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A B S T R A C T   

Herein, magnetite nanoparticles (NPs), zeolite A and magnetite-zeolite A (MAGZA) composite 
was developed by green methods. The produced nanomaterials were characterized and the effect 
of process parameters such as flow rate, adsorbent bed height and adsorbate inlet concentration 
was evaluated for the removal of biological oxygen demand (BOD), chemical oxygen demand 
(COD) and total organic carbon (TOC) in a column. The characterization results demonstrated the 
successful synthesis of magnetite NPs, zeolite A and MAGZA composite. The performance of the 
MAGZA composite in the fixed-bed column was superior to zeolite A and magnetite NPs. The 
parametric influence indicates that an increase in bed height and a decrease in the flow rate and 
inlet adsorbate concentration improved the performance of the adsorption column. The adsorp-
tion column demonstrated maximum performance at a flow rate (4 mL/min), bed height (5 cm) 
and inlet adsorbate concentration (10 mg/L). Under these conditions, the highest percent removal 
of BOD, COD and TOC were 99.96, 99.88 and 99.87%. Thomas and Yoon-Nelson’s model suitably 
fitted the breakthrough curves. After five reusability cycles, the MAGZA composite demonstrated 
removal percent of BOD (76.5%), COD (55.5%) and TOC (64.2%). The produced MAGZA com-
posite effectively removed BOD, COD and TOC from textile wastewater in a continuous operating 
mode.   
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1. Introduction 

The scarcity of water in developing countries is critically challenging at the moment and on an increasing trajectory due to the 
increment in population, urbanization and industrialization [1,2]. Around the world, over 50% of the population does not have access 
to clean and safe drinking water, while about 200,000 people die annually owing to the deprivation of safe drinking water access [3]. 
According to the United Nations (UN) water report, over 2.3 billion people are living in water-stressed countries, out of which 733 
million are living in higher and more perilous water-stressed countries [4]. To achieve overall access to clean, affordable and sus-
tainable water resources for all by 3020, the UN inaugurated a clean water and sanitation initiative under the sustainable development 
goals (SDGs). However, the recorded progress had been slow and more than 80% of the generated wastewater from human activities in 
industries is currently discharged into the environment, rivers and seas without undergoing treatment techniques [4]. Among the 
industries, the textile industry has been reported as one of the industries consuming a large amount of water, dyes, additives, organic 
and inorganic chemicals during the manufacturing process [5,6]. Therefore, textile wastewater generally contains organic compounds 
and pollutants that enhance toxicity, biological oxygen demand (BOD), chemical oxygen demand (COD) and total organic carbon 
(TOC) [7–9]. Due to the serious environmental pollution, water resource contamination and the associated health problems caused by 
these pollutants, their removal from wastewater remains a popular topic. 

Owing to the increasing demand for environmental protection, several conventional treatment methods have been reported by 
researchers to effectively remove pollutants from wastewater. For instance, ion exchange [10], reverse osmosis [11], nanofiltration 
[12], biological technique [13], coagulation/flocculation [14], reverse osmosis [15], chemical precipitation [16], photocatalysis [17, 
18], membrane processes [19], advanced oxidation processes [8] and adsorption process [20]. However, some of the highlighted 
methods have their limitations that are either require frequent maintenance, high cost of operation, longer degradation time, 

