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Abstract
The tannery industry inevitably generates toxic and catastrophic wastewater, which results in a huge threat to public health 
and water resources. Therefore, this work aimed to synthesize parthenium hysterophorus-based biochar–Fe3O4 composite 
for removal of Cr(VI) from tannery wastewater under  34 full factorial experimental designs of the Box–Behnken, which was 
analyzed using response surface methodology under four independent factors of pH (3, 6, and 9), initial Cr(VI) concentra-
tions (40, 70, and 100 mg/L), contact times (30, 60, and 90 min), and adsorbent doses (20, 60, and 100 mg/100 mL). This 
composite adsorbent was described by a high BET surface area of 237.4  m2/g, XRD prominent peaks, SEM morphology cor-
roborate and FTIR multifunctionalities of O–H at 3296  cm−1, the vibration of ketone C–OH at 1240  cm−1, and the vibration 
of C–O–C at 1147  cm−1 and Fe–O stretching at 542  cm−1. The maximum Cr(IV) removal efficiency of 91.8% was recorded 
at an initial Cr(VI) concentration of 40 mg/L, pH of 3, adsorbent dose of 100 mg/100 mL, and a contact time of 90 min, 
whereas the minimum Cr(VI) removal of 17.3% was observed at an initial Cr(VI) concentration of 100 mg/L, 20 mg/100 mL 
of adsorbent dose, pH of 9, and contact time of 30 min. The concentration of Cr(VI) in real wastewater was determined to 
be 85.13 mg/L and its remediation was found to be 81.8%. Langmuir’s model was the best fit with experimental data at R2 
0.99 and  qmax 400 mg/g, showing that the adsorption process was homogenous and monolayer. In conclusion, the adsorption 
results were encouraging, and biochar–Fe3O4 appears to be a potential candidate for Cr removal from wastewater.

Keywords Coprecipitation · Effluent · Heavy metal · Magnetite adsorbent · Treatment · Water pollution

Introduction

The current global water demand and discrepancy are 
increasing geometrically and are anticipated to reach 
20–30% and 55% by 2050, respectively (Burek et al. 2016; 
UN-water 2021; Moges et al. 2022). Water quantity and 
quality are cross-cutting issues in all sustainable develop-
ment goals. Goal 6 of sustainable development (agenda 
2030) stated clean, safe, sufficient, and affordable water for 
all of humanity. However, 40% of the global population will 
face water scarcity (1000  m3) and stress (1000–1700  m3) per 

person per year by 2030 and 4.8–5.7 billion people will be 
at risk by 2050 (WWAP/UN-Water 2017; UN-water 2021). 
Practically, water resource conservation, development, and 
water reuse are potential candidates to mitigate water stress 
and enhance sustainability. Particularly, wastewater reclama-
tion and reuse are compulsory strategies to protect against 
water pollution and tackle water stress. But, more than 80% 
of global wastewater is discharged without adequate treat-
ment (UN-Water 2020). The contribution of industrial waste-
water to environmental pollution is significant. The tannery 
industry is found as the frontline contributor to water pol-
lution. About 300 million tons of tannery wastewater are 
generated every year across the world (Zhao and Chen 
2019). Globally, the leather industry is one of the classical 
and largest manufacturing sectors which generates inevita-
bly toxic wastewater (Cheng et al. 2021b). Wastewater in 
leather industries is generated from five process units such 
as washing, liming and unhairing, chrome tanning, degreas-
ing, and fatliquoring and dyeing. Normally, the major pollut-
ants in tannery industrial wastewater are chlorides, nitrogen, 
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sulfates, sulfides,  BOD5, COD, Cr, and suspended solids 
(Doumbi et al. 2022).

Chromium is the most toxic and abundant pollutant in 
tannery wastewater because chromium salts are the major 
consumable chemical in the leather tanning process in 90% 
of leather industries worldwide (Shan et al. 2021). Glob-
ally, about 90% of leather products are produced using the 
chrome tanning method (Sathish et al. 2019). The tannage 
process is the most commonly used technique in the leather 
industry (Liu et al. 2022). Chrome tanning is highly associ-
ated with severe environmental pollution (Zhou et al. 2022). 
Additionally, the harmful chemicals that are commonly used 
in the tanning process and contributed to tannery wastewa-
ter toxicity are surface-active compounds, grease, azo dyes, 
sulphonated oils, pthalates, organic chemicals (tannins), and 
phenolic compounds (Yadav et al. 2019). Chromium fixation 
in the tanning process was 60–70%, but the weight of Cr to 
hides is about 2% (Nur-E-Alam et al. 2018). The chemistry 
of Cr in water and wastewater is complex and its long-run 
impact on the environment is severe. Specifically, Cr is a 
highly noxious trace element that exists in water in the form 
of chromate  (CrO4

2−, Cr(OH)2+, Cr(OH)3, and Cr(OH)4) and 
dichromate  (Cr2O7

2–,  HCrO4
−, and  CrO4

2−) (Huang et al. 
2018; Aigbe and Osibote 2020). Essentially, Cr is a toxic 
(genotoxicity, phytotoxicity, and cytotoxicity) and hazard-
ous chemical that can cause chronic health problems such as 
mutagenic, carcinogenic, skin irritation, lung cancer, kidney 
dysfunction, liver failure, anemia, diarrhea, and vomiting 
(Preethi et al. 2017; Huang et al. 2018; Yadav et al. 2019; 
Kong et al. 2021). The toxicity of Cr(VI) is 500 times more 
harmful than Cr (III)(Zhao and Chen 2019). Generally, Cr 
is a harmful chemical that can cause severe threats to human 
health, aquatic life, and water resources (Aigbe and Osibote 
2020). Hence, Cr removal from tannery wastewater is a very 
urgent and sensitive agendum to protect the public and the 
environment.

The performance of treatment technologies for Cr 
removal is inconsistent and insignificant across the globe 
(Kosek et al. 2020). The challenge of achieving green and 
sustainable development in the leather industry is highly 
attributed to inadequately treated wastewater. The strin-
gent quality standard of Cr concentration has already been 
in place. For instance, the maximum Cr concentration in 
drinking water is 0.05 mg/L, and the concentration of Cr that 
should be discharged in water bodies is 50 mg/L (Parlayici 
et al. 2015; Huang et al. 2018; Aigbe and Osibote 2020). 
Then, the removal of Cr from the wastewater is indispensa-
ble both legally and morally to protect environmental pollu-
tion and public health. But, the performance of conventional 
wastewater treatment plant for Cr removal is still inefficient 
and remains problematic. However, advanced wastewa-
ter treatment technologies such as chemical precipitation, 
advanced oxidation process, adsorption, solvent extraction, 

electrocoagulation, membrane separation processes, coagu-
lation/flocculation, electro-Fenton processes, reverse osmo-
sis, ion exchange, and electrodialysis have been applied 
for remediation of tannery wastewater (Huang et al. 2018; 
Enaime et al. 2020; Fito et al. 2020a; Hansen et al. 2021; 
Doumbi et al. 2022; Villaseñor-Basulto et al. 2022). But, 
these technologies have certain limitations including exces-
sive expensiveness, the inability to comply with standards, 
scale-up issues, fouling, short service life, complex prepara-
tion steps, high reagent consumption, environmental com-
patibility, longer reactions, and energy intensiveness (Huang 
et al. 2018). However, adsorption is the most superior and 
promising technology among the groups (Mallik et al. 2021; 
Tebeje et al. 2021). This technology is practically manage-
able, economically variable, technically flexible, technologi-
cally feasible, and environmentally friendly.

