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A B S T R A C T

Heavy metal pollution, particularly chromium (Cr), poses a significant environmental challenge. This study 
addresses this issue by developing a novel composite adsorbent consisting of diatomite (DE), Fe3O4, and an 
activated carbon from teff straw (TSAC). The nanocomposite was characterized, exploiting FT-IR, BET, SEM, and 
XRD analyses, revealing a substantial BET surface area of 347.45 m2/g. Response surface methodology (RSM) 
with central composite design (CCD) was exploited to optimize adsorption parameters, including pH, adsorbent 
dose, initial Cr(VI) concentration, and adsorption time. Optimal conditions yielded a removal efficiency of 93.28 
% at pH 4, an adsorbent dose of 0.024 g/100 mL, an initial Cr(VI) level of 15 mg/L, and an adsorption time of 60 
min. The results showed that the Freundlich and Langmuir isotherm models, along with Toth model, best 
matched the data. This implies that both monolayer and heterogeneous surface adsorptions are the main 
mechanism, with a maximal sorption capacity of 131 mg/g and followed the pseudo-second-order kinetic model. 
Thermodynamic analyses uncovered the spontaneous and endothermic nature of the Cr (VI) adsorption by DE/ 
Fe3O4/TSAC. The composite’s recyclability was demonstrated over five cycles, maintaining significant removal 
efficiency. Such findings highlight the potentials of the DE/Fe3O4/TSAC composite for effective Cr (VI) removal 
from water, offering a promising solution to mitigate chromium pollution.

1. Introduction

A common inorganic contaminant, chromium naturally exists in a 
variety of oxide forms, such as crocoite and chromite. The environ
mental impact of chromium makes these compounds important. A sig
nificant source of chromium is chromite, which is mainly made up of 
iron and chromium oxides, whereas lead chromate is found in crocoite. 

Chromium’s extensive distribution and environmental concerns are a 
result of its several oxidation states [1]. Chromium is also generated by 
human endeavors, notably nuclear power plants and various metallur
gical processes [2], electroplating processes [3], tanning processes [4], 
and chromium metal production, contributing to its environmental 
presence. Chromium mostly is present as chromium (III) and chromium 
(VI) oxidation states [5]. Cr (VI) is remarkably more toxic than Cr (III) 
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owing to its higher solubility and mobility in water [6]. In water, 
chromium exists as oxyanions like hydrogen chromate (HCrO4

− ) [6], 
dichromate (Cr2O7 

2− ) [3], and chromate (CrO4 
2− ), depending upon pH 

levels; it is present as HCrO4
− and Cr2O7 

2− in acidic conditions, and as 
CrO4 

2− in basic conditions. This makes removing Cr(VI) from water 
bodies difficult [7].

Chromium salts are the primary chemical source used in tanning 
industries [5]. Globally, a large amount of chromium is released into 
water bodies from the tanning process, significantly increasing the levels 
of Cr(VI) in aquatic environments [2]. The global leather industry dis
charges substantial amounts of wastewater (over 300 million tons) [2], 
posing significant threats to human health and aquatic ecosystems [8]. 
Rapid urbanization and industrialization exacerbate this issue by 
releasing large quantities of untreated pollutants, including hexavalent 
chromium, into water bodies [8]. For example, recent research by Fito 
and colleagues [8] shows that Batu Tannery PLC in Ethiopia releases an 
alarming amount of hexavalent chromium (Cr(VI)) into local water re
sources, with concentrations reaching 85.13 ± 1.22 mg/L. This level far 
exceeds the World Health Organization’s (WHO) guidelines, which set 
the maximum acceptable limit at 0.05 mg/L for drinking waters and 0.2 
mg/L for wastewaters [9]. Above these threshold limits, Cr(VI) can bring 
about severe health problems such as kidney dysfunction [6], nerve 
tissue damage processes [4], liver damage [10], and carcinogenic [8]. 
Hence, it is critical to retrieve excess Cr (VI) from water bodies.

To date, many techniques have been used to remove Cr(VI), 
including precipitation [11], coagulation [12], membrane separation 
[13], oxidation-reduction [14], and adsorption [15]. Among these 
methods, adsorption is preferred by the virtues of its simple design, ease 
of operation, and low-cost [16]. Additionally, adsorption utilizes various 
low-cost and readily available adsorbents such as clays, agricultural 
wastes, biochar, activated carbon and polymers [16,17].

In this research, the exploitation of diatomite (DE), teff straw-derived 
activated carbon and Fe3O4-based composite sorbent was brought under 
scrutinization for removal of Cr(VI) from waters. Raw DE was cleaned 
and treated with H2SO4 to remove impurities and improve its surface 
activities. Naturally occurring DE contains impurities of the mineral and 
organic compounds that cause insufficient wettability, fewer available 
reaction sites, and poor regenerations [18]. Activated carbon was pre
pared from Teff (Eragrostis tef) straw by calcinating at an elevated 
temperature after treating it with H3PO4. The Teff straw is a lignocel
lulosic material and is found as a residue after seeds are removed [19]. 
Teff make up over 25 % of all crop products produced in Ethiopia [19]. 
Teff straw-derived activated carbon (TSAC) has special qualities such as 
a wide surface area, [20], high carbon content [21], surface-enriched 
functional group [22], and stable structure [23] and a great ability to 
remove both organic and inorganic contaminants and particularly has 
high adsorption capacity for Cr (VI) removal [19]. Despite its unique 
properties it still has regeneration challenges and creates secondary 
pollutants [21]. Additionally, its adsorption capacity for anionic con
taminants is limited owing to electrostatic repulsions, hindering effec
tive removal [24]. These limitations significantly limit the exploitation 
of TSAC for removing Cr (VI) from aqueous solutions. Hence, magnetite 
(Fe3O4) was incorporated into the composite to improve its affinity for 
Cr(VI) and improve chromium adsorption capacity and further reducing 
Cr(VI) to a lesser poisonous Cr(III) form [8]. In this context, some studies 
have already reported on the application of binary composites of DE/ 
Fe₃O₄, biochar/Fe₃O₄, and DE/Cellulose to improve Cr(VI) adsorptive 
uptake from waters [8,25]. For instance, Lemessa, Chebude [25] have 
enhanced the sorption capacity of natural DE for Cr(VI) by loading it 
with magnetic nanoparticles. Moreover, Fito, Abewaa [8] have observed 
the combination of BC (biochar) with Fe₃O₄ to improve recyclability of a 
prepared composite of BC/Fe₃O₄ for Cr(VI) adsorption from contami
nated waters. However, to our knowledge, no studies have been con
ducted for retrieving Cr(VI) from waters and wastewaters using the 
ternary composites of DE/Fe3O4/TSAC. The combination of DE/Fe3O4/ 
TSAC materials possibly enhances several active sites such as 

hydrophobicity, hydrophilicity, and surface charge. Diatomite’s primary 
role is to provide structural support and enhance the dispersibility of the 
other components, preventing aggregation and improving the overall 
stability and porosity of the composite [26]. Fe3O4 magnetic nano
particles (MNPs) as efficient adsorbents have been utilized for heavy 
metal adsorption on due to low toxicity, large specific surface area and 
superparamagnetic property contributes to the reduction of Cr (VI) to 
the less toxic Cr (III) form through redox reactions [27].Teff straw 
activated carbon provides a high surface area and abundant adsorption 
sites for Cr (VI) removal [28]. This study involved synthesizing a com
posite adsorbent, DE/Fe3O₄/TSAC, with varying DE/TSAC ratios. The 
adsorbent was tested for its efficacy in removing Cr (VI) from aqueous 
solutions. The adsorption process was analyzed, exploiting isotherm and 
kinetic models, while factors like initial Cr (VI) concentration, solution 
pH, adsorbent dosage, and contact duration were evaluated by experi
mental design. Thermodynamic computations were adopted to assess 
the feasibility of the adsorption process. The findings provided valuable 
insights into the optimal conditions for efficient Cr (VI) removal, high
lighting the potential of this composite adsorbent in environmental 
remediation applications.

2. Materials and methods

2.1. Materials and reagents

Raw diatomite samples [7] were collected from Adami-Tulu, 
Ethiopia, situated 168 km southeast of Addis Ababa. Teff straw [5] 
was obtained from a farm in Addis Ababa, Ethiopia. Ferric chloride 
hexahydrate (FeCl3.6H2O), sulfuric acid (98 %), hydrochloric acid (37 
%), phosphoric acid (85 %), sodium hydroxide (98 %), sodium chloride, 
potassium dichromate (99 %), acetone (99.9 %), nitric acid, sodium 
acetate (99.5 %), ethylene glycol, and 1, 5-diphenylcarbazide (85 %) 
were obtained from Sigma Aldrich. All chemicals and reagents employed 
in this study were of the highest analytical quality and were utilized 
directly, without undergoing additional purification processes.

