study, 
three different current densities, namely 0.11, 0.59, and 
1.19 mA/cm2, were employed to assess their effects on 
Ni2+ removal, as depicted in Fig. 8b. The results of the 
coupled adsorption with electrocoagulation revealed that 
the nickel removal efficiency increased with higher cur-
rent densities. After 20 min, removal yields of 99.01%, 
99.93%, and 99.98% were achieved at current densities 
of 0.11, 0.59, and 1.19 mA/cm2, respectively. Notably, 
the highest removal efficiency was attained at a current 
density of 0.59 mA/cm2, which is relatively low com-
pared to the findings of the Elabbas study. This suggests 
that the electric current utilized in this study is suffi-
ciently low, accomplishing the main objective of reduc-
ing operating expenses. In this scenario, the increase 
in situ production of Al (OH)3 leads to the flocs acting 
as an adsorbent for the nickel ions. The high removal 
efficiency can be attributed, in part, to the co-precipita-
tion of Ni (II) ions with aluminum hydroxides resulting 
from an elevated pH. Similar results have been reported 
(Balouchi et al. 2020).

Adsorption modeling

Adsorption Isotherm modeling

In this study, the adsorption isotherm model was used to 
examine the interaction between the adsorbate and adsor-
bents at a specific temperature. The four models that are 
used frequently in this study are the Langmuir and Freun-
dlich, (Khan et al. 2021), Temkin (Matouq et al. 2015), and 
Dubinin – Radushkevich (D-R) Isotherm models (Chen 
et al. 2022) were utilized. The higher coefficients (R2), as 
shown in Table 3, typically indicate a better fitting quality. 
Further information on the Temkin and D-R isotherm mod-
els can be found in the supporting information (Text S1). 
The Langmuir model assumes that adsorption occurs on a 
homogeneous surface through monolayer coverage without 
any subsequent interaction among the adsorbed species. The 
equation for the Langmuir model is as follows:

Here, qe is the equilibrium adsorption capacity of Ni2+ 
metal ions onto SSSB (mg/g), qm is the maximum mon-
olayer coverage capacity (mg/g), KL is the Langmuir iso-
thermal constant (L/mg), and Ce is the equilibrium adsorb-
ate concentration (mg/L). The Langmuir plot (Fig. 6c) 
shows the relationship between 1/qe and 1/Ce, and its 
slope and intercept can be used to calculate qm and KL. 
An important parameter of the Langmuir isotherm model 
is the equilibrium parameter RL, which is a dimension-
less constant indicating the adsorption nature as shown in 
Table 3. It can be calculated as:

Here, Co represents the initial concentration of the metal 
ion (mg/L), and KL refers to the Langmuir isotherm con-
stant. The value of RL provides insights into the adsorption 
behavior, such as unfavorable adsorption (RL > 1), linear 
adsorption (RL = 1), favorable adsorption (0 < RL < 1), and 
irreversible adsorption (RL = 0), (Yargiç et al. 2015).

The Freundlich isotherm is an empirical model that 
describes multilayer adsorption on a heterogeneous surface 
of the adsorbent. It can be used to explain adsorption equi-
librium using Eq. 14.

KF stands for the Freundlich isotherm constant (in mil-
ligrams per gram of adsorbent), qe stands for the quantity of 
metal adsorbed per gram of adsorbent at equilibrium (in mil-
ligrams per gram), Ce stands for the adsorbate concentration 

(13)
1

qe
=

1

qmKLCe

+
1

qm

(14)RL =
1

1 + KLCO

(15)lnqe =
1

n
lnCe + lnKF
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at equilibrium (in milligrams per liter), and 1/n stands for the 
adsorption density. The values of KF and n are determined 
from the slope and intercept of the graph of log(qe) versus 
log(Ce), as shown in Fig. 7d. The calculated values of KF 
and n are presented in Table 5. The value of n provides infor-
mation about the adsorption behavior. If n is greater than 1 
(n > 1), the adsorption is favorable, while if n is lower than 1 
(n < 1), the adsorption is considered poor (Taylor et al. n.d.). 
The data obtained from the Langmuir and Freundlich models 
are presented in Table 3. As shown in Table 3 and Fig. 7c, 
d, the isotherm parameters for nickel ions in the ADS + EC 
coupling process with a hydraulic retention time of 20 min, 
initial pH of 6.0, and adsorbent dose of 1.5 mg/L in the pres-
ence of Al-Al electrode were calculated. The results indicate 
that the Langmuir isotherm model provided a better fit with 
a higher regression coefficient R2 = 0.984 compared to the 
Freundlich isotherm R2 = 0.958. This suggests that nickel 
ions are adsorbed by SSSB and form a monolayer on its 
surface, as indicated by the higher regression coefficient.