Various adsorbent materials are used in the adsorption 
process of water and wastewater treatment. Recently, adsor-
bents are categorized into major classes such as biomate-
rials, zeolite, metal (oxides), clay minerals, and activated 
carbon (Neolaka et al. 2020; Sirajudheen et al. 2020). Plenty 
of the local and low-cost adsorbents are prepared from dif-
ferent kinds of materials such as cassava peel, willow peat, 
bamboo, bagasse fly ash, cotton, walnut shells, pine tar, 
orange peel, miscanthus straw, agricultural wastes, orange 
waste, the bark of the Vitex negundo morinda, tinctorial 
bark, bagasse, avocado seed, wheat straw, watermelon rinds, 
zeolites, clay minerals, sludge, macro-algae, parthenium 
hysterophorus, sawdust, buffalo weed, wood pellets, ramie 
bars, hemp stem, reed straw, coconut husks, and crocus 
sativus leaves (Lingamdinne et al. 2015, 2022; Roh et al. 
2015; Mishra et al. 2019; Fito et al. 2020a; Lee and Park 
2020; Neolaka et al. 2020; Sirajudheen et al. 2020; Xiao 
et al. 2021; Tebeje et al. 2021; Narasimharao et al. 2023). 
However, the application of these technologies is limited due 
to weak adsorbent regeneration, practical challenges, poor 
sludge management, and low treatment efficiency (Moges 
et al. 2022). Hence, the scientific community is striving to 
research potential adsorbents which can replace the efficient 
and expensive commercial activated carbon. In line with 
this, biochar emerges as a promising adsorbent for the reme-
diation of water and wastewater. Biochar has the advantages 
of being a highly porous, versatile catalyst and has flexible 
architecture, high surface area, easily functionalized sur-
face, low cost, stable carbon matrix, and available feedstock 
(Vikrant et al. 2018; Fito et al. 2022). Moreover, biochar is 
composed of persistent free radicals which are an essential 
component to generate the hydroxyl radicals to enhance pho-
tocatalytic activity (Lyu et al. 2020). The potential of vari-
ous biochars for the removal of heavy metals including Cr 
was investigated and promising results have been reported 
(Agra et al. 2014; Shang et al. 2016; Zhu et al. 2018; Regk-
ouzas and Diamadopoulos 2019; Gupta et al. 2020). Biochar 
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adsorption mechanisms can be either physical or chemical 
interactions such as ion exchange, precipitation, surface 
and inner-sphere complexation, electrostatic attraction, and 
redox (Zhang et al. 2020). However, the major limitations 
of pristine biochar adsorption are the inability to adsorb 
numerous anions, aggregation, poor mechanical character-
istics, and suspension due to low density. Therefore, surface 
modification and multifunctionalities of biochar enhance the 
adsorption performances. In agreement with this, the pres-
ence of oxygen-containing functional groups on biochar 
such as C–O of phenol, alcohol, ether, and C = O of ketone 
or aldehyde reduced Cr(VI) from 24.4–9.65% to a less toxic 
form (Lyu et al. 2020).

Nowadays, composite adsorbents have emerged as an 
alternative method to mitigate the limitations of pristine bio-
char materials. Particularly, incorporating magnetite (iron 
oxide,  Fe3O4) into biochar has many advantages. Magnet-
ite has excellent superparamagnetic properties, suitability, 
and non-toxic nature (Zahid et al. 2019; Sirajudheen et al. 
2020). Incorporating ferrites in biochar may have improved 
functionalities, structure, active sites and mechanical, ther-
mal, optical, magnetic, and electric properties (Wang and 
Wang 2019; Tariq et al. 2020; Cheng et al. 2021a; Zubair 
et al. 2021; Moges et al. 2022). Additionally, magnetite is 
useful to tackle the problem of sludge separation of post-
wastewater treatment. Biochar–ferrites composite can offer 
dual benefits of adhering and degradation in cleaning up 
water and wastewater (Yu et al. 2018). The application of 
such composite adsorbent in water and wastewater treatment 
enhances adsorption performance and shortens reaction time 
(Yousefi et al. 2016, 2017, Yousefi et al. 2019a, Yousefi et al. 
2019b, Yousefi et al. 2021c, Yousefi et al. 2021a, Yousefi 
et al. 2021b; Ghasemabadi et al. 2018; Subedi et al. 2019; 
Karamipour et al. 2020). For instance, magnetic biochar 
is more effective compared with pristine biochar in the 
removal of tetracycline, phosphate, methylene blue, pesti-
cide, and heavy metals (Cu(II), Cd(II), Pb(II), and Zn(II)) 
(Li et al. 2020b; Fuat and Cumali 2021). Moreover, promis-
ing Cr(VI) removal efficiencies of 142.9 ± 0.9 mg/g (293 K), 
151 ± 1 mg/g (303 K), and 164 ± 2 mg/g (313 K) at pH 2) 
have been reported (Huang et al. 2018). Successful prepara-
tion of activated carbon from the parthenium hysterophorus 
plant was reported and its potential for industrial wastewater 
treatment has been tested (Bedada et al. 2020; Fito et al. 
2020a). But, the study of parthenium hysterophorus-based 
biochar–ferrite composite for water and wastewater treat-
ment under various surface functionalities, composite, prep-
aration methods, and adsorption optimization was limited in 
literature. Therefore, this study aimed to evaluate the perfor-
mance of parthenium hysterophorus-based biochar–Fe3O4 
composite for removal of chromium from tannery industrial 
wastewater using  34 full factorial experimental designs at 
four factors and three levels (initial Cr(VI) concentration, 

pH, contact time, and adsorbent dose). Optimization and 
interactions of the adsorption process were performed using 
a response surface methodology intended to reduce the cost, 
number of experiments, and time. Finally, the linear regres-
sion model was used to investigate the interaction effect on 
adsorption processes.

Materials and methods

Tannery wastewater sampling and characterization

Tannery wastewater samples were collected from the Batu 
tannery factory in Addis Ababa city which is located on 
the east bank of the little Akaki River in the Kality area. 
This factory is found at the geographical coordinate of 8 ◦ 
55′54" N and 38◦ 45′29" E) which is indicated in Fig. 1. 
Batu tannery factory is a private limited company and was 
founded in 1992. This factory has a total initial capital of 
birr 22,000,000. The company has an input capacity of 1200 
full hides, 30,000 sqft/day, producing around 40,000 sqft of 
retaining and dyeing, and a 45,000-finishing capacity. The 
daily processing capacity of the tannery is 1000 goat skins, 
3000 sheepskins, and 1200 cowhides. Moreover, the tannery 
produces products that are specifically designed for produc-
tion of high-quality products. These products including foot-
wear uppers, gloves, purses, luggage, garments, and belts 
are in considerable demand among major Asian and Euro-
pean purchasers. Currently, the company is more focused 
on cowhides and 50% of finished leather products are dis-
tributed to local shoe and bag manufacturing companies. 
Batu tannery industry wastewater is drained out, usually into 
the Akaki–Kality River, and collected along with household 
effluent in the same drain channel. The company received 
ISO 9001:2015 certification in 2017.

A composite sampling technique was used to get a rep-
resentative effluent sample in terms of quality. The samples 
were collected in polyethylene plastic bottles. These bottles 
were washed with detergent and diluted HCl. Finally, it was 
repeatedly rinsed with distilled deionized water. The phys-
icochemical parameters of wastewater and the correspond-
ing testing method used in this analysis are summarized 
in Table 1. Wastewater sampling was duplicated and the 
average results of tannery wastewater characterization were 
reported (Waktole et al. 2019; Bedada et al. 2020; Yehuala 
et al. 2021; Moges et al. 2022).

Adsorbent preparation

Preparation of biochar

Parthenium hysterophorus is a weed plant in Ethiopia 
found everywhere in the central part of the country. The 
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plant sample was collected from the Addis Ababa Science 
and Technology University premise which is situated in the 
capital city of the country. The geographical coordinate of 
the sampling site is 8° 58′ N and 38° 47′ E at a high alti-
tude of 2300 m above sea level. This is described by the 
relative humidity of 60.7% and rainfall of 1089 mm with 
an annual mean temperature of 15.9 °C. Parthenium hys-
terophorus samples were chopped into 5–10 mm sizes and 

were washed with distilled water to remove the dust parti-
cles. This chopped material was placed in an appropriate 
container and dried in an oven at 105 °C for 24 h. Then, 
the dried sample was pyrolyzed in a fume furnace at a fixed 
temperature of 500 °C for 2 h. The charred adsorbent was 
cooled, weighed, and placed in a tightly sealed desiccator 
(Bedada et al., 2020a; Fito et al. 2020a; Chen et al. 2021a, b; 
Qhubu et al. 2021; Qu et al. 2021; Wan et al. 2021; Moges 
et al. 2022). Figure 2 depicts the most essential steps of 
biochar preparation.