2.2. Apparatus and equipment

Surfaces’ morphologies were scrutinized by exploiting a SEM mi
croscope (scanning electron microscope; Inspect F50, USA) at desirable 
magnifications, with a 15-kV voltage. The specific surface area of the 
magnetic composite adsorbent was calculated by BET (Brunauer- 
Emmett-Teller; SA 9600 instrument) method, while FTIR (Fourier- 
Transform Infrared) spectroscopy (using a Nicolet iS50 instrument) was 
employed to identify the functional moieties within the wavenumbers 
span of 4000 and 400 cm− 1. The magnetic composite adsorbent’s crys
tallinity was examined using a Cu Kα radiation source in an X-ray 
diffractometer (XRD-7000, Shimadzu Co., Japan) that scanned a range 
of angles from 10◦ to 80◦ with a temporal step. The concentrations of Cr 
(VI) ions in the water were measured by exploiting a UV–Vis spectro
photometer (UV-1800, Shimadzu).

2.3. Adsorbent preparations

2.3.1. Diatomite preparation
The raw diatomite (RDE) was first cleaned with deionized water and 

dried in an oven for 24 h at 105 ◦C. It was then pulverized in a disc mill 
and sieved through a 69 μm sieve. The sample was then treated with 4 M 
hot H2SO4 for 10 h at DE to acid ratio of 50 g/L at temperature of 90 ◦C. 
A magnetic stirrer was exploited to agitate the mixture at 1000 rpm. 
Then, the acid treated DE was separated using vacuum filtration, and the 
sample was rinsed with distilled water until the pH reached a neutral 
level. The sample dried for 12 h at 105 ◦C in an oven and kept in a tightly 
sealed container until further usage.
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2.3.2. Activated carbon production
The teff straw was sorted to remove contaminants and soaked in tap 

water overnight. Then, it was rinsed three times with deionized water 
and dried under the sunlight. Afterward, it was milled and was treated 
with 3 M H3PO4 for 24 h under continuous mixing. The impregnation 
ratio (weight of Teff straw to weight of phosphoric acid) was of 1:5674 
(g/g). Following impregnation, the samples were carefully dried out
doors, exposed to natural sunlight, and then thermally treated 453.92 ◦C 
for two h at a heating rate of 10 ◦C/min underneath nitrogen flow rate of 
180 cm3/min in a muffle furnace. After thermal treatment, the samples 
cooled down cleated with distilled water until the pH of the cleaning 
water stabilizes at a neutral pH of 7.0. The samples dried at 100 ◦C (for 
12 h) in an oven and kept sealed container until further use.

2.3.3. DE/Fe3O4/ TSAC composite adsorbent preparation
One gram of teff straw activated carbon was added to a 25-mL 

portion of nitric acid solution (6 M). The mixture was then heated 
under reflux conditions at the boiling point for a duration of 100 min. 
HNO3 was used to oxidize the activated carbon [29]. The mixture was 
cooled and subsequently AC was rinsed with deionized water until it 
reached a neutral pH. Following, the oxidized activated carbon was 
oven-dried in vacuum for 24 h at 65 ◦C. Next to synthesize a magnetic 
composite adsorbent from treated diatomite, oxidized activated carbon, 

and magnetite. FeCl3.6H2O (3 g), NaAC (6.0 g), at various mass ratios of 
treated diatomite/ oxidized activated carbon (0.4:1.2, 1.2:0.4, 0.8:0.8) 
dispersed in of ethylene glycol (100 mL) with gentle agitation for 1 h. 
The prepared solution was poured into a Teflon-lined stainless-steel 
autoclave and subjected to thermal treatment at 200 ◦C for 8 h as shown 
in Fig. 1. After allowing the autoclave to cool naturally to ambient 
temperature, the resulting product was retrieved by exploitation of a 
magnet and thoroughly washed multiple times with ethanol and water 
to ensure purity. Finally, the material was vacuum-dried at 60 ◦C for 24 
h to acquire the final sorbent [29].

2.4. Adsorption experiment

2.4.1. Point of zero-point of charge (pHpzc)
The acid-base titration procedure was exploited to examine the 

synthesized materials’ point of zero charge [30]. In this procedure, six 
Erlenmeyer flasks holding 50 mL of 0.1 M NaCl were filled with 1 g of 
the DE/FeO₄/TSAC composite adsorbent. Using 0.1 M NaOH or 0.1 M 
HCl, the pH of the solutions was adjusted between 2 and 12, and an 
orbital shaker (SSL1, UK) was used to shake the solution. After 48 h, the 
solution’s pH was finally measured, and pH pzc was computed by 
overlapping the pH initial and pH final curves [30].

Fig. 1. Synthesis of TDE / Fe3O4/ TSAC adsorbent by solvothermal method.
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2.4.2. Fabrication of standard solutions
Prior to preparing the standard solutions, a stock solution (1000 

ppm) was built by desolation of 2.8280 g of K2Cr2O7 in 1 L of distilled 
water. Nine standard solutions (0.2, 0.4, 0.6, 0.8, 1, 3, 5, 7, and 9 mg/L) 
were built by adding the K2Cr2O7 solution to 100 mL flasks. Next, in a 
meticulous procedure, each standard solution was carefully treated with 
2 mL of freshly prepared 1,5-diphenylcarbazide (1,5-DPC). This initial 
step was followed by the addition of 5 mL of 0.2 N sulfuric acid (H2SO4), 
which served to acidify the mixture. Almost instantaneously, a striking 
pink-red hue blossomed within the solution, vouchsafing the formation 
of the chromium-DPC complex. With precision, each flask was then fil
led to its calibration mark using distilled water, effectively creating the 
final Cr(VI) solution. The careful preparation culminated in the spec
troscopic analysis, where each sample’ absorbance was read by a 
UV–visible spectrometer. The wavelength of maximum absorption 
(λmax) was determined to be 540 nm, corresponding to the characteristic 
absorption peak of the chromium-DPC complex.

2.4.3. Adsorption parameter study
The effects of each of the following variables were examined: pH, 

adsorbent dose, beginning Cr (VI) level, and contact time. Different 
amounts (0.01, 0.015, 0.02, 0.025, and 0.03 g) of DE/Fe3O4/TSAC 
composite adsorbent were introduced to a 100-mL volumetric flask 
containing 20 mg/L of adsorbate (Cr (VI)) in order to appraise the 
impact of the nanocomposite dosage. The obtained suspensions were 
agitated for 60 min at 150 rpm, exploiting an orbital shaker [31]. The 
DE/Fe3O4/TSAC was separated from the solution by filtering it after 
shaking. 0.025 g of DE/Fe3O4/TSAC was added to a solution containing 
20 mg/L of adsorbate (Cr(VI)) while adjusting the pH levels (2.0, 4.0, 
6.0, 8.0, and 10.0), exploiting 0.1 M HCl and 0.1 M NaOH solutions in 
order to assess the impact of pH on Cr(VI) removal. After 60 min of 
shaking at 150 rpm, the mixture was filtered. Batch adsorption experi
ments were conducted to investigate the removal of Cr(VI) under 
varying initial concentrations and contact times. The initial Cr(VI) 
concentrations were set at 10, 15, 20, 25, and 30 mg/L. The suspensions 
were shaken for 60 min at a speed of 150 rpm, followed by filtration. To 
evaluate effects of contact duration on sorption, experiments were per
formed at intervals of 5, 15, 30, 45, 60, and 75 min under identical 
shaking conditions (150 rpm). After filtration, the filtrates were treated 
with 2 mL of 1,5-diphenylcarbazide (1,5-DPC) and 5 mL of 0.2 N H2SO4 
to develop a pink-coloured solution. The levels of Cr(VI) in the filtrates 
were analyzed by exploiting a UV–Visible spectrophotometer (UV-1800, 
Shimadzu) at the suitable wavelength (540 nm). The removal efficiency 
(R%) and adsorption capacity were calculated by exploitation of 
appropriate expression (Eqs. (1) and (2) to quantify the adsorption 
performance [32–34]. 