Abbreviations 

A Area under the breakthrough curve (m2) 
APHA American Public Health Association 
BOD Biological oxygen demand (mg/L) 
COD Chemical oxygen demand (mg/L) 
TOC Total organic carbon (mg/L) 
TDS Total dissolved solids (mg/L) 
FTIR Fourier transform infrared spectroscopy 
HRTEM High resolution scanning electron microscopy 
XRD X-ray diffractometer 
BET Brunauer- Emmett-Teller analysis 
Q Volume flow rate (mL/min) 
m Total amount of MAGZA packed inside the glass column (mg/L) 
LMTZ Length of mass transfer zone (cm) 
qeq Equilibrium adsorption capacity (mg/g) 
qtotal Total amount of the adsorbed adsorbate (mg) 
mtotal Total amount of adsorbate passed through MAGZA bed column (mg) 
H Column bed height (cm) 
NPs Nanoparticles 
MAGZA Magnetite-zeolite A composite 
Co Adsorbate inlet concentration (mg/L) 
Ct Adsorbate outlet concentrations (mg/L) 
tb breakthrough time (min) 
te breakthrough time (min) 
qo Adsorption capacity of the column at breakthrough (mg/g) 
% R Removal percentage at breakthrough (%) 
Veff The collected total volume of effluent until the point of saturation (L) 
EBCT Empty bed contact time (min) 
R2 Correlation coefficient 
X2 Chi-square 
kTh Thomas kinetic model constant (mL/(min.mg)) 
KAB Kinetic rate constant of Adams-Bohart model (mL/min mg) 
N0 The concentration at saturation (mg/L) 
u Inlet gas linear velocity (cm/min) 
kYN The kinetic constant of Yoon-Nelson model (1/min) 
τ The time required to achieve for 50% breakthrough (min)  
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generation of sludge in large amounts and the use of expensive chemicals [21,22]. In recent times, adsorption had gained popularity in 
the removal of organic pollutants and heavy metals in wastewater which was ascribed to its low cost, high removal effectiveness, 
operation ease and readily available numerous adsorbent materials [23,24]. Notably, the cost of the adsorption technique and its 
efficiency is highly dependent on the material. 

Before now, classical adsorbents namely: zeolites [25], synthetic resins [26], biowastes [27], biochar [28] and poly (methyl 
methacrylate) [29] have been randomly used to decontaminate wastewater. Generally, zeolites are aluminosilicate minerals that are 
hydrated to be in a microporous structure and used extensively as adsorbent material to remove hazardous contaminants from 
wastewater [30,31]. However, zeolites and the other identified adsorbents are limited by the difficulty in their separation process. As 
such, nanoparticles and nanomaterials had been attracting special attention due to their biocompatibility, chemical stability, efficacy 
in the separation process, higher adsorption efficiency and strength in the suspension medium [32]. Some nanoparticles and their 
composites such as iron nanoparticles (NPs) [33], nickel NPs [34], cobalt NPs [35], Fe3O4 graphene biochar composite [36], graphite 
nickel NPs composite [37], nickel NPs multiwalled carbon nanotubes [32], treated and functionalized carbon nanotubes [38], cobalt 
NPs activated carbon composite [39], iron NPs graphene oxide chitosan composite [40], silver nanoparticles-carbon nanotubes 
composites [41] and zero-valent iron/zeolite composite [42] have been prepared for the removal of both organic and inorganic 
pollutants from industrial wastewater. 

Among them, magnetite-zeolite composite has been prepared previously to treat wastewater, for instance, Du et al. [36] reported 
the removal of cadmium ions in a batch adsorption system using modified zeolite-supported nanoscale zero-valent iron composites. In 
another study, iron-oxide nanoparticles decorated zeolite nanocomposite were covered with ionic liquid for the catalytic reduction and 
degradation of 2-nitroaniline, 3-nitroaniline, 4-nitroaniline, Nitrophenyl diamine and dyes (Methylene blue and Allura red) [43]. Also, 
NaA zeolite-coated nanoparticles (NZCMNs) were prepared and investigated for the removal of Pb (II) and Cu (II) ions from aqueous 
solutions [44]. In 2020, Xu et al. [45] investigated the adsorption capacity of ammonia and phosphate using green synthesized iron 
oxide nanoparticles dispersed onto zeolite. In addition, iron-based NPs-zeolite composites were also examined for the adsorption of 
caesium from aqueous solutions in a batch mode [46]. Remarkably, the application of NPs embedded nanocomposites in adsorption 
studies is becoming attractive due to the enhanced chemical, catalytic, mechanical and optical [1]. To the best of our knowledge, no 
study has been found to examine the fixed-bed adsorption of BOD, COD and TOC from textile wastewater using a composite of 
magnetite NPs (prepared using Mangifera indica leaves) and zeolite A. 