Magnetite preparation

Chemical coprecipitation is the most promising method for 
producing nanoparticles due to its ease of implementation 
and less hazardous chemical and procedure requirements. 
There are two main methods for coprecipitation synthesis 
in the solution of spherical magnetic nanoparticles. The first 
method involves the partial oxidation of ferrous hydroxide 
suspensions followed by coprecipitation. The other method 
involves aging stoichiometric mixtures of ferrous and fer-
ric hydroxides in an aqueous solution, yielding magnetic 
nanoparticles (Zhang et al. 2017; Dudchenko et al. 2022; 
Niculescu et al. 2022). For this study, the coprecipitation 

Fig. 1  The location of the wastewater sampling site of the Batu Tannery factory

Table 1  Testing methods for physicochemical parameters of tannery 
wastewater

S. no Parameters The specific method for each parameter

1 pH Hach HQD field case, model 58, 258–00
2 Temperature Hach photometer HQD field case, model 58, 

258–00
3 EC Hach photometer HQD field case, model 58, 

258–00
4 COD APHA 5220 B, open reflux method
5 TS APHA 5220 B, total solid dried at 103–105 °C
6 Cr(VI) APHA 3120 B
7 Phosphate APHA 5220 B, Vanadomolybdophosphoric acid
8 Sulfate APHA 5220 B, turbidmetric method
9 BOD5 APHA 5210 B, 5-day BOD test
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method was used for the synthesis of magnetite. In this 
process, 3.3 g  FeSO4∙7H2O and 2 g of  NaNO3 were dis-
solved in 50 mL of distilled water as shown in Fig. 3. The 
pH of this solution was adjusted between 9 and 14 using 
a 2.5-M NaOH solution. Then, the mixture was heated to 
80 °C. The precipitation was enhanced through continuous 
string at the same temperature. The solution was cooled 
down to room temperature for 30 min. The formulated pre-
cipitate of the solution was filtered using Whatman filter 
paper 42 and washed several times with distilled water to 
remove unwanted chemicals on the crystalline particles. The 
precipitate of magnetite particles was then oven dried at a 
temperature of 60 °C overnight before being coated with 
biochar. Finally, the magnetic properties of the magnetite 
were checked using external magnetic substances (Alzahrani 
2017; Frolova 2019; Moges et al. 2022).

Biochar–ferrite composite preparation

The intention of anchoring ferrites to biochar is to acquire 
an appropriate surface structure, good magnetic properties, 
high surface area, high adsorption capacity, and reusability. 
The qualities of composites and performance depend on the 
method used and the ratios of spinel to biochar (Fito et al. 
2022). The most commonly used techniques for magnetic 
biochar synthesis are coprecipitation, calcination, pyrolysis, 
oxidative hydrolysis, thermochemical techniques (pyrolysis 
and calcination), and mechanical milling (Li et al. 2020b; 

Rocha et al. 2020; Fito et al. 2022). However, coprecipita-
tion is the most widely used technique employed for mag-
netic biochar synthesis and magnetite was deposited on the 
surface of the biochar (Fito et al. 2022). In this approach, 
a beaker was filled with 2:1 (w/w) of biochar to magnetite 
in 100 mL of distilled water (Alam et al. 2020). The mix-
ture was heated to 65 °C after being stirred. The pH of the 
solution of precipitate iron hydroxides was adjusted using 
5 M NaOH solution in the range of 10–11 by adding drop 
by drop. This solution was mixed continuously for 1 h and 
before decanting overnight. Then, after the supernatant was 
removed, the precipitates were filtered, washed, rinsed with 
de-ionized water, and dried in an oven at 80 °C (Bhushan 
et al. 2020; Ameen et al. 2021). Finally, the biochar–ferrite 
composite was ground into 250 �m particle sizes and stored 
in an airtight plastic bag until it was utilized for treatments 
as illustrated in Fig. 4 (Fito et al. 2020a; Moges et al. 2022).

Adsorbent characterization

Proximate analysis

All the proximal parameters such as ash content, moisture 
content, volatile matter, and fixed carbon of biochar ferrite 
were determined using conventional American Society for 
Testing and Materials (ASTM) procedures. The moisture 
content was calculated using Eq. 1. A sample of 1.0 g was 
placed in the crucible and then heated in an oven at 105 °C 

Fig. 2  Preparation steps of parthenium hysterophorus biochar

Fig. 3  Steps of synthesizing 
magnetite particles
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for 4 h at a constant temperature. Similarly, for volatile mat-
ter, 1 g of biochar–ferrite composite was placed in a pre-
heated crucible and heated in a muffle furnace at 800 °C 
for 8 min under standardized circumstances with no contact 
with air (Eq. 2). The ash content was determined by placing 
1 g of adsorbent in preheated crucibles in the furnace which 
was heated at 500 °C for 4 h (Eq. 3). Finally, the fixed car-
bon (FC) of the adsorbent was calculated by subtracting the 
sum of the percentages of moisture content, ash content, and 
volatile matter content from 100 as indicated in Eq. 4 (Fito 
et al. 2019b, 2020a; Bedada et al. 2020).

where W1 represents adsorbent weight before heating, W2 is 
the weight after ignition, VM is the volatile matter, AC is the 
ash content, FC is the fixed carbon, and MC is the moisture 
composition of biochar ferrite (Nure et al. 2017).

Zero‑point of charge ( �����)

The pH of wastewater significantly influences the adsorp-
tion of various contaminants. It also affects the ionization 
of chemically active sites on adsorbent. For particular tem-
perature, pressure, and aqueous solution components, the 
pH of the point of zero charges ( pHpzc ) is the value of pH at 
which the net surface charge is equal to zero. At pH equal to 
pHpzc , the solution becomes neutral which equals amounts 

(1)MC =

(

W1 − W2

W1

)

100%

(2)VM =

(

W1 − W2

W1

)

100%

(3)AC =

(

W2

W1

)

100%

(4)FC(%) = 100 − (MC + VM + AC)

of negative and positive charges. Acid–base titration and 
mass titration are some of the methods used to determine 
pHpzc . For this work, the pHpzc of biochar–ferrite was deter-
mined by employing the mass titration method. Normally, 
this method is found to be simple and straightforward with 
adequate results (Kosmulski 2020). In this process, 1 g of 
biochar–ferrite adsorbent was added to six Erlenmeyer flasks 
containing 50 mL of 0.1 M NaCl. The pH of the solutions 
varied between 2 and 12 using 0.1 M NaOH or 0.1 M HCl. 
Finally, after 48 h, the pH of the solution was measured, 
and pHpzc was determined from the point where the pH final 
and pH initial curves overlapped (Hoang et al. 2019, 2020; 
Tebeje et al. 2021).

SEM, FTIR, XRD, and BET analyses

Scanning electron microscopy was used to examine the sur-
face morphology of biochar–ferrite adsorbent. The sample 
preparation and scanning were carried out according to the 
machine’s regular operating protocols. The analysis was car-
ried out with a 10 �m resolution and a guaranteed capac-
ity of 10 kV. The machine used for the analysis was JCM-
6000PLUS BENCHTOP SEM, JOEL, Japan. The adsorbent 
sample was placed on the carbon tape and the machine was 
run at an 8-mm working distance. The SEM was operated 
at a probe current of 10 A and operating energy of 10 kV 
with a magnification of 1000 times (Fito et al. 2017, 2020b; 
Bedada et al. 2020; Yehuala et al. 2021; Moges et al. 2022). 
Functional groups present on the biochar ferrite were identi-
fied using infrared Fourier transform (FTIR). In this process, 
the biochar–ferrite composite was mixed thoroughly with 
dry KBr at the ratio of 2:200. Then, the sample was crushed 
in a mortar to produce a homogenous powder combination, 
which was then injected into a molder to produce a very fine 
plate. The FTIR spectrophotometer (FTIR, Thermo Nico-
let 5700, and Waltham, MA, USA) was subsequently used 
to perform the plate analysis. Then, the adsorbent spectra 
were examined at 4000–400  cm−1 (Fito et al. 2017, 2020b; 

Fig. 4  The steps of preparation 
of biochar–magnetite composite
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Bedada et al. 2020; Yehuala et al. 2021; Moges et al. 2022). 
Finally, the FTIR data graph was presented using Origin 
Pro version 10. Similarly, the specific surface area was 
determined under a vacuum at 200 °C working temperature 
for 1 h. The sample biochar–ferrite adsorbent of 0.4 g was 
placed in three preparation tubes. The specific surface area 
of the adsorbent was calculated based on the isotherms of 
adsorption and desorption of nitrogen gas at 700 mm atmos-
pheric pressure. The adsorption of  N2 on the surface of the 
adsorbent was performed using liquid nitrogen at − 196.5 °C. 
The BET-specific surface area of the adsorbent was calcu-
lated using the p/p0 ratio (Tebeje et al. 2021; Moges et al. 
2022). Finally, the crystalline structure of biochar ferrite 
was determined using X-ray diffraction (XRD). This is a 
powerful non-destructive technique that identifies the exist-
ence of crystalline minerals in a given sample. The machine 
used for the analysis was an X-ray powder diffraction (XRD) 
instrument (XRD-X-ray tube Cu 40 kv, 40 mA, Olympus 
BTXH). X-ray diffractograms analysis was undertaken with 
Cu-Kα radiation (λ = 0.15406), accelerating maximum volt-
age (40 kV), the current intensity of (30 mA), and scanning 
speed of 80o/min in the range of 2θ = 2–80° sampling pitch 
of 0.0200°. The analysis was performed under the conditions 
of initialization power of 15 kV, 5 mA, and a fixed wave-
length of 1.541 nm. Finally, the observed peaks were used 
to determine the crystalline structure of the sample (Aryee 
et al. 2021; Tebeje et al. 2021; Bekhoukh et al. 2022; Moges 
et al. 2022).