Based on the Langmuir isotherm model, the maximum 
adsorption capacity (qm) was calculated as 44.247 mg/g at 
25 °C. A comparison of this maximum adsorption capacity 
with other SSSB materials from previous studies is presented 

in Table 4. The higher regression coefficient indicates the 
formation of a monolayer of nickel ions on the surface of the 
SSSB adsorbent, with specific active sites on a homogene-
ous surface being involved in Langmuir adsorption. Using 
Eq. 13, the RL value was determined to be greater than 0 and 
less than 1 (RL = 0.47) when the initial concentration of Ni2+ 
was 30 mg/L, and 1.5 g of SSSB was used, with an agita-
tion speed of 150 rpm and a working temperature of 30 °C. 
This suggests that the adsorption of Ni2+ ions on SSSB is 
favorable. In summary, the Freundlich isotherm model can 
be expressed as follows:

The Temkin and D-R models are described in detail in 
Text S1. The R2 values in Table 3 clearly show that these 
models did not provide a better fit than the Langmuir model.

Adsorption Kinetic modeling

Adsorption kinetics involves analyzing the rate of solute 
uptake and the time required for absorbing a substance. In 
this study, the concentration of Nickel ions at time qt (mg/g) 

(16)lnqe =
1

n
lnCe + lnKF

Fig. 9   a, b Effect of washing 
of adsorbents after ADS and 
ADS + EC, and (c, d) Recy-
cling of SSSB after ADS and 
ADS + EC
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was investigated. Before applying the adsorbent material in 
further applications, it is important to understand its kinetic 
parameters and adsorption characteristics. Contact time, tem-
perature, and the initial Ni2+ concentration are three key fac-
tors to consider in the adsorption process (Jiang et al. 2009). 
Three kinetic models, namely the Pseudo-first-order (PFO), 
pseudo-second-order (PSO), and intraparticle diffusion mod-
els, were utilized to analyze Ni2+ adsorption on sunflower seed 
shell-based biochar and aluminum electrodes. These models 
can be expressed as follows:

Here, qt represents the amount of adsorbed metal ions per 
gram of adsorbent at any given time (mg/g), qe is the number 
of metal ions adsorbed per gram of adsorbent at equilibrium 
(mg/g), K1 is the adsorption rate constant (min−1), K2 is the 
adsorption rate constant (g/mg/min), K2 qe

2 represents the ini-
tial adsorption speed, t is a constant time (min) and kd (mg/
[gmin0.5]), intraparticle diffusion rate constant. The adsorp-
tion rate constant K1 is calculated from the slope of the graph 
plotted for ln(qe—qt) against t, and the theoretical qe value 
is determined from the breakpoint on the graph (Fig. 8c, d). 
Similarly, the adsorption rate constant K2 and theoretical qe 
values are calculated from the slope and breakpoint of the 
graph plotted for t/qt against t (Fig. 8d). The data for kinet-
ics fitting parameters are presented in Table 5 and Fig. 8(c 
and d). The results indicate that the pseudo-second-order 
(PSO) model provides a better fit to the experimental data 
than the pseudo-first-order (PFO) model, as evidenced by the 

(17)ln
(
qe − qt

)
= lnqe − K1t

(18)
1

qt
=

1

K2q
2
e

+
t

qt

(19)qt = Kdt
0.5 + C

correlation coefficient R2 = 0.974 and R2 = 0.905, respectively, 
in Table 5. The calculated qe value from the PSO model shows 
a very good agreement with the experimental value (Table 5). 
The pseudo-second-order kinetic model is expressed in Eq. 17. 
The determination of the diffusion process, specifically the 
rate-determining step of the adsorption process, was conducted 
using intraparticle diffusion (Eq. 18) (Mousavi et al. 2023). 
The R2 values in Table 5 indicate that the intraparticle diffu-
sion did not control the adsorption process.