Overall, much attention has been given to the biosynthesis of NPs using an extract from plant and agricultural waste due to their 
cost-effectiveness, simplicity, availability and eco-friendly method [47]. This study focused on the green synthesis-assisted fabrication 
of magnetite NPs (Fe3O4) using Mangifera indica leaves extract which contains a high quantity of polyphenolic compounds that 
functions as a reducing and capping agent. In this study, zeolite A was prepared from Ahoko clay and the composite of magnetite NPs 
and zeolite A fabricated. Typically, the prepared magnetite NPs, zeolite A and magnetite NPs-zeolite A composite were characterized 
using Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), high-resolution transmission electron microscopy 
(HRTEM) and Braunauer Emmett Teller (BET), The fixed-bed adsorption capacities of magnetite NPs, zeolite A and magnetite 
NPs-zeolite A composite towards BOD, COD and TOC were compared, while further application of the magnetite NPs-zeolite A 
composite was explored in detail targeting organic pollutants at different conditions of flow rate, adsorbent bed height and initial 
adsorbate concentration. Thereafter, the breakthrough analysis was conducted using Thomas, Adams-Bohart and Yoon-Nelson models. 
The reusability study of the magnetite NPs-zeolite A composite and the comparative investigation of the adsorbent material with the 
literature were also examined. 

2. Materials and methods 

2.1. Materials 

The analytical grade chemicals used in this study such as iron (III) chloride hexahydrate (FeCl3.6H20), iron (II) chloride tetra-
hydrate (FeCl2.4H20), potassium chloride (KCl), sulfuric acid (H2SO4), hydrochloric acid (HCl) and sodium hydroxide (NaOH) powder 
were in the purity range 96–99.8% and purchased from Sigma Aldrich, Lagos. The chemicals were not purified before use. Deionized 
water was provided by the Milli-Q system and applied for the aqueous solutions preparations. The kaolin clay used was obtained from 
Ahoko, Kogi state, Nigeria. Also, mango leaves used in this study were collected from the premises of the Federal University of 
Technology, Minna. The textile wastewater effluent was collected from Unique Tie and Dye textile Industry in Ilorin, Kwara State, 
Nigeria and was analyzed at the Regional Water Quality Laboratory, Federal Ministry of Water Resources, Minna, Niger State, Nigeria. 

2.2. Preparation of magnetite nanoparticles 

Herein, the biosynthesis of magnetite nanoparticles was achieved using Mangifera indica (mango) leaf extract. Initially, the Man-
gifera indica leaves were meticulously washed to remove dirt using distilled water and dried at room temperature for 14 days in the 
absence of direct sunlight. Thereafter, the dried Mangifera indica leaves were reduced in size using a porcelain mortar and pestle. Then, 
20 g of the powdered Mangifera indica leaves were added to a 500 mL conical flask containing 200 mL of deionized water and boiled for 
15 min on a magnetic stirrer (300 rpm). In the end, the mixture was allowed to cool to ambient temperature, followed by centrifugation 
at 6600 rpm for 30 min, decantation and filtration using Whatman No. 1 filter paper. The filtrate (Mangifera indica leaf extract) was 
labelled MIL extract and stored in an airtight bottle at 4 ◦C until further use. 

For the synthesis of magnetite using the prepared ML extract, 0.324 g and 0.199 g of FeCl3.6H2O and FeCl2.4H20 of 0.01 M were 
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weighed and dissolved in 100 mL of deionized water contained in an Erlenmeyer flask of 250 mL and placed on a magnetic stirrer at 
50 ◦C. Afterwards, 10 mL of MIL extract was added to the iron chloride solution under sustained stirring (300 rpm) for 30 min. A colour 
change from brown to dark red was observed which indicated the formation of magnetite nanoparticles (NPs). In addition to the 
observed colour change, UV–visible spectroscopy was used to confirm the formation of the magnetite NPs. Subsequently, the sample 
was oven-dried at 105 ◦C for 12 h before calcination at 400 ◦C for 6 h. The obtained magnetite NPs was stored in an airtight container 
until further application. 

2.3. Preparation of zeolite A 

In this study, the beneficiation, metakaolinization and preparation of zeolite A were carried out by modifying the method reported 
elsewhere [48]. Briefly, the Ahoko clay was ground to powder using an electric blender, soaked in distilled water and allowed to settle 
in an aspirator bottle before decantation, oven drying and calcination at 600 ◦C for 1 h to obtain metakaolin. A typical synthesis of 
zeolite A was achieved by adding 6 g of metakaolin into a solution of NaOH (4 g) powder and distilled water (30 mL) in a beaker (250 
mL). Thereafter, a magnetic stirrer was used to age the resulting gel at room temperature for 6 h, before crystallization in a stainless 
autoclave at 100 ◦C for 90 min. Subsequent cooling to room temperature was allowed, followed by washing with distilled water until a 
pH close to 7 was obtained. In the end, the obtained zeolite A was dried in an oven at 105 ◦C for 10 h and safely stored in an airtight 
bottle until future application. 