Chromium adsorption optimization

The batch adsorption experiment was performed on both 
synthetic and real wastewater. Cr(VI) stock solution was 
prepared by dissolving 2.83 g analytical-grade K2Cr2O7 
in 1000 mL distilled water to obtain 1000 mg/L of Cr(VI) 
synthetic solution. The stock solution was diluted further 
with distilled water to obtain the necessary concentration 
of the working solutions. Then, the three chromium solu-
tions (100 mg/L, 70 mg/L, and 40 mg/L) were prepared from 
the stock solution of 1000 mg/L. The pH of solutions was 
adjusted using 0.1 M HCl or NaOH depending on the alka-
linity or acidity of the sample solution (Baird et al., Zhao 
et al. 2012; Badessa et al. 2020; Moges et al. 2022). The 
adsorption experiment was conducted using predetermined 
experimental conditions where the adsorbate and adsorbent 
were filled in volumetric flasks containing 100 mL mixtures. 
Each flask’s solution was stirred at 125 rpm using an orbital 
shaker, and the solution was separated with Whatman filter 
paper 42. The filtrates were then collected in various sam-
pling bottles, and the efficiency of chromium removal was 
determined using a UV-visible spectrophotometer (Agilent 
technology, Cary 100 UV–visible Spectrophotometer) after 
reaction with 1.5-diphenyl carbazide. The reagent of 0.25 g 

diphenyl carbazide was dissolved in 25 mL of acetone and 
mixed until completely dissolved. The solution was then 
made up of deionized water to a final volume of 50 mL. The 
calibration curve was drawn using the absorbance of known 
Cr(VI) concentrations of 20, 40, 60, 80, and 100 mg/L. The 
linear graph of absorbance against concentration approaches 
was recorded and the unknown Cr(VI) concentrations were 
determined based on the Beer–Lambert equation (Bedada 
et al. 2020; Moges et al. 2022). The response variable of 
chromium removal was recorded as a dependent variable, 
whereas the three experimental factors with four levels (con-
tact time, initial chromium concentration, pH, and adsor-
bent dosage) were used in the study as indicated in Table 2. 
The values of adsorption factors were set based on previous 
studies. The regression model and response surface meth-
ods were used to evaluate the highest projected chromium 
removal.

Table 2 shows the experimental design, which includes 
four parameters with three levels and 34 full factorial meth-
ods. There will be 81 experimental runs combining upper, 
middle, and lower limits. The lower (− 1), middle (0), and 
upper (+ 1) values of the variables were combined in these 
adsorption trials at random. The optimization approach of a 
design expert was used to set the number of experiments to 
25. Finally, Eqs. 5 and 6 were used to compute the adsorp-
tion removal efficiency of the ferrite–biochar composite. 
The adsorption capacity of the adsorbent  (qe) was calculated 
based on Eq. 6 (Bedada et al. 2020; Fito et al. 2020b; Moges 
et al. 2022).

where R is the Cr(VI) removal percentage,  Ci is the initial 
Cr(VI) concentration (mg/L),  Co (mg/L) is the initial Cr(VI) 
concentration, V (L) is the volume of the solution, m (mg) 
is the mass of the adsorbent utilized,  Ce (mg/L) is the equi-
librium Cr(VI) concentration, and  Cf is the final Cr(VI) con-
centration (mg/L) after the treatment.

(5)R(%) =

(

Ci − Cf

Ci

)

∗ 100

(6)qe =

(

Co − Ce

m

)

∗ V

Table 2  Experimental design of adsorption of Cr(VI) under four fac-
tors with three factors

Variables Low (− 1) Middle (0) High (+ 1)

pH 3 6 9
Time (min) 30 60 90
Adsorbent dose (mg/100 mL) 20 60 100
Initial Cr(VI) concentration 

(mg/L)
40ss 70 100
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Adsorption isotherms

Adsorption isotherms were determined using an adsorbent 
dose of 100 mg/100 mL, a contact time of 90 min, a pH of 3 
solutions, and solely varying the initial chromium concen-
trations of 40, 60, 80, and 100 mg/L. Adsorption isotherms 
were established to determine the relationship between 
the amounts of chromium adsorbed at equilibrium and the 
amount of adsorbent utilized per unit mass. This model was 
used to check whether the surface of the adsorbent is het-
erogeneous or homogenous. The Langmuir and Freundlich 
models are the two most extensively used isotherm models 
in water and wastewater treatment. Equation 7 was gener-
ally used for the Langmuir isotherm and the linearized form 
of the Langmuir model which is depicted in Eq. 8 (Bedada 
et al. 2020; Fito et al. 2020b; Moges et al. 2022).

where KL (L/mg) refers to the Langmuir constant related 
to the free energy of adsorption, qmax (mg/g) is the maxi-
mum adsorption capacity of the materials. Furthermore, 
Eq. 9 (RL) depicts the dimensionless separation factor con-
stant. This factor is used to estimate Langmuir’s isothermal 
feasibility.

However, the RL value for favorable adsorption should be 
between 0 and 1; for unfavorable adsorption, the RL value 
should be more than 1, whereas RL values of 1 or 0 suggest 
linear and irreversible adsorption processes, respectively. 
Similarly, Eq. 10 is the linearized form of the Freundlich 
isotherm model.

KF denotes adsorption capacity (mg/g), and 1/n denotes an 
empirical parameter related to adsorption intensity, with a 
value between 0 and 1 denoting favorable conditions. More-
over, a value of 1/n indicates the adsorption process to be 
cooperative if > 1, independent of concentration if is equal 
to 1, and normal if < 1 (Fito et al. 2020b; Moges et al. 2022). 
Temkin adsorption isotherm model is one of the adsorp-
tion isotherm models used to estimate the interaction of the 
adsorbent and adsorbate on adsorption. This isotherm model 
assumes that there is a linear reduction of the heat of adsorp-
tion instead of logarithmic. Furthermore, this adsorption iso-
therm model is used to determine whether the nature of the 
adsorption is chemical, physical, or both (Rajahmundry et al. 

(7)qe =
KLqmaxCe

1 + KLCe

(8)
1

qe
=

1

qmax

+
1

KLqmaxCe

(9)RL =
1

1 + KLCe

(10)log qe = logKF + 1∕n logC

2021). The linear form of the Temkin equation is shown by 
Equation 11:

where KT is the equilibrium binding constant (L/mg), bT 
is the Temkin heat of adsorption constant, R is the univer-
sal gas constant (8.314 J/Kmol), and T (K) is the system 
temperature.

Adsorbent regeneration and reusability

Various techniques are available to regenerate the exhausted 
adsorbent, but the solvent desorption method is the most 
preferred option due to its economical and effective regen-
eration process. However, some environmental issues need 
to be addressed as part of the process. Adsorbents have been 
found to lose their absorptive activity and generate some 
solid waste after repeated cycles of reusability (Patel 2021). 
The reusability of biochar ferrite was investigated using the 
chemical regeneration method. In this process, pollutant-
loaded material (0.1 g) in 100 mL of NaOH (0.1 M) was 
shaken at 80 rpm for 2 h at room temperature. After a sig-
nificant desorption process, the solution was filtered using 
Whatman filter paper and oven dried. The regenerated adsor-
bent was examined for a magnetic property before it was uti-
lized for another cycle of adsorption. The magnetic property 
of the regenerated adsorbent was examined using an external 
magnetic field. The desorbed material was repeatedly used 
for up to five cycles of adsorption–desorption to check the 
reusability potential of the adsorbent (Santhosh et al. 2020).

Result and discussion

Batu tannery wastewater characterization

As indicated in Table 3, the results of the physicochemical 
properties of the effluent from the Batu tannery were pre-
sented as means plus standard deviations. The effluent was 
determined to have a mean temperature of 21.40 ± 0.62 °C. 
This temperature was far lower than 40 °C which is the limit 
set for Ethiopian tannery effluent. As a result, the effluent 
can be safely discharged into the environment, particularly 
into water bodies even though the high temperature of indus-
trial effluent accelerates reaction rates which have an impact 
on ecosystems. Particularly, the temperature of this effluent 
does not affect biochemical or physicochemical processes in 
water bodies (Moges et al. 2022). The electrical conductiv-
ity of the wastewater sample is an important parameter that 
refers to the ability of wastewater to conduct electric current 
(Tsigoida and Argyrokastritis 2020). It helps to determine 
the salinity, ionic strength, and major solute concentration 

(11)qe =
RT

bT
lnKT +

RT

bT
lnCe
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of water or wastewater (Chowdhury et al. 2015; Fito and 
Van Hulle 2021). Moreover, the electrical conductivity of 
wastewater is affected by the properties of substrate materi-
als, the temperature of the environment, and the concentra-
tion of the pollutants found in the wastewater. The electrical 
conductivity of Batu tannery wastewater was found to be 
27.73 ± 1.20 mS/cm. This value is far above the 12 mS/cm 
standard limit set by the WHO, indicating an unfavorable 
environment for the aquatic biota (WHO 2012). The sig-
nificant amount of chromium salt added during the tanning 
process is accountable for this high value of electrical con-
ductivity (Jahan et al. 2014). Throughout the study, the aver-
age pH of the effluent was 4.43 ± 0.21. This is an extremely 
acidic rating that falls outside of the maximum allowable 
discharge limits. The pH of effluent should be in the range 
of 6–9, according to Ethiopian industrial acceptable lim-
its. This acidic feature influences the metabolic reactions 
of a living organism with physicochemical and biochemical 
processes. Acidic media also may increase the solubility of 
organic and inorganic substances, particularly heavy met-
als, in the environment. Water bodies and soils are the two 
segments of environment that receive untreated wastewater, 
which are most likely to be impacted by such pollution. As a 
result, effluent treatment, such as chemical neutralization, is 
required before the effluent can be released into the environ-
ment (Fito et al. 2019a; Moges et al. 2022).