Removal Efficency (%) =
Co − Ce

Co
*100% (1) 

The percentage of chromium or methyl orange removal will be 
calculated using Equation 

Adsorption capacity =
Co − Ce

m
V (2) 

where V is the volume of the Cr(VI) solution, Ce is the equilibrium 
concentration of chromium, Co is the starting concentration, and m is 
the mass of the adsorbent.

2.4.4. Experiential design
In this work, the adsorption process parameters for the removal of Cr 

(VI) from aqueous solution were improved by the application of 
Response Surface Methodology in a Central Composite Design (CCD). 
Applying the RSM technique to quantitative experimental data in this 
case resulted in a model equation and the optimal condition for the 
adsorption process. RSM that made it particularly suitable for our 
research objectives, such as its efficiency in simultaneously evaluating 

multiple factors and their interactions, its ability to model complex non- 
linear relationships, and its capacity to generate a comprehensive 
response surface for understanding the process behaviour. In order to 
maximize the process four crucial variables were chosen: adsorbent 
dosage (A), solution pH (B), contact time (C), and initial Cr (VI) level 
(D), were thoroughly examined [33,34]. The response was defined as 
the percentage of Cr (VI) ion removed. The levels and ranges of the 
selected independent variables are shown in Table 1.

The CCD-based RSM’s necessary number of experimental points can 
be computed by

2n +2n+ c;

where; n is the independent factors (parameters) and c is the number 
of center points. 

y = β0 +
∑

βixi +
∑

βiix2
i +

∑
βijxiXj (3) 

where xi is the independent factor (adsorbent dosage (A), solution pH 
(B), contact time (C), and initial Cr (VI) level (D)), y is the Cr(VI) 
removal effectiveness (%), and βi is the coefficient.

2.4.4.1. Statistical analysis. Employment of Response Surface Method
ology in optimizing the conditions for Cr(VI) removal is a sophisticated 
technique that combines experimental design with mathematical and 
statistical modeling. By creating a quadratic model, RSM is able to slice 
through the complexity of multi-variable interactions to predict the 
optimum conditions for maximum removal efficiency. The use of Central 
Composite Design (CCD) in creating experimental data points ensures a 
thorough exploration of the variables at hand. The optimization process 
through Design-Expert software illustrates the practical application of 
RSM, where it provides a user-friendly interface to optimize the model 
and its validation. ANOVA is important in this context as it statistically 
validates the model’s accuracy, which renders the predictions reliable. 
Lastly, the 3D surface plots offer the graphical representation of the 
interaction effects, providing intuitive insight into how different vari
ables interact to affect the response. This exhaustive methodology serves 
to demonstrate the power of statistical modeling for environmental 
engineering, particularly in the important process of pollutant removal.

2.4.4.2. Model validation. The batch adsorptive experiment results 
were also compared with the predicted values of the RSM model, which 
provides a relationship between certain parameters and the Cr(VI) 
removal efficiency, to check the validity of the model. One of the valid 
statistical methods frequently used for optimization of complex pro
cesses is the Response Surface Methodology. RSM can prove useful in 
identifying the impact of certain parameters such as initial pH, amount 
of the adsorbent, contact time, and initial concentration of Cr(VI) on the 
process efficiency to remove Cr(VI). The study shows that under RSM, 
optimum conditions can be achieved which are effective for maximum 
removal of Cr(VI).

2.5. Adsorption kinetics, isotherms and thermodynamics

The interaction between adsorbates and the surface of adsorbents, 
along with the mechanisms governing their adsorption, can be effec

Table 1 
Levels and ranges of the independent variables utilized in the design of the 
experiment.

Range and level

Parameters − 1 0 1

Adsorbent dosage 0.02 0.03 0.04
Solution pH 4 6 8
Contact time 30 45 60
Initial Cr (VI) 15 10 25
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tively analyzed using various kinetic models. The tested models 
comprise of the pseudo-first-order, pseudo-second-order, and intra
particle diffusion models. Each model provides insight into different 
aspects of the adsorption process [11]: 

Pseudo − first order qt = qe.
[
1 − exp(− K1 .t)

]
(3) 

Pseudo–second order qt =
qe2

2.K2.t
[K2.(qe2).t + 1 ]

(4) 

Intraparticle diffusionqt = kpt0.5 + c (5) 

where qt is the Cr(VI) amount sorbed on the sorbent surface in (mg/g), qe 
is its amount sorbed on DE/Fe3O4/TSAC surface at equilibrium (mg/g), 
at time t [6], k1 and k2 are the first and second pseudo-order rate con
stants (min− 1), respectively, kp is the intraparticle diffusion constant 
(mg (g min0.5)− 1), and c (mg/g) is the boundary layer’s thickness that 
indicates the resistance to the mass transferring.

Langmuir, Freundlich isotherm, and Temkin isotherm models (two- 
parameter models), along with three three-parameter models, that is, 
Sips and Redlich-Peterson models were studied to investigate adsorption 
mechanisms on the DE/Fe3O4/TSAC surface. 

qe =
Qmax + KLCe

1 + KLCe
(6) 

The Langmuir model (non-linear form) 

The Freundlich isotherm model qe = Kf C
1
n
e (7) 

The Temkin isotherm modelqe =
RT
b

(lnKTCe) (8) 

The Sips isotherm modelqe =
qmax (KS.Ce)

1/n

1 + (KS.Ce)
1/n

(9) 

The Redlich − Peterson isotherm model qe =
KRPCe

1 + aRPCe
n (10) 

Among these, qe represents the quantity of hexavalent chromium (Cr 
(VI)) that is adsorbed by each unit of adsorbent mass, in milligrams per 
gram (mg/g). Ce, which denotes the concentrations of Cr(VI) remaining 
in the solutions at equilibrium, measured in milligrams per liter (mg/L). 
qm is a critical parameter that indicates the maximum adsorption ca
pacity of DE/Fe3O4/TSAC nanocomposite. KL is the Langmuir constant 
related to energy (L/mg). Kf and n are unitless constants that correspond 
to the sorption capacity and intensity of adsorption, respectively. b is the 
adsorption heat (J/mol). KT is the Temkin equilibrium binding constant 
(L/g). The temperature, denoted as T, is expressed in Kelvin, while R 
represents the universal gas constant with a value of 8.314 J/(mol⋅K). 
The parameters nS (exponent of Sips; dimensionless), KS (Sips constant, 
measured in Ln/mgn), and aR− P (measured in L/g) are determined 
through a non-linear fitting process.

In order to learn more about the properties of Cr(VI) sorption system, 
thermodynamic parameters such as the standard Gibbs free energy 
(ΔG◦), standard entropy changes (ΔS◦), and enthalpy changes (ΔH◦) 
were computed by exploitation of Van’t Hoff equation. For the adsorp
tion of Cr(VI), the Gibbs free energy (ΔG◦) in kJ⋅mol− 1, entropy (ΔS◦) in 
kJ⋅mol− 1 K− 1, and enthalpy (ΔH◦) in kJ⋅mol− 1 were calculated at 
thermodynamic equilibrium constants (Kc). The following is the ad
sorption’s Gibbs free energy (ΔG): 

(ΔG
◦

) = (ΔH◦

) − (ΔS
◦

) (11) 

where (ΔG◦), obtained from Vant Hoff equations, is applied as 
follows. 

(ΔG
◦

) = − RT ln Kc (12) 

LnKc = (ΔS
◦

)/R − (ΔH◦

)/RT (13) 

Kc = dimentionless constand derived from isotherms (14) 

where Kc is the equilibrium constant, M is the weight of the adsorbent in 
g⋅L− 1, V is the volume of solution in liters, and Co and Ce are the starting 
and equilibrium concentrations in mg⋅L− 1. The thermodynamic pa
rameters, enthalpy (ΔH◦), and standard adsorption entropy change 
(ΔS◦) were obtained from slopes and y-intercepts, respectively, using the 
Van’t Hoff linear plots of ln Kc against 1/T respectively.

2.6. Regeneration test

To assess the viability and affordability of the produced magnetic 
composite adsorbent, a regeneration test was carried out. The study 
began with the separation of a synthesized DE/Fe3O4/TSAC (MDA) 
composite from the solution mixture using magnet were presented in the 
supplementary material (Figure S3). The recovered DE/Fe3O4/TSAC 
composite was then dried and soaked in a 0.1 M NaOH solution to 
reactivate the pores [3]. The suspension was agitated at 150 rpm for 45 
min. Then, under ideal circumstances, the adsorbent was reused in the 
subsequent adsorption test after being cleaned with deionized water, 
isolated, and dried at 65 ◦C [9].