Desorption and reusability experiments

For effective adsorbents to be considered of high quality and 
efficiency, they must possess certain fundamental characteris-
tics such as reusability and the ability to undergo the desorption 
process effectively. Desorbing metals from used adsorbent is 
crucial to continue utilizing the spent adsorbent, recover valu-
able compounds, and reduce operating costs in wastewater 
treatment. Some studies have shown that complete reversibility 
of metal ion adsorption on certain adsorbents is not achievable 
(Abdulhussein and Al wared 2019). To desorb adsorbed Ni2+ 
ions from aqueous solutions, six different desorbing agents 
were employed: HCl, HNO3, CH3OOH, NaOH, distilled water 
(D.W), and treated water (T.W). The desorption efficiency 
varied among these solutions, with 0.1 M HCl exhibiting the 
highest recovery rate for Ni2+, followed by HNO3, CH3OOH, 
NaOH, D.W, and T.W in descending order. As illustrated in 
Fig. 9a and b, 0.1 M HCl achieved a maximum desorption of 
93.3% for Ni2+, while HNO3, CH3OOH, NaOH, D.W, and T.W 
desorbed approximately 87.4%, 61.7%, 58.4%, 52.2%, and 
36.0% of the adsorbed nickel ions, respectively. Similar find-
ings were reported by Mohammed et al., (Mohammed 2015), 
who observed that the highest desorption of Ni2+ occurred with 
HCl concentrations ranging from 0.025 M to 0.175 M. Among 
the desorbing agents, HCl was utilized for the chemical regen-
eration of the spent SSSB and Al-electrode after ADS + EC 

Fig. 10   Adsorption-electroco-
agulation mechanism



28336	 Environmental Science and Pollution Research (2024) 31:28321–28340

processes for Ni2+ removal from synthetic wastewater. It was 
successfully chemically reused and recycled up to five times. 
As depicted in Fig. 8c and d, the regenerated adsorbent exhib-
ited relatively good performance, with the removal efficiency 
decreasing from 91.6% to 59.9%. This decrease in removal effi-
ciency could be attributed to the blockage of pores by adsorbed 
nickel ions or the repeated digestion of the tiny aluminum elec-
trodes due to acid desorption. Additionally, there might have 
been a loss of SSSB during the application process. However, 
despite these factors, the produced adsorbent and electrodes 
hold the potential for promising future applications in removing 
nickel ions from wastewater.

Adsorption‑electrocoagulation mechanism

The adsorption mechanisms involved in the interaction between 
SSSB, nickel, pH of the solution, and other conditions can be 
explained by their physicochemical properties. The presence 
of pores on SSSB, as observed in SEM and BET results, plays 
a key role in the adsorption of Ni2+. Additionally, the func-
tional groups present on the surface of SSSB, as indicated by 
FTIR and XPS analysis, contribute to the adsorption of Ni2+ 
on SSSB's surface. Figure 10a illustrates that the adsorption 
mechanisms of nickel by SSSB involve factors such as pore 
structure, surface area, hydrogen bonding, pi-pi interactions, 
electrostatic interactions, precipitation, and complexation. The 
mechanisms involved in the adsorption coupled with electroco-
agulation (ADS + EC), as depicted in Fig. 10b, were evaluated. 
The electrocoagulation method utilizes an electrochemical pro-
cess with a sacrificial anode, often made of aluminum (Al). The 
EC system comprises both physical and chemical processes. 
When an Al anode is used, the following reaction occurs:

The Al3+ ions produced undergo hydrolysis, forming 
species with high surface areas capable of trapping pollut-
ants through electrostatic attraction or surface complexa-
tion. These species include Al(OH)4, Al(OH)2

+, Al(H2O)6
3+, 

Al(H2O)5 (OH)2
+, Al6(OH)15

3+, Al7(OH)17
3+, Al8(OH)20

4+, 
Al13(OH)34

4+, and Al(OH). At the cathode, hydrogen gas and 
hydroxide ions are produced through the following reaction:

In the presence of chloride anions, Cl can be oxidized to 
Cl2, a powerful oxidizer that can enhance the oxidation of dis-
solved organic molecules or generate ClOH, which also pos-
sesses oxidizing properties (Hakizimana et al. 2017):