2.4. Preparation of magnetite NPs incorporated zeolite A 

For the preparation of magnetite NPs incorporated zeolite A, 10 g of magnetite NPs was added to a conical flask of 250 mL con-
taining 50 mL of deionized water. Thereafter, 5 g zeolite A of was added to the slurry and placed in the ultrasonic bath (SB25-12DT, 
Ultrasonic Scientz) at 50 ◦C for 6 h to ensure molecular incorporation homogeneity and bond cleavages by sound waves. Above all, the 
composite was dried in an oven for 2 h and the obtained magnetite NPs incorporated zeolite A was labelled MAGZA composite and 
stored in an airtight bottle until further characterization and application for the removal of BOD, COD and TOC from textile 
wastewater. 

2.5. Analytical methods 

The microstructure of the prepared magnetite NPs, zeolite A and MAGZA composite was analyzed using high-resolution trans-
mission electron microscopy (HRTEM, Zeiss Auriga, UK). To evaluate the porous characteristics of the materials, Braunauer Emmett 
Teller (BET, NOVA 4200, UK) was used. For the determination of the functional groups present on the magnetite NPs, zeolite A and 
MAGZA composite, Fourier transform infrared (FTIR, PerkinElmer, UK) spectroscopy was used at the spectrum range of 500–4000 
cm− 1. The crystalline nature of the materials was examined using X-ray diffraction (XRD, 6000, Shimadzu Scientific) analysis. 

Further analytical techniques were conducted to determine the water quality parameters such as biological oxygen demand (BOD) 
and chemical oxygen demand (COD) using standard methods [49]. Briefly, the BOD analysis before and after treatment was conducted 
using a 5-day BOD test (5210 B) by closed reflux technique in BOD bottles of 300 mL containing the textile wastewater and covered 
with an airtight seal [49]. Several dilutions and seeding were performed and samples were poured into two BOD bottles. The initial 
dissolved oxygen (DO) of one of the bottles was analyzed, while the second bottle was incubated for 5 days at 20 ◦C. At the end of the 5 
days, the measurement of the final DO was taken [8,49–51]. The percentage adsorption of BOD was evaluated using Eq. S1 (Sup-
plementary material). 

The analysis for the COD before and after treatment by closed reflux technique. In brief, a diluted sample of 3 mL was mixed with 
potassium dichromate (K2Cr2O7) of 2 mL and digestion acid (sulfuric acid) of 4 mL. Thereafter, the mixture was digested in a Hach COD 
digester for 2 h at 150 ◦C [49,51–53]. The COD was measured using HACH DR 2800 spectrophotometer, while the percentage 
adsorption of COD was calculated using Eq. S2 (Supplementary Material). 

The TOC was also evaluated using a TOC analyzer (Shimadzu, Japan) by the 5220 B-open reflux method [8,49,50]. The removal 
percentage of TOC was evaluated using Eq. S3 (Supplementary material). The analysis of other water quality parameters like total 
organic carbon (TOC), total dissolved solids (TDS), conductivity, turbidity, total alkalinity, nitrate, ammonia, chloride, phosphate, 
fluoride and sulphate were conducted before and after treatment to reduce the pollutants below the permissible concentrations rec-
ommended by World Health Organization [54] and US Environmental Protection Agency [55] using APHA standards [49,51]. Also, 
the heavy metal ions (iron, chromium, nickel, zinc, lead, cadmium, copper and manganese) concentrations before and after treatment 
were determined using Atomic Absorption Spectrophotometer (AAS) (PG 990, UK). 