3. Result and discussion

3.1. Characterization studies

According to Fig. 2(a), the sulfuric acid treateddiatomite (TDE), teff 
straw activated carbon (TSAC), and magnetic composite adsorbent’s 
(MDA). FTIR spectra of TDE show the characteristic peaks of amorphous 
silica. The intense peak at 1075.27 cm− 1 (TDE) is due to Si-O-Si 
stretching vibrations. The minor shift and increased intensity in TDE 
are due to surface modification, enrichment of SiO₂, and removal of 
alkaline metallic impurities. Peaks at around 797.24 cm− 1 (TDE) are 
assigned to Si-OH stretching, and peaks at around 457.15 cm− 1 (TDE) 
are assigned to Si–O bond stretching. A new peak at 1180 cm− 1 due to 
incorporated sulfate ions (SO₄2− ) as a result of sulfuric acid treatment in 
TDE [26,35]. FTIR spectrum of teff straw activated carbon (TSAC) shows 
some functional groups. The broad O–H stretching band at around 
3400 cm− 1, which is prominent in teff straw due to the hydroxyl in 
hemicellulose and cellulose, decreases in TSAC, likely due to activation. 
C − H stretching (aliphatic C–H bonds) at 2920 cm− 1 also decreases 
after activation. The band at 1740 cm− 1 corresponds to aromatic C––C 
and carboxylic C––O stretching in both samples. Bands at around 1050 
and 1150 cm− 1 correspond to C-O-C bonds [36]. FT-IR spectra, the 
stretching vibrations of Fe-O-Fe are appeared by the usual absorption 
peak at 553.89 cm− 1 [37,38]. Whilst the absorption peaks at 3331.83 
and 1640 cm− 1 are related to O–H stretching vibration of the silanol 
moiety within the silica in the diatomite [39]. Other absorption peaks 
observed at 803.54 cm− 1 in the composite are related to Si–O stretching 
vibration on the silica shell [37]. With a carbonyl group present, the 
composite’s absorption peak at 1066 cm− 1 is assignable to C–O 
stretching vibration [40]. The peak at 2107.19 cm− 1 may be responsible 
for C–H stretching vibrations [20]. The crystal structures of the the 
sulfuric acid treated diatomite (TDE), teff straw activated carbon 
(TSAC), and magnetic composite adsorbent’s (MDA) were identified 
through XRD analysis as seen in Fig. 2(b). acid-treated diatomite (TDE) 
diatomite XRD patterns show broad peaks at 15◦-30◦ 2θ, typical of 
amorphous silica. Consist of quartz and feldspar as major crystalline 
phases with minor amounts of cristobalite and montmorillonite. 
Notably, the montmorillonite peak at 2θ = 35◦ is absent in TDE due to 
leaching during H₂SO₄ treatment.

In the FTIR spectra of TSAC The intense background scattering in the 
XRD pattern between 19.47◦ and 32◦ 2θ is a sign that the carbon 
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Fig. 2. FTIR spectra of TDE, TSAC, and DE/Fe3O4/TSAC. (a) spectrum of FTIR, (b) pattern of XRD, (c) SEM micrograph of TDE, (d) SEM micrograph of TSAC, (e) SEM 
micrograph of, DE/Fe3O4/TSAC, and (f) the graph of pHpzc DE/Fe3O4/TSAC.
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material either has a low crystallinity or very small crystal sizes, a 
common characteristic of activated carbons with their typical disor
dered structure. The existence of some crystalline order in the activated 
carbon is depicted by a small peak at 43.19◦ 2θ. The lack of intense, well- 
defined peaks in the XRD pattern indicates that there are no significant 
crystalline contaminants or inorganic materials present [28]. In the XRD 
of MDA, Diffraction peaks at 2θ = 30.5, 35.28, 42.5, and 63.16 were 
strongly linked to the typical patterns of FeO₄, [41,42]. These indicate 
the presence of a crystalline phase of Fe₃O₄ nanoparticles in the mag
netic composites of diatomite, activated carbon, and magnetite. A minor 
peak is appeared at a 2θ of 26.6, which is associated with activated 
carbon [43] The weak peaks observed at low angles corresponding with 
the amorphous structure of SiO₂ [39]. These findings indicate that the 
synthesis of the magnetic composite adsorbent DE/Fe₃O₄/TSAC was 
successful. The sulfuric acid treated diatomite (TDE), teff straw acti
vated carbon (TSAC), and the magnetic composite adsorbent of SEM 
image was presented in Fig. 2(c), (d) and (e) respectively. Acid treat
ment of diatomite (TDE) causes fracturing of the silica frustules, 
revealing the inner silica frameworks and hence the surface area of the 
material increases. Acid treatment also makes the pores within the 
diatomite particles larger, hence enhancing their adsorption capacities 
as shown in Fig. 2 (C). The SEM image in Fig. 2(d) shows TSAC has a 
highly porous structure with irregular micropores and mesopores, 
characteristic of activated carbons with high surface area for adsorption. 
This interconnected porosity and rough, heterogeneous surface with 
crevices likely result from the activation process, which creates pores 
and removes volatiles. The irregular particle shapes and sizes may 
contribute to the wide range of pore widths observed.

The morphological structure of the magnetic composite adsorbent 
was characterized by SEM. As shown in Fig. 2(c), most of the prepared 
DE/Fe₃O₄/TSAC consists of approximately spherical and uniform parti
cles. This is due to the presence of a large number of sphere-shaped 
particles that form agglomerates with asymmetric distributions, 
resembling the characteristics of iron oxide magnetic nanoparticles. The 
prepared DE/Fe₃O₄/TSAC composite adsorbent exhibits a heteroge
neous surface morphology characterized by rough and irregular fea
tures. The presence of Fe3O4 results in spherical particles, while the 
diatomite contributes elliptical and rod-like structures, similar to pre
vious reports [44].

Exploiting the BET (Brunauer-Emmett-Teller) procedure, surface 
area of the prepared DE/Fe3O4/TSDAC was determined to be 347.458 
m2/g.

3.2. Adsorption result

3.2.1. Point of zero-point of charge (pHpzc)
The point of zero-charge of DE/Fe₃O₄/TSAC surface was computed to 

be at pH of 5, as shown in Fig. 2(f). When pHs are less than this value, the 
DE/Fe₃O₄/TSAC surface becomes protonated and positively charged, 
enhancing attraction toward negatively charged Cr(VI) species [45]. 
This increases the performance of Cr (VI) removal from aqueous solu
tions. Conversely, if solutions’s pHs are higher than the zero-point 
charge pH, the surface becomes deprotonated (developing hydroxyl 
moieties), which leads to a reduced adsorption performance for Cr(VI) 
removal due to the repulsive forces between the DE/Fe₃O₄/TSAC surface 
and HCrO₄− and/or Cr₂O₇2− (Cr(VI) anions), thereby limiting the sorp
tion process. Using the acid-base titration procedure was exploited to 
examine the synthesized materials’ point of zero charge. The initial pH 
values is 2, 4, 6, 8, and 10 and After 48 h, the solution’s pH was finally 
pH values obtained after titration 2.3, 5.93, 4.23, 5.5, and 6.14 was 
obtained respectively measured, and pH pzc was computed by over
lapping the pH initial and pH final curves [30] as shown in Fig. 2(f). To 
ensure the reliability of our results, each experiment was conducted with 
a minimum of two repetitions.

3.2.2. Cr(VI) determination by UV–visible spectrophotometer
The UV–visible spectrophotometric approach was used to evaluate 

the produced composite adsorbents’ ability to adsorb Cr(VI), with 1,5- 
DPC acting as a complexing agent [46]. The redox reaction betwixt Cr 
(VI) and DPC, in which DPC is oxidized to DPCO (diphenylcarbazone) 
and Cr (VI) is reduced to Cr(III), is what gives the pigment its pink-red 
hue [10] The calibration curve of concentration versus absorbance 
was created by measuring the absorbance of the working solutions.

3.3. Adsorption studies

Adsorption experiments were conducted on DE/Fe3O4/TSAC fabri
cated by different mixing ratios of 1.2: 0.4, 0.4:1.2, and 0.8:0.8 of TSAC 
to DE (w/w), as displayed in Fig. 3. The ratio of TSAC to DE significantly 
influenced both Cr(VI) removal efficiency and the resulting composite 
surface area. A1.2: 0.4 TSAC: DE ratio yielded 93.92 % Cr (VI) removal 
efficiency and surface area of 331.44 m2/g. reversing the ratio to 0.4:1.2 
resulted in a lower removal efficiency of 85.97 % and a smaller surface 
area of 173.187 m2/g. the highest removal efficiency 98.96 % was 
achieved with a 0.8:0.8 TSAC:DE ratio, which also produced a high 
surface area of 347.458 m2/g.