COD and  BOD5 are the two major parameters used to 
describe the presence of organic matter in wastewater. In 
Batu tannery effluent, the average values of  BOD5 and COD 
were 300.97 ± 2.22 mg/L and 1992.67 ± 7.21 mg/L, respec-
tively. These  BOD5 and COD levels were higher than the 
tannery’s effluent discharge limits of 60 mg/L and 250 mg/L, 
respectively. Organic matter levels in the wastewater were 
extremely high, posing a serious threat to aquatic bodies and 
agricultural fields. This high organic matter concentration 
could be an underutilized resource for biogas production 
and environmental health (Moges et al. 2022). Moreover, the 
biodegradability index, which is a ratio of  BOD5 to COD of 
Batu tannery effluent, was determined to be 0.15, indicating 

poor biodegradability. Therefore, it is evident that another 
treatment technology has to be sought rather than biological 
treatment (Fito et al. 2017). Similarly, the effluent contains 
318.074 ± 0.27 mg/L of total solid matter, which was far 
too high to discharge into the environment before treatment. 
This high value is due to the presence of filterable and non-
filterable particulate matter in the wastewater samples. This 
particle matter can cause turbidity and reduce transparency 
in water bodies, disturbing natural aquatic ecosystems. Addi-
tionally, high total solid concentrations have a considerable 
impact on dissolved oxygen depletion. The fundamental rea-
son for interrupting interactions between living things and 
metabolic activity in water bodies is a lack of dissolved oxy-
gen, putting aquatic life in peril. The physicochemical and 
biological qualities of soil and water bodies, in general, can 
be affected by such high total solid matter concentrations.

Sulfates and phosphates are among the other chemicals 
utilized in the tanning process. Sulfates and phosphates in 
Batu tannery wastewater were found to have average levels 
of 119.17 ± 4.10 and 21.53 ± 0.81 mg/L, respectively. Salts 
utilized in tannery processes are proven to contain phos-
phate and sulfate ions. These high ion concentrations can 
have negative consequences for water systems and soils. 
As a result, treatment intervention is critical for environ-
mental and public health protection (Moges et al. 2022). 
Chromium is the most common consumable chemical in the 
tanning process and an abundant pollutant in wastewater. 
Throughout the study period, the average chromium con-
tent was 85.13 ± 1.22 mg/L. The environment can be seri-
ously harmed by high levels of chromium. This pollutant 
is a highly soluble and migratory ion in water and a highly 
toxic substance in the environment. Diseases such as kidney 
dysfunction, skin irritation, hepatitis, lung disease, pulmo-
nary congestion, vomiting edema, and liver damage can all 
be caused by this chromium content (Bedada et al. 2020). 
Cr(VI) is a major pollutant in both surface and groundwater, 
where it can spread widely due to its high ionic mobility. 
This high chromium concentration in tannery wastewater is 
beyond the maximum allowed discharging limit of tannery 
effluent set by EPAs of many countries. Cr(VI) concentra-
tions in drinking water, surface water, and industrial effluent 
discharge are set at 0.1, 0.1, and 0.25 mg/L, respectively 
(Parlayici et al. 2015; Huang et al. 2018; Aigbe and Osibote 
2020; Bedada et al. 2020; Moges et al. 2022) Moreover, the 
maximum allowable Cr(VI) concentration in drinking water 
has been set at 0.05 mg/L by the World Health Organization.

Adsorbent characterization

Proximate analysis

The percentage results of the proximate analysis of bio-
char–magnetite composite were reported in terms of 

Table 3  Characterization of Batu tannery wastewater

Parameter Values

pH 4.43 ± 0.21
EC (mS/cm) 27.73 ± 1.20
Temperature (°C) 21.40 ± 0.62
BOD

5
(mg/L) 300.97 ± 2.22

COD (mg/L) 1992.67 ± 7.21
TS (mg/L) 318.07 ± 4.27
SO

2−
4

(mg/L) 119.17 ± 4.10

PO
3−
4

(mg/L) 21.53 ± 0.81

Cr
6+(mg/L) 85.13 ± 1.22
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moisture content of 5.20%, volatile matter of 19.4%, ash 
content of 13.30%, and fixed carbon of 62.1%, as shown in 
Table 4. Fixed carbon and ash content are the most essential 
criteria of the proximate analysis to determine the quality of 
the adsorbent materials. A suitable precursor material should 
typically contain a high percentage of fixed carbon and a 
very small amount of ash. In the proximate analysis, fixed 
carbon refers to non-volatile carbon, whereas ash content 
refers to undesired inorganic oxides that can be observed 
during biochar magnetic preparation (Fito et al., 2020c). 
Normally, a high percentage of volatile matter positively 
affects the development of the micropore structure during 
the pyrolysis process. However, it decreases biochar yield. 
Many laboratory-scale-produced ferrite–biochar composites 
have very low fixed carbon content. For instance, the fixed 
carbon of wheat straw-based magnetic biochar is 48.7% 
(Wurzer and Mašek 2021), magnetic dry wood biochar is 
33.8% (Sewu et al. 2020), and cotton straw-derived magnetic 
biochar is 25.9% (Shan et al. 2019). However, the fixed car-
bon content of currently produced magnetic biochar derived 
from parthenium hysterophorus is slightly greater than that 
of its pristine activated carbon, as reported by Fito et al., 
2020c, whereas its ash content is less. In general, the out-
come of the proximate analysis is not solely determined by 
the precursor material, because varying degrees of dehydra-
tion, decomposition, and elimination reactions are expected 
at different temperatures. These results of the proximate 
analysis are greatly influenced by carbonization processes 
(Fito et al., 2020c). Finally, magnetic biochar derived from 
parthenium hysterophorus thus holds promise as a more 
sustainable alternative to coal-derived magnetic-activated 
carbons or biochar.

pH point of zero charge

When the pH of the adsorbent equals its pHpzc, there is an 
equal number of positively and negatively charged surface 
functions Fig. 5. The surface is positively charged below 
this value and negatively charged above this value. Basi-
cally, it is easier to adsorb a cation on negatively charged 
surfaces and an anion on a positively charged surface 
(Rodr et al. 2020; Pashai et al. 2016; Tang et al. 2019; 
Rusmirovic and Milo 2021). The pH point of zero charges 
of the magnetite–biochar composite derived from parthe-
nium hysterophorus was found to be 6.8. A nearly similar 

result was reported by Ud et al. 2021. The pHpzc of this 
biochar-magnetite composite was reduced as a result of the 
magnetizing process. Moreover, the decrease in point of 
zero charge could also be due to the oxidation of carbon 
surfaces at the initial stage of the magnetizing process 
(Navarathna et al., 2019a, 2019b; Imran et al. 2020a; Ud 
et al. 2021).

BET analysis

The BET-specific surface area of the biochar–magnetite 
composite derived from parthenium hysterophorus was 
237.4 m2/g. The type of N2-adsorption desorption isotherm 
observed in the study was type II adsorption which implies 
the adsorbent was normal and macroporous of a wide range 
of pore sizes. This adsorption process is of unrestricted 
monolayer-multilayer nature even though more of the mon-
olayer is the most dominant that manifested with adsorption 
isotherm models. Usually, the bi-layer and tri-layers will 
be formed one after the other. The specific surface area of 
this magnetic biochar is approximately 4.2 times siltstone 
and its composites with biochar and magnetite nanoparticles 
(Imran et al. 2020a), 16.74 times watermelon rinds-based 
biochar–magnetite composite (Li et al. 2020a), 1.08 times 
mixed wood chips biochar/magnetite composite (Han et al. 
2015), 6.21 times magnetic Kans grass biochar (Baig et al. 
2014), and 0.82 times GO-Fe3O4 nanocomposites (Moges 
et al. 2022). This surface area is, therefore, greater than that 
of many magnetic biochar adsorbents reviewed in this paper, 
allowing for the adsorption of different pollutants from 
wastewater or aqueous solutions. Normally, increasing sur-
face area leads to an increased number of active sites avail-
able for adsorption, thereby increasing adsorption capacity. 
However, there were no evident increasing or decreasing 
patterns seen in the surface area of the biochar–spinel ferrite 
composite (Fito et al. 2022).