2.6. Selectivity of adsorbents 

In the first place, the selective adsorption of BOD, COD and TOC on the magnetite NPs, zeolite A and MAGZA composite was 
investigated at the flow rate of 4 mL/min, adsorbent bed height of 4 cm and adsorbate inlet concentration of 20 mg/L, respectively. 
Herein, a constant pH of 7 was maintained using 1 M of H2SO4/NaOH at an ambient temperature. 
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2.7. Analysis of the pH and point of zero charge (PZC) 

The adsorption capacity of the MAGZA composite towards BOD, COD and TOC was investigated at pH 3 to 10. Overall, 2 mg/L of 
MAGZA composite was placed in a 200 mL conical flask containing 50 mL of the adsorbate solution at the initial concentration (20 mg/ 
L) and investigated at the initial pH of 3, 4, 5, 6, 7, 8, 9 and 10 for 1 h. In the end, the solution was filtered using Whatman (No. 1) filter 
paper and the residual concentration of the BOD, COD and TOC was determined on the filtrate using the APHA standards [49]. Equally, 
the pH denoted as the point of zero charge (pHPZC) of the MAGZA composite was evaluated by the associated titration method 
involving the mixing of 0.5 mg/L of adsorbent in deionized water. Subsequently, the adsorbent surface charge was regulated using 
NaOH and H2SO4 in the pH range of 2–12 until the attainment of a zero charge surface as reported elsewhere [56,57]. 

2.8. Column adsorption studies 

For the column adsorption tests, a glass column of length (30 cm), internal diameter (3 cm) and volume (250 mL) was used. 
Eventually, MAGZA composite was selected for the adsorption studies at various bed heights (3, 4 and 5 cm), flow rates (4, 5 and 6 mL/ 
min) and initial concentrations (10, 20 and 30 mg/L) based on the literature values and the preliminary experimentation. Particularly, 
3 g of MAGZA was packed inside the glass column and supported by glass wool at both ends to prevent flow channelization and 
improve uniform dispersion of wastewater within the glass column. The effect of bed height, flow rate and initial concentration on the 
adsorptive removal of BOD, COD and TOC from textile wastewater was investigated by pumping the wastewater downwards from the 
tank to the column bed using a peristaltic pump as indicated in Fig. 1. 

At intervals, glass conical flasks were used to collect effluent from the glass column and the residual concentrations of the BOD, 
COD and TOC were analyzed, calculated and recorded accordingly. 

2.9. Mathematical description 

Accordingly, the breakthrough curves which validate the industrial application of MAGZA were obtained by the plot of the 
normalized concentration which is depicted by the effluent to the influent concentration (Ct/Co) versus time [32]. Particularly, the 
breakthrough time (tb) and the shape of breakthrough curves have been identified as two primary features affecting the economics and 
feasibility of dynamic adsorption behaviour [56]. In that case, the nature of breakthrough curves and the associated parameters are 
dependent on the operating conditions of the fixed-bed column such as flow rate (Q), adsorbent bed height/depth (H) and inlet 
adsorbate concentration (Co). The experimental evaluation of these parameters is important for the performance determination and 
scale-up of the column [58]. Generally, the time equivalence to useable capacity (breakthrough time, tb) and the time equivalence to 
stoichiometric/total capacity (exhaustion time, te) are represented by Eqs. (1) and (2) [59]. 

tb =

∫tb

t=0

(

1 −
Ct

Co

)

dt (1)  

Fig. 1. Fixed-bed column representation of BOC, COD and TOC adsorption using MAGZA composite.  

A.S. Kovo et al.                                                                                                                                                                                                        



Heliyon 9 (2023) e13095

6

te =

∫t=total

t=0

(

1 −
Ct

Co

)

dt (2)  

where Co and Ct are the inlet and outlet concentrations of BOD, COD and TOC in mg/L. 
For the adsorption of BOD, COD and TOC in a fixed-bed column, the breakthrough time (tb) designates the column condition where 

the concentration of BOD, COD and TOC in the effluent from the column attains or surpasses the 7, 40 and 6 mg/L permissible 
concentration limit (recommended by WHO/EPA). Conversely, the exhaustion time (te) is defined as the period in fixed-bed adsorption 
column when effluent concentration attains the 99% of adsorbate inlet concentration (Ct/Co = 0.99) [56]. At te, the fixed-bed 
adsorption column is nearly exhausted. Consequently, the fixed-bed adsorption column was operated in this study until the 
achievement of the exhaustion time. 