For this composite adsorbent, the effects of adsorption dosage, so
lution pH, adsorption period, and starting chromium ion concentration 
were examined.

3.3.1. Influences of adsorption variables
The effect of DE/Fe₃O₄/TSAC dosage on Cr(VI) removal efficacy was 

studied at adsorbent dosage of 0.01, 0.015, 0.02, 0.025, and 0.0.03 g/ 
100 mL of the DE/Fe₃O₄/TSAC composite, yielding removal efficiencies 
of 87.45 %, 94.57 %, 96.15 %, 97.60 %, and 97.79.43 %, respectively as 
shown in Fig. 4 (a). DE/FeO₄/TSAC at a dose of 0.025 g/100 mL had the 
maximal sorption efficiency of 97.6 %. The composite adsorbent’s 
effectiveness reaches a significant threshold at 0.025 g, after which 
additional augmentation results in decreasing removal efficiency; this 
plateau in removal efficiency indicates a saturation point, at which most 
of the adsorbent surface’s active sites have already interacted with 
chromium ions; the observed phenomenon suggests that increasing the 
adsorbent quantity beyond this critical mass does not significantly 
improve the purification process. The complex interaction between the 
surface area of the adsorbent and the concentration of chromium ions in 
solution is responsible for this phenomenon. The likelihood of effective 
ion capture declines as the adsorbent gets closer to its maximum 

Fig. 3. Effect of impregnation ratio (weight of activated carbon to weight of 
diatomite) for preparation of DE/Fe3O4/TSAC on the Cr(VI) removal (%).
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capacity, leading to a very slight increase in removal efficiency overall. 
This knowledge is essential for maximizing the use of adsorbents while 
striking a balance between material consumption and treatment efficacy 
[20].

By adjusting the contact period from 15 to 75 min, the impact of 
contact duration on the DE/FeO₄/TSAC composite’s ability to remove Cr 
(VI) was examined [47]. The adsorption of Cr(VI) by the DE/Fe₃O₄/ 
TSAC composite occurred rapidly in the initial minutes due to the 
abundance of available unsaturated sites on the surface as demonstrated 
in Fig. 4(b). However, the adsorption slowed down later, likely due to 
the heterogeneous nature of the synthesized adsorbent [48].

As the contact time extended to 45 min, the adsorption efficiency 
improved, reaching 97.33 % for Cr (VI) removal; the adsorbate had more 
opportunities to diffuse onto the adsorbent sites [49]. By adjusting the 
pH values 2, 4, 6, 8, and 10 under specific conditions, the influence of pH 
on Cr(VI) removal by DE/Fe3O4/TSAC composite was investigated. The 
removal efficiency declines from 2 to 10. In acidified solution pHs, the 
positively charged surface of the DE/Fe₃O₄/TSAC composite shows 
strong electrostatic attraction with the negatively charged HCrO₄− and 
Cr₂O₇2− pollutants [49]. Chromium VI is effectively reduced to chro
mium III, a less hazardous and more stable oxidation state, in an acidic 
environment. The redox reaction can be expressed as HCrO₄− + Fe2+ +

7H+ → Cr3+ + Fe3+ + 4H₂O [47]. Due to the better adsorption properties 
of the DE/FeO₄/TSAC composite toward Cr(III) ions, this conversion 
increases the removal efficiency of chromium species. The procedure, 
which is depicted in the reaction that goes along with it, shows how 
surface contacts and redox chemistry work in concert to remediate 
heavy metals. Above pH 5, the DE/Fe₃O₄/TSAC composite’s surface 

becomes negatively charged as shown in Fig.4(c), causing repulsion 
with the negatively charged chromium anions. Under alkaline condi
tions, chromate ions (CrO₄2− ) dominate as the principal hexavalent 
chromium species, engendering a competitive adsorption dynamic 
wherein CrO₄2− and hydroxyl anions (OH− ) vie for occupancy of active 
surface sites [48]. Such a competition would decline the adsorption of 
hexavalent chromium.

As can be grasped from the results, in summary, adsorption effi
ciency decreased from 98.95 to 78.50 % when the pH rose from 2 to 10. 
As the initial Cr(VI) level rose from 10 to 30 mg/L, the DE/Fe3O4/TSAC 
composite’s adsorption efficiency first dropped from 99.28 % to 91.1 2 
%, as illustrated in Fig. 4(d). At first, the observed adsorption efficiency 
of Cr(VI) on DE/Fe3O4/TSAC shows good performance, which is 
mechanistically explained by the huge number of unoccupied active 
sites on the surface of the composite [8], which provides strong affinity 
toward the pollutant. However, as Cr(VI) concentrations increase, the 
system’s removal capacity decreases [50], mainly because of two syn
ergistic factors: (i) site saturation, as progressive occupation of surface- 
active centers reduces available binding domains, and [7] inter- 
adsorbate interference, as increased ionic crowding induces competi
tive interactions between adsorbate species, destabilizing adsorption 
equilibria through steric hindrance and electrostatic repulsion impacts.

3.3.2. Experimental design and statistical analyses
Through response surface methodology (RSM) utilizing a central 

composite design (CCD) framework, the optimization and interactive 
effects of critical adsorption parameters, specifically adsorbent dosage 
(A), solution pH (B), contact time (C), and initial Cr(VI) level (D), were 

Fig. 4. The % removal effectiveness of Cr is influenced by adsorption settings. (a) adsorbent dosage, (b) sorption duration, (c) solution pH, and (d) initial Cr 
(VI) level.
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thoroughly examined. This allowed for a methodical assessment of the 
influences of individual factors and multivariate interactions governing 
the efficiency of the sorption process.150 rpm was the agitation pace at 
which the mixing occurred. The impacts of the four parameters are 
displayed in Table 2, along with the corresponding removal percentage 
of Cr (VI) ions as determined experimentally and projected.

A polynomial expression (second-order) was exploited to charac
terize the relationships betwixt the four independent parameters and 
removal percentages of Cr (VI) ions (response).

The constructed model has a strong fit, as recognized by its R2 (co
efficient of correlation) of 0.9816. The ANOVA (analysis of variance), 
model fit and summary statistics, and the experimental design matrix 
generated by CCD for Cr(VI) ions removal of the founded model were not 
shown here.

The terms in the model are significant, according to the p-value, 
which is less than 0.05. Given that their p-values are lower than 0.05, the 
terms A, B, C, D, AC, B2, C2, and D2 are significant. Eq. 16 illustrates the 
empirical relationship between the input variables and removal effi
ciency percentage of Cr(VI) ions as the response variable. 

R (%) = 83.90+1.6 A+3.16 B − 4.82 C − 2.65 D − 0.4575 AB
+0.8575 AC+0.5575 AD − 0.5550 BC − 0.4550 BD
+0.4825 CD − 0.2344 A2 − 1.80 B2 +1.06 C2 − 0.5269D2

(16) 

3.3.2.1. ANOVA for the quadratic model. For statistical analysis of input 
effective variables (A, B, C, D) and for empirical model validation pur
poses, certain parameters were considered. Analysis of variance 
(ANOVA) is a technique used to determine validity and adequacy of the 
models through Fisher’s, F-test, and Student’s t-test. In this case, F- 
values and P-values suggest the design factors, adsorbent dose, contact 
time, pH, and, initial Cr (VI) concentration, are highly significant for the 
quadratic model. The Cr (VI) adsorption removal responses of the 
experimental design show optimal conditions at adsorbent dose =

0.024, time 59.99, pH = 4, initial Cr (VI) concentration 15 mg/L with 
94.83 % removal efficiency.

The model test demonstrates that the design model accurately de
picts the data behaviour for the experiments and the considered factors 
have extremely significant effects on removal efficiency [51]. The model 
optimized for Cr (VI) removal by the CCD suggested a quadratic model, 
with regression and adjusted regression (R2) values of 0.8941 and 
0.9644, respectively, as shown in Table 3. The model is acceptable if R2 

approaches unity [52]. These parameters have incredibly large effects 
on removal efficiency.