Table 4  Proximate analysis of 
magnetite–biochar composite 
derived from parthenium 
hysterophorus

Proximate analysis Value (%)

Moisture content 5.2
Ash content 13.3
Volatile matter 19.4
Fixed carbon 62.1
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Fig. 5  The pH point of zero charge
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FTIR analysis

The surface functional groups of biochar–magnetite com-
posite derived from parthenium hysterophorus were identi-
fied using FTIR spectra. Six distinct peaks were observed 
as shown in Fig. 6. Therefore, the peaks of 3296.49  cm−1, 
2920.5  cm−1, 1608.7  cm−1, 1317.14  cm−1, 1147.09  cm−1, 
and 1010.47  cm−1 are the prominent peaks. The presence 
of several peaks in the FTIR spectrum demonstrates the 
adsorbent’s complex structure. The presence of free and 
intermolecular bound hydroxyl groups is shown by the sig-
nal at 3282  cm−1. It is also linked to the hydrogen-bonded 
O–H group’s valence vibration. The C–H stretching in the 
(–CH2) and (–CH3) groups resulted in the 2919  cm−1 shoul-
der band. The symmetric  (NH3

+) stretching frequency or 
the carbon–oxygen bonds in the ketene groups correspond 
to the large band at 1633  cm−1. Ketones, aldehydes, lac-
tones, or carboxyl groups’ C = O stretching vibrations are 
allocated into a very small peak at about 1240  cm−1. The 
presence of C–H, –C = C– and aromatic (C = C) groups is 
indicated by the band at 1147  cm−1. The peak at 1010  cm−1 
denotes the solitary C–O bond as well as the CH bending 
vibration of C–H2 and C–H3 . Finally, 524  cm−1 reveals the 
stretch of  Fe3O4 (Liang et al. 2020; Ud et al. 2021), confirm-
ing magnetite impregnation on the surface of biochar. The 
adsorbent peaks revealed the presence of functional groups 
on the surface of the adsorbent that can react with the vari-
ous adsorbates in the solution (Bedada et al. 2020; Fito and 
Van Hulle 2021).

SEM analysis

The surface morphology of the biochar–magnetite com-
posite derived from a parthenium hysterophorus sample 

was examined using scanning electron microscopy (SEM) 
before it was used for adsorption. The image of the SEM 
analysis was indicated in Fig. 7. In this study, the sur-
face of the composite material was magnified 3000 times, 
which clearly showed the different pore sizes and their 
distributions. The composite adsorbent was found to have 
highly uneven surfaces that are highly heterogeneous and 
filled with cavities, holes, ruptures, voids, fractures, fis-
sures, nooks, and crannies. These characteristics serve as 
the places that enhance surface sorption. Moreover, the 
high temperature during carbonization and calcination 
results in escaping of volatile matter inside the micro-
structure of the particles. This process creates voids on 
the surface of the adsorbent that eventually become pores. 
Generally, heterogeneous surfaces of the adsorbent can 
create a conducive condition to adsorb various pollutants 
from water and wastewater (Ighalo and Adeniyi 2020).

XRD analysis

The crystalline structure of the magnetite–biochar com-
posite was investigated using the X-ray diffraction tech-
nique. Figure 8 depicts the findings of the XRD analysis. 
The materials had crystalline characteristics at 2θ of 30.15, 
35.51, 43.16, 53.32, and 57.08 with corresponding peaks 
of (220), (311), 400), (422), and (511). The dominant peak 
pattern observed for the composite materials was primar-
ily due to the magnetite component of the adsorbent. 
Because of its amorphous nature, the peaks of parthenium 
hysterophorus-derived biochar are not expected to emerge 
in the XRD pattern. These outcomes are quite similar to 
those observed by Zahedifar et al. 2021, in which peaks of 
magnetic biochar material emerged at 30.5°, 35.9°, 43.5°, 
53.9°, 57.4°, and 63.0°.
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Fig. 7  SEM surface morphology of the biochar–magnetite composite
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Batch adsorption of Cr(VI)

The Box–Behnken technique of the response surface 
methodology experiment was used to remove Cr(VI) 
from synthetic tannery effluent, and the adsorption treat-
ment outcomes are shown in Table 5. The performance 
of this technology ranged from 17.3 to 91.8%. Under this 

optimization process of the adsorption, 91.8% was the 
maximum chromium removal from synthetic tannery 
wastewater at the optimum conditions of adsorbent dose of 
100 mg/100 mL, pH of 3, initial Cr(VI) concentration of 
40 mg/L, and contact time of 90 min. The minimum Cr(VI) 
removal of 17.3% was observed at specific experimental 
conditions of initial Cr(VI) concentration of 100 mg/L, 
20 mg/100 mL of adsorbent dose, pH of 9, and contact time 
of 30 min. This experimental result is superior compared 
to that of pristine parthenium hysterophorus activated car-
bon which was applied for chromium removal from tannery 
wastewater which was recorded at pH of 2, Cr(VI) concen-
tration of 100 mg/L, adsorbent dosage of 10 g/110 mL, and 
contact time of 90 min) (Bedada et al. 2020). Even though 
the magnetite nanoparticle did not show significant improve-
ment in the adsorption performance, it has a huge advantage 
in helping spent adsorbent separation after the treatment. 
Hence, magnetite impregnation has improved the wastewater 
management part of the adsorption of biochar. Changing 
the pH of the treatment from higher to lower has resulted 
in an adsorption performance of 41.1% and 31.3% with 
concentration, adsorbent dosage, and contact time kept at 
100 mg/L, 20 mg/100 mL, and 30 min, respectively. The 
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Table 5  Results of batch 
adsorption experiments

No. of run pH Initial Cr(VI) 
conc. (mg/L)

Dose 
(mg/100 mL)

Contact 
time (min)

Removal (%) Final Cr(VI) 
conc. (mg/L)

1 9 100 20 30 17.3 82.7
2 3 70 20 30 43.8 39.29
3 6 40 20 30 48.0 20.8
4 9 40 20 30 44.3 22.3
5 6 100 60 30 55.2 44.8
6 3 70 100 30 73.9 20.8
7 3 100 20 30 41.1 58.9
8 6 100 20 30 31.3 68.7
9 3 100 60 30 64.9 35.1

10 6 40 60 30 58.8 16.5
11 9 40 100 60 73.5 10.6
12 3 40 60 60 88.1 4.7
13 6 100 20 60 43.8 56.2
14 3 100 20 60 43.7 56.3
15 3 70 20 60 44.1 39.1
16 9 100 100 60 65.0 35.0
17 6 70 20 90 43.9 39.3
18 3 40 100 90 91.8 3.3
19 6 70 60 90 56.2 30.7
20 6 40 60 90 76.8 9.3
21 6 40 100 90 89.0 4.4
22 3 40 20 90 54.3 18.3
23 3 70 100 90 90.8 6.4
24 6 100 100 90 69.3 30.7
25 3 70 60 90 79.1 14.6
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adsorption performance under the influence of the pH at the 
constant values of other factors was insignificant. Essen-
tially, the interaction effect is more important than the 
change in adsorption parameters when it comes to increasing 
or increasing adsorption treatment. The final Cr(VI) con-
tent in the effluent was above the standard in many cases of 
adsorption treatment, although it was able to decrease the 
Cr(VI) concentration to 3.3 mg/L, 4.4 mg/L, and 4.7 mg/L 
at particular treatment levels.