Importantly too, the total amount of adsorbed BOD, COD and TOC (qtotal, mg) in the fixed-bed column at the specified concen-
tration (Ct) and flow rate (Q) was calculated using Eq. (3) [60,61]. 

qtotal =
QA

1000
=

Q
1000

∫t=ttotal

t=0

(Co − Ct)dt=
(C0 − Ct)Qte

1000
=(C0 − Ct)Ve (3)  

where A and Co - Ct (mg/L) represent the area under the breakthrough curve and the adsorbed quantities of BOD, COD and TOC, 
respectively. The parameters such as te and Ve in min and L depict the MAGZA composite bed saturation time and the collected total 
volume of effluent until the point of saturation. The initial concentrations of BOD, COD and TOC were denoted by Co (mg/L), while Ct 
(mg/L) and Ve show the concentrations and volume of the effluent, respectively. 

The equilibrium adsorption capacity (qeq, mg/g) of BOD, COD and TOC at the point of exhaustion per unit dry weight of MAGZA 
added to the bed column was determined by Eq. (4) [62]. 

qeq =
qtotal

m
(4)  

in which m (g) refer to the total amount of MAGZA packed inside the glass column. 
Furthermore, the evaluation of the percentage removal of BOD, COD and TOC (R%) at the bed column point of exhaustion and the 

total amount of BOD, COD and TOC passed through the MAGZA bed column until the point of exhaustion was determined by Eqs. (5) 
and (6) [63], respectively. 

R%=
qtotal

mtotal
x 100 (5)  

mtotal =
CoQttotal

1000
=

Co x Q x te

1000
= Co x Ve (6) 

Meanwhile, the length of the mass transfer zone (LMTZ) which is the length of the adsorption zone representing the adsorbent 
efficiency in the fixed bed was estimated by Eq. (7) [3]. 

LMTZ =H
(

te − tb

te

)

(7) 

The empty bed contact time (EBCT) is the contact time between the adsorbate solution and the adsorbent in the fixed-bed column. 
The value of EBCT was evaluated by the mathematical representation in Eq. (8) [64]. 

EBCT=
V
Q

(8) 

The volume of effluent (Veff) or the volume of the treated adsorbate solution was determined by Eq. (9) [65]. 

Veff =Qte (9)  

in which, V (L), H (cm) and Q (mL/min) refer to the adsorbate volume, adsorbent bed height and flow rate, respectively. 

2.10. Regeneration and reusability 

Sequel to the reduction of cost and environmental protection from the deposition of solid waste, adsorbent desorption and recycling 
have gathered momentum. Before now, NaOH solution has been reported as a good desorption reagent due to its free hydroxyl ions 
(OH− ) [56]. For this purpose, NaOH was utilized for the regeneration of the adsorbent and a maximum percentage regeneration of 
spent MAGZA composite was obtained at 2.5 M of NaOH (Fig. S3, Supplementary material). Therefore, the regeneration and reus-
ability of the spent MAGZA composite in a fixed-bed column were conducted using 2.5 M NaOH at a flow rate (4 mL/min), bed depth 
(5 cm), inlet concentrations of BOD, COD and TOC (10 mg/L) and pH (6.5). To achieve the regeneration operation, NaOH solution (2.5 
M) was introduced into the exhausted adsorbent bed in the column at the flow rate of 4 mL/min until the effluent concentration 
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showed a negligible amount of BOD, COD and TOC. Further study of the reusability was conducted by the passage of distilled water 
through the adsorbent bed column for the removal of the excess quantity of NaOH from the adsorbent until a significant decline of the 
effluent alkalinity was observed. Also, a dilute H2SO4 (0.1 M) was introduced into the adsorbent bed column at the flow rate of 4 
mL/min to reduce the alkalinity of the adsorbent caused by NaOH traces until the effluent showed a pH of around 7.5. Again, distilled 
water was passed through the adsorbent bed column for the removal of remaining NaOH from the adsorbent sample at the flow rate (4 
mL/min) until the effluent pH was close to 7. At the end of this step, the next adsorption cycle (reusability cycle) was conducted 
repeatedly until a significant reduction in tb and te was achieved. 