In general, to validate this empirical model, several parameters were 
considered, such as probability <0.05 would show the significance of 
the model and lack of fit should be not significant (> 0.05), and 
adequate precision (signal-to-noise ratio) is >4, as shown in Table 4.

the Residual plots, and normal probability plots as shown Fig. 5.
The three-dimensional response surface analysis (Fig. 6) shows 

important synergistic interactions between process variables in the 
removal efficiency of chromium (VI). In particular, Fig. 6(a) shows that 
the adsorbent dosage (Factor A) and contact time (Factor B) have a 
codependent relationship, with the lowest removal efficiencies occur
ring at minimal adsorbent dosages and shorter contact times.

The impacts of solution pH (C) and dose (A) on sorption efficiency of 
Cr(VI) are displayed in Fig. 6(b). As the pH of the solution drops and the 
sorbent dosage is increased, the removal efficiency of Cr(VI) rises. 
Higher solution pH and lower adsorbent dosage resulted in the lowest 
removal effectiveness. In general, a higher adsorbent dosage and a 
comparatively lower pH produced the highest removal %. A 3D figure 
showing the impact of the starting concentration of Cr(VI) and DE/ 
Fe3O4/TSAC dose (A) upon sorption efficiency of Cr(VI) from aqueous 
water is demonstrated in Fig. 6(c). As the starting concentration de
creases and the adsorbent dosage increases, the removal efficiency rises. 
Fig. 6(d) illustrates the combined impact of contact duration (B) and 
solution pH (c). Its removal efficacy response rises as the solution’s pH 
falls and contact time lengthens. However, as the starting concentration 
rises, the effectiveness of chromium removal falls.

Fig. 6(e) showed how initial Cr(VI) level and contact duration 
interacted. While the removal efficiency rises with contact duration, it 
falls with increasing initial Cr(VI) level. Fig. 6(f) showed the combined 
impact of the initial Cr (VI) level and solution pH (C). It demonstrates 
that as the starting Cr(VI) level and medium’s pH both drop, the removal 
efficiency rises.

An optimal Cr (VI) ion’s removal of 94.83 % was attained using the 
response surface technique model at the following parameters: initial 
Chromium (VI) level (15 mg L-1), contact duration (59.99 min), DE/ 
Fe3O4/TSAC dose (0.024 g), and solution pH (4). A set of duplicate tests 
were conducted underneath the determined ideal conditions in order to 
verify the optimization outcomes acquired from the CCD-based RSM 
model. At a sorbent dose of 0.024 g, solution pH of 4, beginning Cr(VI) 
concentration of 15 mg/L, and contact time of 59.99 min, the experi
mental removal efficiency of Cr(VI) was grasped to be 93.28 ± 1.22 %. 
The strong correlation betwixt the predicted amounts and the experi
mental results highlights how accurate and dependable the created 
model is at predicting the removal efficiency of Cr(VI) from aqueous 
solutions by exploitation of the magnetic composite adsorbent.

3.3.3. Adsorption isotherm study
The data of equilibrium experiments were subjected to the Langmuir, 

Freundlich, Temkin, and three three-parameter isotherm models in 
order to analyse the adsorption mechanism and ascertain the maximum.

The DE/Fe3O₄/TSAC composite adsorbent’s adsorption capacity was 
assessed, and isotherm models were used to examine the adsorption 
behaviour. The study determined the isotherm model that best explains 
the experimental adsorption data by evaluating the coefficient of 
determination (R2), offering a reliable explanation of the adsorption 
mechanism. In order to achieve this, Cr(VI) adsorption isotherm ex
periments were carried out using 100 mL solution and agitation speed =

Table 2 
Experimental design matrix generated by CCD for Cr (VI) ion removal.

Run Factors Cr(VI) ions removal percentage (%)

A B C D Experimental Predicted

1 0.02 30 8 15 74.80 74.33
2 0.04 30 8 15 77.80 79.04
3 0.04 30 4 15 86.80 86.81
4 0.03 45 6 20 83.90 83.90
5 0.04 60 4 25 87.80 88.19
6 0.03 45 6 20 83.90 83.90
7 0.03 45 10 20 78.50 78.51
8 0.03 45 6 10 86.70 87.09
9 0.02 60 4 15 93.50 94.80
10 0.02 60 4 25 86.50 86.51
11 0.05 45 6 20 87.50 86.16
12 0.04 60 8 15 84.90 84.25
13 0.03 45 6 20 83.90 83.90
14 0.04 30 4 25 80.80 82.58
15 0.02 60 8 15 81.90 81.38
16 0.03 45 6 20 83.90 83.90
17 0.01 45 6 20 79.60 79.77
18 0.03 45 6 20 83.90 83.90
19 0.02 60 8 25 75.11 75.02
20 0.02 30 4 15 86.40 85.54
21 0.04 60 4 15 93.90 94.25
22 0.03 75 6 20 83.90 83.04
23 0.03 45 6 30 78.06 76.50
24 0.02 30 8 25 68.89 69.80
25 0.04 30 8 25 78.11 76.74
26 0.03 15 6 20 70.70 70.39
27 0.04 60 8 25 78.01 80.13
28 0.03 45 6 20 83.90 83.90
29 0.03 45 2 20 98.95 97.77
30 0.02 30 4 25 78.50 79.07
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150 rpm. The initial level was varied from 10 to 40 mg/L whilst keeping 
pH at 4, the adsorption time was 60 min, the temperature was 25 ◦C, and 
the adsorbent dosage was 0.024 g (parameters at optimal levels). The 
models used for equilibrium sorption data, as displayed in Fig. 7 (a) an 
reported in Table 5, to determine if these models effectively describe the 
adsorption process. When compared to the theoretical model of mono
layer adsorption on heterogeneous surfaces, the equilibrium data 

analysis provides detailed information about the adsorption mechanism 
[47]. The isotherms which had three parameters showed a good statis
tical coherence among the models evaluated, with an R2 values larger 
than 0.9955 and low error metrics (ARE≤0.081 %, Δq ≤ 3.73 %, χ2 ≤

0.397), which is consistent with the Langmuir-based theory of mono
layer adsorption [48], since such models naturally reduces to the 
Langmuir equation when its heterogeneity parameter (n) approaches 
unity [49]. Although the observed deviation of n from 1 suggests surface 
energy heterogeneity, the Redlich-Peterson model further supports the 
dominance of monolayer behaviour with suitable goodness-of-fit (R2 =

0.9977) and hybrid features of Langmuir and Freundlich mechanisms. 
Crucially, while site-specific energies were constant, the Langmuir 
isotherm itself maintained strong validity (R2 = 0.9925), which is 
consistent with its ability to explain heterogeneous but localized 
monolayer adsorption. The Temkin model’s poorer performance (R2 =

0.9540) and the Freundlich isotherm’s intermediate findings (R2 =

0.9872) indicate that although surface heterogeneity affects adsorption 
energetics, the monolayer assumption is still true. The Tóth model was 
assessed in the dataset and showed a good fitness with the data, 
resolving this contradiction by theoretically extending Langmuir’s 
framework to measure energy distribution heterogeneity while main
taining monolayer adherence [50]. This is a natural expansion consid
ering the trends in the data that have been seen. The remarkable 
accuracy of Langmuir and the convergence of models with three pa
rameters (Sips, Tóth, and Redlich-Peterson) highlight a hybrid mecha
nism: monolayer adsorption on a surface with moderate energy 
heterogeneity. By taking into account adsorption site variability, three- 
parameter models enhance rather than replace the monolayer paradigm, 
which is why this interpretation disproves the multilayer conclusion 
from Freundlich intermediate alignment. Accordingly, the system is best 
characterized as a heterogeneous monolayer process, in which Langmuir 
is still essentially valid under its localized-site assumptions.

3.3.4. Adsorption kinetics study
Through batch experiments using 100-mL of aqueous solutions with 

Table 3 
Model fit and summary statistics.

Source Std. Dev. R2 Adjusted R2 Predicted R2 PRESS

Linear 2.81 0.8388 0.8130 0.7516 303.95 ​
2FI 2.95 0.8650 0.7939 0.7273 333.71 ​

Quadratic 1.22 0.9816 0.9644 0.8941 129.63 Suggested
Cubic 0.9189 0.9952 0.9800 0.3043 851.15 Aliased

Coefficient of variance 1.48 Adequate precision 32.2955

Table 4 
ANOVA of the second order polynomial equation.