The concentration of Cr(VI) in real wastewater was 
determined to be 85.13 mg/L. In synthetic wastewater, 
the maximum Cr(VI) concentration was 100 mg/L which 
was approximately the same as in real wastewater. The 
removal of Cr(VI) at the high concentration was found to 
be 75.9% which was equivalent to the remediation (81.8%) 
from real wastewater. Reducing contact time from 90 to 
30 min, raising the initial Cr(VI) concentration from 40 to 
100 mg/L, lowering the adsorbent dose from 100 to 20 mg, 
and increasing pH from 3 to 9 resulted in the reduction of 
adsorption performance from 91.8 to 79.4%, 81.8%, 61.6%, 
and 89.4%, respectively. Hence, the change in adsorbent 
dosage significantly affected the adsorption performance. 
Similarly, increasing the initial Cr(VI) concentration from 
40 to 100 mg/L while maintaining the other parameters con-
stant (pH 6, contact time of 90 min, and adsorbent dose of 
60 mg/100 mL) reduced overall Cr(VI) removal efficiency. 
Changing the pH value from 4 to 9 resulted in a continual 
decrease in adsorption performance. However, changing the 
contact time from 30 to 90 min resulted in a minor improve-
ment in adsorption performance under the same experimen-
tal conditions. The results show that the performance of the 

biochar–magnetite composite treatment technology was 
effective and efficient. Compared to the treatment perfor-
mance reported by other research findings, the chromium 
removal capacity of this technology is superior. For instance, 
the removal of chromium using quinoa–biochar composite 
was 77.4 mg/g (Imran et al. 2020b), siltstone–nano magnet-
ite–biochar composite was 35.6 (Ud et al. 2021), a magnetite 
snail shell was 58.9 mg/g (Hoang et al. 2020), tires waste-
derived magnetic-activated carbon was 49.3 mg/g (Ahmad 
et al. 2021), and graphene biochar–iron oxide composites 
was 48.1 mg/g (Zou et al. 2021).

Compared to many locally prepared magnetite activated 
carbons, the magnetite adsorbent of this study showed supe-
rior performances. The detailed preparation of the adsor-
bent, specific surface areas, and adsorption performances 
are presented in Table 6 However, many experiments were 
applied for the removal of Cr from aquatic solution and a few 
were focused on Cr removal from real wastewater. Moreo-
ver, these studies suffer from excessive use of adsorbents for 
removal of small amounts of Cr. Hence, the current study 
serves as an alternative method of Cr adsorption from waste-
water and aqueous environment using the small adsorbent 
dose, which makes the current study economical.

Interaction effects on Cr(VI) removal

The adsorption experiments of the study were designed by 
response surface methodology whereas the response vari-
ability was predicted using the quadratic model. The impacts 
of the main and interaction effects on adsorption were inves-
tigated using ANOVA. Terms of actual factors were used 

Table 6  Chromium adsorption using different biomass-based magnetic biochar

No Adsorbent Synthesis method Surface area  m2/g Removal 
(%, mg/g)

Reference

1 Fe3O4–biochar/cellulose pyrolysis 236.0 19.8 (Zhou et al. 2022)
2 Fe3O4–biochar/C. oleifera pyrolysis 12.2 107.0 (Sun et al., 2021)
3 Fe3O4–biochar/bagasse microwave 17.8 55.0 (Bai et al., 2021)
4 Fe3O4–biochar/bambo pyrolysis 243.4 48.0 (Wang et al., 2017)
5 Fe3O4–biochar/ raspberry Pyrolysis 163.0 16.3 (Dobrzyńska et al., 2022)
6 Fe3O4–biochar/N.Sativa hydrothermal – 13.0 (Thabede et al., 2021)
7 Fe3O4–biochar/rice husk Microwave 76.9 84.3% (Zhong et al., 2018)
8 Fe3O4–biochar/quinoa Coprecipitation – 77.4 (Imran et al. 2020a, b)
9 Fe3O4–biochar/ bagasse Pyrolysis 26.9 71.0 (Yunqiang Yi et al., 2020)
10 Fe3O4—biochar–hickory Ball milling 241.0 50.6 (Zou et al. 2021)
11 Fe3O4–biochar/cotton silk Microwave 129.2 67.4 (Duan et al., 2017)
12 Fe3O4–biochar/bamboo Pyrolysis 317.8 19 (Wang et al., 2017)
13 Fe3O4–biochar/odorata Co-precipitation 35.7 52.8% (Nnadozie & Ajibade, 2020)
14 Fe3O4–biochar/reed Microwave 154.8 9.92 (Song et al., 2020)
15 Fe3O4–biochar/reed straw Pyrolysis 1.1 40.0 (Qin et al., 2020)
16 Fe3O4–biochar/P. Hysterophorus Co-precipitation 237.4 69.3 Current study
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to make predictions about the response for given levels of 
each factor. The ANOVA results of the study are presented 
in Table 7. The four factors with a three-level matrix were 
generated by Box–Behnken design for adsorption of Cr(VI) 
as the response variable. Based on this, the response surface 
quadratic model analyses were performed and many signifi-
cant terms of the main factors were observed, whereas the 
second-order terms were almost insignificant. The analysis 
also indicated that the most influential factor in the adsorp-
tion process was the adsorbent dose, whereas the least influ-
ential factor was contact time. On the contrary, the interac-
tion between the contact time was the only significant term 
among the second-order quadratic levels. Normally, only 
those significant terms have real impacts on Cr(VI) removal 
performances.

Adsorbent dosage and pH

The effect of interactions on the response variable was 
evaluated using the analysis of response surface method-
ology. In this approach, the difference between projected 
and actual Cr(VI) removal was compared. Based on the 
adsorption performance of magnetic biochar, the reduc-
tion of Cr(VI) ranged from roughly 18 to 92% in this study. 
The distribution of the actual values was a nearly perfect fit 
with the experimental data, as shown by the linear plot pro-
jected against real data. The ANOVA test indicated that the 
data were well fitting. Response surface plots and contour 
maps are widely used to depict the relationship between the 
response variable and the interaction of the two factors in 
a pictorial manner. Figure 9 shows a 3D plot of response 

surface methods that were used to statistically correlate the 
interaction effect to the response variable. The expected 
Cr(VI) removal efficiency was shown to be a result of the 
interaction effects. The interaction effect of the adsorbent 
dose and pH had a negative effect on the efficiency of Cr(VI) 
removal. At an initial chromium concentration of 70 mg/L 
and a contact time of 90 min, this projected removal effi-
ciency ranged from 35 to 85%. At the interaction effect 
between an adsorbent dose of 100 mg and a pH of 3.0, the 
maximum Cr(VI) removal efficiency of 85% was recorded. 
In general, it is evident from the graphical representation 
that chromium removal efficiency increased as the adsor-
bent dosage was increased and the pH of the solution was 
decreased. A similar result was reported by (Narzari et al. 
2021) where the interaction effects of adsorbent dosage and 
pH of the solution were found to have a negative effect on 
chromium Cr(VI) removal using Lantana Camara-derived 
magnetic biochar.

Cr(VI) concentration and adsorbent dosage

The interaction effect of adsorbent dosage and initial chro-
mium concentration on the chromium removal efficiency is 
shown in Fig. 10. It was observed that an increase in ini-
tial chromium concentration from 40 to 70 mg/L decreased 
the chromium removal efficiency from 49.7 to 42.8% when 
the adsorbent dosage was kept at 20 mg/100 mL. Similarly, 
keeping the initial chromium concentration at 40 mg/L, an 
increase in the adsorbent dosage from 20 mg/100 mL to 
60 mg/100 mL increased the chromium removal efficiency 
from 49.8 to 67.1%. Normally, increasing initial chromium 

Table 7  Quadric model 
– ANOVA results for the 
response surface methodology 
optimization

** significant terms and *insignificant terms

Source Sum of squares df Mean square F value p value Significant

Model 9175.30 14 655.38 19.50 < 0.0001 **
A-pH 538.19 1 538.19 16.01 0.0025 **
B-Cr(VI) conc 695.26 1 695.26 20.68 0.0011 **
C-Adsorbent dosage 2012.32 1 2012.32 59.87 < 0.0001 **
D-contact time 109.15 1 109.15 3.25 0.1017 *
AB 61.79 1 61.79 1.84 0.2050 *
AC 95.85 1 95.85 2.85 0.1222 *
AD 2.90 1 2.90 0.0864 0.7748 *
BC 85.78 1 85.78 2.55 0.1412 *
BD 45.86 1 45.86 1.36 0.2699 *
CD 69.82 1 69.82 2.08 0.1801 *
A2 1.92 1 1.92 0.0571 0.8160 *
B2 16.37 1 16.37 0.4871 0.5012 *
C2 135.11 1 135.11 4.02 0.0728 *
D2 167.82 1 167.82 4.99 0.0495 **
Residual 336.12 10 33.61
Cor total 9511.42 24
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concentration while keeping the other parameters decreases 
the overall removal efficiency, whereas increasing adsor-
bent dosage increases the removal efficiency. Moreover, a 
3D graph sketched using initial chromium concentration and 
adsorbent dosage shows that the interaction of adsorbent 
dosage and initial chromium concentration positively influ-
enced chromium removal efficiency. Finally, the interaction 
effects of the initial chromium concentration and adsorbent 
dosage on the removal of Cr(VI) can be supported by the 
results reported by (Narzari et al. 2021; Moges et al. 2022).