A1(s) → A13+ + 3e−

2H2O + 2e− → 2HO− + H2(g)

2Cl− → Cl2 + 2e−

Cl2 + H2O → ClOH + Cl− + H+

Various equilibrium reactions, including acid–base, precipi-
tation, complexation, and redox reactions, occur in the solution 
at the anode. The EC technique combines the advantages of 
chemical coagulation, electrochemical, and flotation processes 
(Ika Pratiwi et al. 2021). The dominant mechanism in an EC 
system depends on the type of pollutants and the involved 
processes, which can include: First, electrochemical reduction 
and oxidation; anode and cathode surfaces undergo electro-
chemical reduction and oxidation, respectively, following the 
principles of electrochemistry (Sahu et al. 2014). Secondly, 
adsorption and charge neutralization; metal cations formed at 
the anode result in the compression of the electric double layer 
and a decrease in repulsive forces. Positively charged particles 
are attracted to the negatively charged metal hydroxide, lead-
ing to adsorption and charge neutralization. Sweep coagula-
tion; formation of insoluble metal hydroxide flocs occurs in the 
solution, acting as traps for precipitation and entrapping pollut-
ants, thereby promoting agglomeration. Coagulants and floc-
culants can polymerize and generate bridges between particles 
through the interparticle bridging mechanism. Thirdly, direct 
adsorption; certain contaminants may be directly attracted 
to the electrodes through electric forces. The predominating 
mechanism depends on the substance being removed and the 
collaborative action of these different mechanisms during the 
EC process. Figure 10 provides a visual representation of these 
mechanisms, highlighting the interplay among various pro-
cesses to effectively remove pollutants, with the predominat-
ing mechanism varying depending on the specific pollutant 
involved (Sahu et al. 2014).

Energy consumption

Energy consumption is a crucial economic parameter in 
combined treatment processes, and we calculated the energy 
consumption and mass of dissolved aluminum electrodes 
using Eqs. (8) and (9) based on our previous research (Jean 
Claude et al. 2022). Compared to the simple EC process, 
the incorporation of SSSB leads to a reduction in energy 
consumption. In the simple EC process, energy consump-
tion is directly proportional to the initial pH value of the 
solution. However, in the ADS + EC process, the addition 
of SSSB raises the wastewater's pH value until it reaches 
4.0, resulting in decreased energy consumption. After 20 min 
of wastewater treatment, the ADS + EC process achieved a 
nickel ion removal efficiency of 99.94%, with an energy con-
sumption of 1.32 kWh/m3 and a mass of dissolved aluminum 
electrodes of 1.5 × 10–6 kg/m3. These results indicate that the 
ADS + EC process offers a cost-effective treatment method 
with lower energy consumption. From an economic stand-
point, the coupled process is preferable as it requires less time 
and achieves higher nickel ion removal efficiency compared 
to single processes (ADS or EC). Furthermore, the coupling 
technique is more environmentally friendly. The efficiency 
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of the coupling process in terms of Ni2+ removal is inversely 
proportional to the reduction in energy consumption. In other 
words, higher Ni2+ removal efficiency corresponds to lower 
energy consumption per m3 of nickel ions removed from the 
wastewater. In this study, the ADS + EC coupling method 
exhibited an energy consumption of 1.32 kWh/m3, which is 
lower than the values reported by Ayub and Wagle, (Ayub 
et al. 2020; Wagle et al. 2020) for EC alone (2.27 kWh/m3 
and 6.9 kWh/m3, respectively). These findings align with 
the results of Vasudevan et al. (Vasudevan et al. 2011), who 
concluded that the combination of ADS and EC processes 
is highly effective for wastewater treatment, achieving high 
removal efficiency while consuming minimal energy.

Treatment cost (OC)

The treatment cost was calculated using a formula from 
our previous study. In this study, the total operating cost 
for all treatment processes (OCTotal) = (Energy consump-
tion × Electricity cost) + (Electrodes consumption × Anode 
price) + chemical added × Chemicals price (the cost of the 
hydrochloric acid (HCl) or Sodium Hydroxide (NaOH) 
needed for pH adjustment) + cost of the treatment for the 
produced sludge or the summation of the operating cost 
(OC) and the operating cost of activated carbon (OCAC). 
The formula for total operating cost is summarized based on 
our previous study (Jean Claude et al. 2022).