Source Sum of 
Squares

df Mean 
Square

F- 
value

p-value

Model 1201.03 14 85.79 57.18 <

0.0001
significant

A-Dose 61.18 1 61.18 40.78 <

0.0001
​

B-Time 240.16 1 240.16 160.07
<

0.0001 ​

C-pH 556.61 1 556.61 370.99
<

0.0001
​

D-Intial 
Con

168.33 1 168.33 112.19 <

0.0001
​

AB 3.35 1 3.35 2.23 0.1559 ​
AC 11.76 1 11.76 7.84 0.0135 ​
AD 4.97 1 4.97 3.31 0.0887 ​
BC 4.93 1 4.93 3.28 0.0900 ​
BD 3.31 1 3.31 2.21 0.1580 ​
CD 3.72 1 3.72 2.48 0.1360 ​
A2 1.51 1 1.51 1.00 0.3322 ​

B2 88.56 1 88.56 59.03 <

0.0001
​

C2 30.78 1 30.78 20.52 0.0004 ​
D2 7.61 1 7.61 5.07 0.0397 ​
Residual 22.51 15 1.50 ​ ​ ​
Lack of Fit 22.51 10 2.25 ​ ​ ​
Pure Error 0.0000 5 0.0000 ​ ​ ​
Cor Total 1223.53 29 ​ ​ ​ ​

Fig. 5. The graphical illustration for the predicted and actual Cr (VI) removal efficiency (a). The graphical illustration for the normal plot of Residuals (b).
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an initial chromium concentration of 15.0 mg/L and 0.024 g of DE/ 
Fe3O₄/TSAC at pH 4.0 and 25 ◦C, the sorption kinetics of Cr(VI) were 
systematically investigated. The rate-limiting processes were inter
preted using three mechanistic models: pseudo-first-order (PFO), 
pseudo-second-order (PSO), and intraparticle diffusion (IPD). Kinetic 
analysis showed superior alignment with the PSO model (R2 > 0.99), 

Table 6, resulting in an equilibrium adsorption capacity (qe) of 63.05 
mg/g. Although, based some published work in the literature [51], this 
significant association indicates that chemisorption is the dominant 
mechanism, a chemisorption cannot be at play in the current adsorption 
system. In fact, a chemisorption process is most likely due to covalent 
electron transfer between the active surface sites on the DE/Fe3O₄/TSAC 

Fig. 6. 3-D surface graphs showing how the adsorption parameters interact.
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and Cr(VI) oxyanions [53]. However, the possibility of such process is 
quite low in DE/Fe3O4/TSAC and Cr(VI) system. With high intercept 
values (C) in multilinear regression plots, the IPD model showed an 
acceptable applicability (R2 ≥ 0.9884). However, the defined stages 
show a high intercept which suggests that boundary layer effects were a 
main resistance mechanism throughout the examined period, surpassing 
pore diffusion. Together, our results support the idea that surface 
complexation, not physical mass transfer limitations, controls 

adsorption kinetics. This is in line with physiochemical-mediated 
removal mechanisms that have been documented for similar sorption 
systems [49].

3.3.5. Thermodynamics
Using linear van’t Hoff analysis, the thermodynamic parameters 

controlling the process were identified [53]. The temperature- 
dependent equilibrium data were fitted to the formula ln(numerical 
value of KL(L/mol) = − ΔH∘/RT + ΔS∘/R. The slope of − 4497 and the 
intercept of 28.142 obtained from linear regression of ln(numerical 
value of KL(L/mol) versus 1/T (Fig. 8) equate to an entropy change (ΔS∘) 
of 186.41 J/(mol.K) and an enthalpy change (ΔH∘) of 36.06 kJ/mol. 
While the positive ΔS∘ indicates increasing molecular disorder at the 
solid-liquid interface during the process, the positive ΔH∘ validates the 
andothermic character of Cr(VI) adsorption onto DE/Fe3O4/TSAC. The 
consistently negative Gibbs free energy values (ΔG∘) demonstrated the 
spontaneity of adsorption; they varied from − 31.20 kJ/mol at 20◦ to 
− 34.66 kJ/mol at 35 ◦C. According to the Gibbs-Helmholtz relationship 
ΔG∘ = ΔH∘ − TΔS∘, this pattern is consistent with the enthalpy-driven 
contribution, which is more prominent at higher temperatures and 
less so as thermal energy decreases. In line with the endothermic 
adsorption mechanism, the gradual increase in ΔG∘ negativity over the 
studied temperature range (20–35 ◦C) indicates raised thermodynamic 
favorability at higher temperatures [49].

3.3.6. Regeneration test
The regeneration capability of an efficient adsorbent and the safe 

disposal of wastewater are crucial factors in assessing its economic 
feasibility [54]. As shown in the Fig. 9, the adsorption efficiency of DE/ 
Fe3O4/TSAC after each cycle. The recyclability of DE/Fe3O4/TSAC 
demonstrated excellent performance for five consecutive cycles, with 
adsorption efficiency of that is 93.26, 88.12, 84.15, 78.59, and 74.02 % 
for first, second, third, fourth, and fifth runs, respectively. Indeed, the 
sorption efficacy demonstrated a slight decline, as displayed Fig. 8. 
According to the pseudo-second-order model, this might be explained by 
closes of some pores by participated pollutant. This suggested that DE/ 
Fe3O4/ TSAC composite adsorbent is a promising and cost-effective for 
the adsorption of Cr(VI), making this sorbent suitable for practical 
applications.

3.3.7. Comparison of DE/Fe3O4/TSAC with adsorptive removal of Cr (VI) 
for clay composite

The exceptional stability, cost-effectiveness, and high adsorption 
potential of clay-based composites have attracted a lot of attention. Of 
these, the DE/Fe₃O₄/TSAC composite showed an excellent maximum 
adsorption capacity of 131.01 mg/g for Cr(VI), which is attributed to the 
electrostatic interactions between negatively charged Cr(VI) anionic 
species and the positively charged surface of DE/Fe₃O₄/TSAC under 
ideal conditions. Table 7 summarizes comparative analyses of different 
clay-based composite adsorbents, highlighting the superior adsorption 
efficiency and efficacy of DE/Fe₃O₄/TSAC in removing heavy metal 
pollutants. Its potential as a sustainable wastewater treatment solution is 
further highlighted by the fact that it is made from cheap, plentiful clay 
minerals and teff straw obtained from biomass. Additionally, DE/FeO₄/ 
TSAC’s magnetic characteristics make it simple to separate from 
aqueous solutions with the use of an external magnetic field, allowing 
for effective regeneration and reuse. Because of these qualities, DE/ 
FeO₄/TSAC is positioned as a viable option for developing environ
mentally friendly water treatment systems. The comparative removal 
capacity study of Cr(VI) removal indicates the remarkable enhancement 
attained with the ternary composite (TDE/Fe₃O₄/TSAC. relative to in
dividual counterparts and even certain reported binary systems. 
Whereas H₂SO₄ treated diatomite and teff straw activated carbon had 
capacities of 16.39 mg/g [26]and 49.285 mg/g [28], respectively, their 
coupling with Fe₃O₄ in the TDE/Fe₃O₄/TSAC composite enhanced the Cr 
removal exponentially to a peak of 131.01 mg/g. This is well beyond the 

Fig. 7. Plots of various isothermal models (a), various kinetic models (b), and 
intra-particle model (c).
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capacities of the other materials considered here, such as magnetite 
diatomite (88.49 mg/g) [25], montmorillonite clay-supported magne
tite nanoparticles (15.3 mg/g), and surfactant-modified montmoril
lonite clay (41.34 mg/g) [55] Such a dramatic enhancement of the Cr 
(VI) adsorption capacity of the ternary composite, especially compared 
to its constituent parts and binary analogs, indicates a profound syner
gistic effect in which the integration of Fe₃O₄ with the modified diato
mite and activated carbon develops a more effective adsorption 
platform. This higher performance can likely be attributed to the syn
ergistic effects of the porous structure and high surface area of the 

activated carbon and diatomite, the acid functional groups from the 
sulfuric acid treatment of diatomite and nitric acid oxidation of acti
vated carbon, and the magnetism and potential Cr(VI) reduction ca
pacity of the Fe₃O₄, as seen from various studies on similar magnetic 
composites for heavy metal removal [25].