Initial Cr(VI) concentration and contact time

To estimate the combinations of the independent factors on 
Cr(VI) removal, three-dimensional response surface plots 
were used. The influence of contact time and initial chro-
mium content on adsorption was studied, and the pattern of 
interaction is shown in Fig. 11. The response surface plots 
for Cr(VI) removal were used to further develop this notion. 
The interaction effect was found to have an unfavorable 
influence on the removal efficiency of Cr(VI). Separately, 
the initial chromium concentration negatively affects Cr(VI) 

removal, while contact time had a positive impact. The max-
imum Cr(VI) removal efficiency of 70% was recorded at the 
interaction effect between the interaction of contact time of 
90 min and an initial chromium concentration of 40 mg/L, as 
shown in the 3D figure. The findings showed that as contact 
time increases at a fixed initial Cr(VI) concentration, per-
centage removal increases. While the contact time decreases 
as the initial chromium concentration increases and removal 
efficiency decreases. This result is in good agreement with 
the finding obtained by Moges et al. 2022, where  Fe3O4–GO 
was used to remove Cr(VI).

Initial chromium concentration and pH

Figure 12 shows the combined effect of pH and initial chro-
mium concentration on Cr(VI) removal effectiveness at a 
constant adsorbent dosage (60 mg/100 mL) and contact time 
(60 min). The interaction effect was found to have a negative 
impact on the removal efficiency of Cr(VI). It was tested 
with a fixed adsorbent dose of 60 mg and a contact time of 
90 min. The proportion of Cr(VI) ions removed increased as 
the initial concentration of Cr(VI) ions and solution pH were 

Fig. 9  The interaction effect of adsorbent dosage and pH on removal efficiency
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reduced. This can be explained by the fact that all adsor-
bents have a finite number of active binding sites, which 
become saturated at a particular concentration (Moges et al. 
2022). At the interaction effect of initial chromium content 
of 40 mg/L and a pH of 9.0, the maximum Cr(VI) removal 
efficiency of 75.4% was recorded. As indicated in Fig. 12, 
pH increases from 3.0 to 9.0, and the removal efficiency 
declines. The same trend with findings was reported by Nar-
zari et al. 2021. In their study, the authors reported that the 
interaction effects of initial chromium concentration and pH 
negatively affected the removal efficiency of Cr(VI).

Adsorption isotherms

The plot of 1/Ce against 1/qe was used for the analysis of 
the Langmuir model and the graphical representation of the 
Langmuir isotherm model is indicated in

Figure.  13 . The calculated values for the Langmuir 
adsorption capacity (qmax), correlation coefficient, and 
binding energy constant (KL) were 400 mg/g, 0.99, and 
0.031 L/mg, respectively. The Langmuir adsorption capac-
ity of 400 mg/g shows the best performance of the composite 
adsorbent. Dimensionless equilibrium parameter (RL) was 

calculated to know whether the process is favorable or not 
for the Langmuir type adsorption. The calculated RL value 
found in this study was 0.45 representing a favorable adsorp-
tion process that shows the effectiveness of the interaction of 
the adsorbent with the Cr(VI) ion (Moges et al. 2022). Simi-
larly, the linearized Freundlich isotherm was used and the 
plot of log Ce against log qe was carried out which resulted 
in a regression coefficient of R2 0.99 as shown in

Figure. 14 .The value of 1/n and Freundlich constant (n) 
were 0.85 and 1.183, respectively, indicating that the sorp-
tion of Cr(VI) onto the biochar magnetic sorbent is favora-
ble. To evaluate the applicability of the Temkin isotherm 
model, a plot of lnCe against qe was established. The cor-
relation coefficient of Temkin isotherm model for adsorption 
data fitted with experimental data was determined to be 0.95. 
The values for the Temkin isotherm equilibrium constant 
(KT) and the constant related to the heat of sorption (b) 
were found to be 0.6263 L/g and 47.89 J/mol, respectively. 
Figure 15 shows the graphical representation of the Temkin 
adsorption isotherm for Cr(VI) removal using the magnet-
ite–biochar composite. Moreover, the B value of 47.89 J/
mol (0.0115 kcal/mol), which was less than 1 kcal/mol indi-
cates that the adsorption of Cr(VI) onto biochar–magnetite 

Fig. 10  The interaction effect of adsorbent dosage and Cr(VI) concentration on removal efficiency
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composite is more physical. Based on these results, the 
determined correlation coefficient shows that the adsorp-
tion of Cr(VI) more resembled the Langmuir model. This 
indicated that Langmuir was more explanatory. Hence, 
the surface of the adsorbent is homogenous and the active 
sites of the adsorbent are linearly distributed. Furthermore, 
the value of 1/n was found to be less than 1 which implies 
normal adsorption. Predicting the right adsorption mecha-
nism is not straightforward since it is influenced by neutral 
molecules vs. dissociated ions, polar versus non-polar, and 
hydrophobicity vs. hydrophilicity (Tong et al., 2019a). The 
adsorption mechanism is demonstrated by the occurrence 
of surface precipitate, coordination formation, and the dis/
appearance or shifting of the functional and crystal peaks 
(Du et al., 2022; Liu et al. 2022). The common adsorption 
mechanisms were described by hydrophobic effect, covalent 
bonding, coulombic interaction, π-π electron donor–accep-
tor, electrostatic interactions, surface complexation, ion 
exchange, H-bonding, π-interaction, and dipole interactions 
(Jemal and Thabo, 2022; Kokkinos and Mantzavinos, 2020; 
Ru et al., 2021; Tong et al., 2019b; Wang et al., 2018). In this 
study, physisorption was the dominant mechanism which can 

be demonstrated by van der Waals forces, hydrogen bonding, 
and hydrophobic interactions.

Regeneration and reusability

The adsorption efficiency of biochar–magnetite compos-
ite for Cr(VI) removal was performed five times through 
adsorption–desorption cycles. Figure 16 shows that the 
adsorption efficiency of biochar–magnetite composite 
was 91.8% at the initial stage and the performance at the 
fifth cycle was 39.2%. This shows a significant reduction 
in adsorption performances. The removal efficiency exhib-
ited a continuously decreasing trend when the number of 
adsorption–desorption cycles increased. The reduction in 
the adsorption performance was probably due to the loss 
of the active sites associated with incomplete desorption. 
Furthermore, the decrease in removal capacity after succes-
sive cycles reveals the regeneration capacity of the adsorbent 
for further reuse of the adsorbent. Therefore, the obtained 
results proved that biochar–magnetite composite possessed 
high reusability and stability, which could give it great 
potential for practical application for Cr(VI) removal.

Fig. 11  The interaction effect of contact time and Cr(VI) concentration on removal efficiency
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Conclusions

The investigation of tannery wastewater was per-
formed and Cr(VI) concentration was found to be 
85.13 ± 1.22 mg/L. Adsorption treatment technology was 
applied for Cr(VI) removal from the tannery wastewater. 
Based on this approach, biochar was developed from the 

parthenium hysterophorus plant and modified using mag-
netic  Fe3O4 which resulted in a biochar-magnetite com-
posite adsorbent. This synthesis of composite adsorbent 
was successfully synthesized through the coprecipitation 
method. Optimization of the adsorption process was effec-
tively carried out through response surface methodology, 

Fig. 12  The interaction effect of pH and Cr(VI) concentration on removal efficiency
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particularly the Box–Behnken design. Four independ-
ent factors with levels such as pH (3, 6, and 9), initial 
Cr(VI) concentrations (40, 70, and 100 mg/L), contact 
times (30, 60, and 90 min), and adsorbent doses (20, 60, 
and 100 mg/100 mL) were used. The adsorption main and 
interaction effects were investigated and their significant 
influences on the adsorption were recorded. Regarding 
the adsorbent characterization, FTIR functional groups 
analysis; the presence of hydroxyl, carboxyl, aldehyde, 
ketone, and aromatics; BET surface area of 237.4  m2/g; 
the predominant peaks of XRD, and SEM analysis of 
up–down surface morphology were successfully indi-
cated. The adsorption performances of the biochar-mag-
netite composite for Cr(VI) removals ranged from 17.3 
to 91.8% under different treatment conditions. The maxi-
mum adsorption performance of the composite adsorbent 
was found to be 91.8% at the specific experimental con-
dition of the contact time of 90 min, initial Cr(VI) con-
tent of 40 mg/L, adsorbent of 100 mg/100 mL, and pH 3, 
whereas the Cr(VI) removal from real tannery wastewater 
was 81.8%. Among Langmuir, Freundlich, and Temkin 

adsorption isotherms, the Langmuir model was the best 
fit with experimental data at R2 0.99 and qmax 400 mg/g, 
showing that the adsorption process was homogenous and 
monolayer. Finally, the adsorption results were encourag-
ing, and biochar–Fe3O4 appears to be a potential candidate 
for Cr removal from tannery wastewater, but further adsor-
bent potential can be explored through the development of 
surface multifunctionalities which is essential for scale-up 
issues at the industrial level.
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