(20)
OCTotal

�
USD

m3

�
=

⎡
⎢⎢⎢⎣

(I × v × t)Ckwh + CpH +

�
MAl×I×t

z×F

�
× CAl + Cs

V

⎤
⎥⎥⎥⎦
+

�
MAC × CAC

V

�

In this context, where CkWh = 0.104 USD kWh−1, 
CAl = 454 × 10–8 USDKg−1, Cs = 0.083 USD ton−1 
or m3, V = 0.0001 m3, z = 3, Faraday’s constant 
(F) = 96,485.34  C  mol−1, the molecular mass of Al 
(Mw) = 26.98 g g−1 mol, I = 0.04956A, v = 6.0 V, t = 20 min, 
CpH ≈ 0, MAC = 0.5 g and CAC = 0.0981 USD kg−1.

According to Eqs. (10), the calculated operating cost (OC) 
is found to be 0.0933 USD m−3, including electricity price 
and transportation distance (max. 40 km), while the oper-
ating cost of activated carbon (OCAC) = 0.049 USD Kg−1, 
respectively. Finally, the total cost (OCTotal) of the adsorption 
combined with the electrocoagulation (ADS + EC) process 
is approximately 0.142 USD m−3, which is lower than the 
costs found in other current studies (Lu et al. 2008; Shaker 
et al. 2023). Notably, the total operation cost depends on 
the prices of consumables in the market, the costs of sludge 
management, and the amount of water treatment technolo-
gies. Therefore, the wastewater treatment in this study 
(ADS + EC) adheres to Chinese standard costs.

The comparison with previous studies

We conducted a comparison of our study with previous 
research works that employed different coupled techniques 
for nickel ion removal from wastewater. This comparison 
was made due to the limited availability of studies discussing 
nickel removal through the combination of adsorption and 
electrocoagulation in the presence of a sunflower shell as an 
adsorbent. Therefore, Table 6 shows the results of a com-
parison between this study and others. After more than 2 h, 
the removal efficiencies reach their highest level. Reducing 
the processing time for Ni removal results in lower energy 

consumption and cost because the removal and the electric 
energy consumption exceed 99% and 1.32 kWh/m3 after 
20 min, respectively, which can be considered sufficient. In 
comparison to the previous studies whose findings can be 
compared to this one, the expense or treatment cost of this 
study has been reduced (Table 6).

Conclusion

This study focuses on the removal of Ni2+ from synthetic 
wastewater using a combined treatment system of adsorp-
tion coupled with electrocoagulation. For the first time, a 
biochar-based adsorbent derived from sunflower seed shell 
(SSSB) and the aluminum electrode was employed in this 
process. The combined approach proved to be cost-effec-
tive, exhibiting high removal efficiency while consuming 
low energy. The results indicated that the highest nickel ion 
removal efficiency (99.98%) was achieved under optimal 
conditions, which included an initial pH of 6.0 for adsorp-
tion (ADS) and 4.0 for ADS/EC, an initial Ni2+ concentra-
tion of 30.0 mg/L, SSSB dosage of 1.5 g/L, the current 
density of 0.59 mA/cm2, the energy consumption of 1.32 
kWh/m3 and the total treatment cost of 0.142 USD m−3. 
The combination of adsorption and electrocoagulation tech-
niques offered a more attractive alternative compared to 
using ADS or EC alone due to its higher nickel removal 
efficiency. The experimental data fitting revealed that the 
kinetic data aligned well with a pseudo-second-order model 
(R2 = 0.974), while the equilibrium adsorption data followed 
a Langmuir isotherm (R2 = 0.984). The maximum adsorp-
tion capacity of SSSB was determined to be 44.247 mg/g, 
and the main adsorption mechanisms involved electrostatic 
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interactions, precipitation, H-bonding, complexation, and 
the texture of SSSB. The regeneration of SSSB exhibited 
promising potential for future applications in Ni2+ removal 
from water. The information gathered from this study holds 
significant value in the design and investigation of full-scale 
adsorbent for the treatment of nickel-containing industrial 
wastewater.
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