3.3.8. Mechanism of Cr(VI) sorption
The sorption of Cr (VI) onto the surface of fabricated DE/Fe3O4/ 

TSAC composite may occur through mechanisms such as electrostatic 
interaction [60], chelation, H-bonding, surface precipitation [14], or 
reduction-adsorption processes (Fig. 10). The potential removal of Cr 
(VI) from aqueous solutions can involve formation of complexes and 
precipitation at the surface [13]. This could be because the surface of the 
produced DE/Fe3O4/TSAC composite has enhanced functional groups. 
The conversion of Cr(VI) to Cr(III), which is then eliminated via 
adsorption, is another possible adsorption mechanism [6]. In acidified 
solution pHs, the positively charged surface of the DE/Fe₃O₄/TSAC 
composite shows strong electrostatic attraction with the negatively 
charged HCrO₄− and Cr₂O₇2− pollutants [49]. Chromium VI can effec
tively be reduced to chromium III, a less hazardous and more stable 
oxidation state, in an acidic environment. From thermodynamic studies, 
the magnitude has been found to be 36.06 kJ/mol, which is far higher 
than ΔH◦ range of physiosorption processes (i.e., approximately 2.0 to 
20 kJ/mol [61]). This high ΔH◦ magnitude can be due to association a 
chemical process (like reduction of Cr(VI) to Cr(III)) which may be at 
play for a part of Cr(VI) amount which is adsorbed on the surface of 
adsorbent. In fact, perhaps due to the better adsorption properties of the 
DE/FeO₄/TSAC composite toward Cr(III) ions, this conversion increases 
the removal efficiency of chromium species. The procedure, which is 
depicted in the reaction that goes along with it, shows how surface 
contacts and redox chemistry work in concert to remediate heavy 
metals. Above pH 5, the DE/Fe₃O₄/TSAC composite’s surface becomes 
negatively charged as shown in Fig. 2(f), causing repulsion with the 

Table 5 
Isotherms constants for uptake of Cr(VI) on DE/Fe3O4/TSAC.

Models Equations Parameter Statistical indices

Langmuir’s Isotherm qe =
qmKLCe

1 + KLCe

qm (mg/g) KL (L/mg) R2 Δq χ2 ARE ​

​ ​ 131.019 0.892 0.9925 4.013 0.839 0.161 ​
Freundlich’s isotherm

qe = Kf C
1
n
e

Kf (L/g) n R2 Δq χ2 ARE ​

​ ​ 57.01 3.27 0.9872 6.267 1.916 0.483 ​
Temkin’s isotherm qe =

RT
b

(lnKTCe)
KT (L/g) b (J/mol) R2 Δq χ2 ARE ​

​ ​ 12.01 25.10 0.9540 10.975 3.56 1.012 ​

Sips’s isotherm
qe =

qm (KSCe)
1/n

1 + (KSCe)
1/n

qm (mg/g) n Ks (L/g) R2 Δq χ2 ARE

​ ​ 140.31 1.31 0.61 0.9955 3.73 0.397 0.079
Redlich- Peterson’s isotherm qe =

KRPCe

1 + aRPCe
n

KRP (L/g) n aRP (Ln/mg-n) R2 Δq χ2 ARE

​ ​ 150.96 0.881 1.63 0.9977 3.233 0.381 0.081
Tóth’s isotherm qe =

qmaxKT Ce

[1 + (KTCe)
n
]
1/n

KT (mg/L) n qmax (mg/g) R2 Δq χ2 ARE

​ ​ 1.52 0.52 135.03 0.9985 2.93 0.199 0.048

Table 6 
Models’ constants for sorption kinetics for Cr (VI) on DE/Fe3O4/TSAC.

Models Equations Parameter Statistical indices

PFO qt = qe1
[
1 − exp(− k1 .t)

]
qe1 in mg/g k1 in 1/min R2 Δq χ2 ARE

55.49 0.16 0.9459 7.10 1.67 0.50
PSO

qt =
qe2

2k2t
[k2 qe2 t + 1]

qe2 in mg/g k2 in g/mg min R2 Δq χ2 ARE
63.05 0.0027 0.9902 3.59 0.37 0.13

IPD1 & IPD2 qt = kpt0.5 + c kp,1 in mg/g min0.5 C in mg/g R2 kp,2 in mg/g min0.5 C in mg/g R2

11.89 4.90 0.9901 3.87 32.96 0.9884

Fig. 8. The Adsorption data is plotted as lnKc (ln(numerical value of KL in L/ 
mol) against (1/T).
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negatively charged chromium anions. Under alkaline conditions, chro
mate ions (CrO₄2− ) dominate as the principal hexavalent chromium 
species, engendering a competitive adsorption dynamic wherein CrO₄2−

and hydroxyl anions (OH− ) vie for occupancy of active surface sites 
[48]. Such a competition would decline the adsorption of hexavalent 
chromium.

Fig. 9. Reusability test of DE/Fe3O4/TSAC composite.

Table 7 
Comparing the capability of the DE/Fe3O4/TSAC adsorbent to that of other clay- 
based composite sorbents for the removal of Cr(VI).

Clay-based 
composite

Percent (%) 
removal 
maxmuim 
adsorption 
capacity(mg/ 
g)

Isotherm 
model

Kinetic 
model 
(Pseudo)

Reference

Magnetic- bentonite 96.84 % Tempkin 1st [56]
Carbon–diatomite 19.91 mg/g Langmuir 2nd [57]
Chitosan-coated 

bentonite clay
106.444 mg/g Dubinin 

Radushkevich
– [58]

Kaolinite–Fe/Al 
oxide (hydroxide)

70.71 mg/g Langmuir – [59]

Magnetic zeolite 43.93 mg/g – 1st [1]
Magnetite diatomite 88.49 mg/g Langmuir & 

Freundlich
2nd [25]

Montmorillonite 
clay-supported 
magnetite 
nanoparticles

15.3 mg/g – – [55]

Polyethylenimine 
functionalized 
magnetic 
montmorillonite 
clay

62.89 – – [55]

H2SO4 treated 
diatomite

16.39 mg/g Freundlich – [26]

Teff straw activated 
carbon

49.285 mg/g Langmuir & 
Freundlich

2nd [28]

TDE/Fe3O4/TSAC 131.01 mg/g – – This 
study

Fig. 10. Adsorption mechanism of Cr(VI) on the surface of synthesized TDE/ 
Fe3O4/TSAC adsorbent.
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4. Conclusion

In this study, DE/Fe3O4/TSAC composite was synthesized from 
precursors (DE, Fe3O4, and TSAC), its characterization was carried out, 
and examined for their ability for adsorption of Cr(VI) from aqueous 
media. To construct a magnetic composite adsorbent, the impact of the 
adsorption of Cr(VI) removal was appraised using the impregnation 
ratio (weight of TSAC: weight of DE). The synthesized composite 
adsorbent generated under maximal impregnation ratio conditions was 
characterized, exploiting FTIR, SEM, XRD, and BET. The DE/Fe3O4/ 
TSAC was found to have a microporous structure with a BET surface area 
of 347.45 m2/g. The composite adsorbent’s pH pzc was found to be 5, 
meaning that its surface is negatively charged at pH levels higher than 5 
and positively charged at pHs below 5. Findings affirmed the presence of 
significant active sites and functional moieties that may resemble the 
properties of the composite adsorbent noted in other studies. Using RSM 
(response surface methodology) with CCD, the impact of adsorption 
factors (solution pH, adsorbent dosage, initial Cr(VI) level, and 
adsorption period) on the chromium removal % was investigated. At 
solution pH (4), DE/Fe3O4/TSAC dosage (0.024 g/100 mL), beginning 
chromium content (15 mg/L), and adsorption duration (60 min), the 
best removal of 93.28 % was achieved. The Langmuir, Freundlich, 
Temkin, Sips, and RedlichPeterson isotherm models were used to 
examine the adsorption data. With a maximum adsorption capacity for 
Cr (VI) of 131 mg/g, the results showed that the Freundlich and Lang
muir isotherm models, along with Toth model, best matched the data. 
This implies that both monolayer and heterogeneous surface adsorptions 
are the main mechanism. The adsorption kinetics more closely match 
the pseudo-second-order model, revealing that the interactions betwixt 
Cr(VI) and the sorption sites is the rate-controlling stage of the process. 
The adsorption process is spontaneous, according to thermodynamic 
measurements, and it is endo-thermic, as evidenced by the negative ΔH◦

value. Furthermore, the recyclability of DE/Fe3O4/TSAC demonstrated 
excellent performance for five consecutive cycles, with adsorption effi
ciency of that is 93.26, 88.12, 84.15, 78.59, and 74.02 % for first, sec
ond, third, fourth and fifth runs, respectively. However, experiments 
were limited to controlled conditions, overlooking long-term stability 
and co-ion effects. Future research should, conduct pilot-scale studies, 
real wastewater testing, leaching control, and pilot-scale trials, and 
assess environmental impacts, to validate DE/Fe3O4/ TSAC practical 
application in Cr(VI) remediation.
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