3. Results and discussion 

3.1. Characterization of materials 

Herein, the addition of MIL extract to the iron salt solution enabled the change of the brown colour of the MIL extract to dark red 
which indicated the formation of magnetite NPs (Fe3O4 NPs). During the formation period of magnetite NPs, the pH decreased which 
suggested the contribution of hydroxyl (OH) groups in the reduction of iron sulphate solution to ferrous and ferric hydroxide through 
the liberation of H+ ions [1]. In this study, phytochemicals such as flavonoids, amino acids, polyphenols, terpenoids and saponins 
present in MIL extract are used as a reactant to nucleate the NPs in the reacting mixture [66]. The colour change of the reacting mixture 
was used for the visual fabrication confirmation. Thus, the reacting mixture change in colour may be ascribed to the phenomenon of 
surface plasmon resonance (SPR) in the magnetite NPs. The influence of SPR combines the oscillation conduction band electrons 
(OCBE) of metal NPs whereby the incident photons frequency matches that of metal NPs OCBE [67]. Particularly, the phenomenon 
occurs when the particle size attains the nanoscale range. To confirm and authenticate the fabrication and stability of NPs, UV–Vis 

Fig. 2. (a) FTIR and (b) XRD of Magnetite NPs, Zeolite A and MAGZA composite.  
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absorption spectroscopy is predominantly utilized due to the sensitivity of SPR absorbance wavelength and shape towards the particle 
size, morphology, agglomeration, metallic dielectric functions and the environment [66]. The MIL extract shows a specific peak at 280 
nm which relates to the presence of polyphenolic compounds [68]. After the synthesis period, the maximum absorption peak moni-
tored by UV–Vis spectroscopy was reduced to 259 nm as shown in Fig. S1 (Supplementary Information), due to the formation of 
magnetite NPs of smaller particle size. 

FTIR analysis was conducted to evaluate the functional group of magnetite NPs, zeolite A and MAGZA composite. According to 
Sazali et al. [69], Al–O bending mode were described at 752 cm− 1 and 800 cm− 1, while Si–O stretching vibrations were identified at 
700 cm− 1 and 1033 cm− 1. From Fig. 2(a), the absorption band at 690 cm− 1 may be associated with the Si–O-T symmetric stretching 
vibrations of the sodalite framework for hydrosodalite zeolite and showed appreciable correspondence with the literature [69,70]. As 
seen from the spectra of zeolite A and MAGZA composite, the vibration peak that occurred at 770 cm− 1 may be ascribed to the Al–O 
and Si–O bending mode of metakaolin [69,71]. The band at 830 cm− 1 on the magnetite NPs belongs to the Fe–O group, while the 
vibrational peaks at 990 and 1100 cm− 1 represent the C–H and C–O bending vibration modes [1,72]. The band at 1000 cm− 1 that 
occurred on zeolite A and MAGZA composite was assigned to the asymmetric stretching vibrations of all zeolite materials such as Si–O 
and Al–O that may be attributed to tetrahedron bond frequencies of (Si, Al)–O along the connecting lines of [(Si, Al)O4] 4-tetrahedron 
oxygen atoms with Si/Al central atoms [42,69,70]. Specifically, the characteristic peak at 1343 cm− 1 substantiated the presence of iron 
corresponding to the formation of magnetite, hematite and lepidocrocite on the surfaces of Fe0 and the MAGZA composite surfaces 
[42]. Also on the magnetite NPs, the spectrum at 1620 cm− 1 may be attributed to the occurrence of polyphenol aromatic rings and N–H 
bonds formed during the reduction of Fe+2 and Fe+3 salts by the addition of mango leaves extract [72,73]. Specifically, on the zeolite A 
and MAGZA composite, the band observed at 1640 may be assigned to O–H bending vibration of water molecules [42]. The band at 
2880 cm− 1 on the magnetite NPs may be attributed to the –COOH stretch [74], while the broad peak at 3273 cm− 1 indicates O–H 
stretching vibrations on the magnetite NPs, zeolite A and MAGZA composite [1]. In addition, the band occurrence at 3650 cm− 1 with a 

Fig. 3. TEM Micrograph of (a) Magnetite NPs; (b) Zeolite A; MAGZA composite (c) before adsorption and (d) after adsorption.  
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small peak observed on the zeolite A and MAGZA composite samples may be assigned to the O–H dissociation [42]. Furthermore, the 
occurrence of FeO on the SiO4 and AlO4 surface matrix of MAGZA composite caused the rupture of hydrogen bonds, weakening of 
intensities and shifting of bands at 1100 cm− 1, 1620 cm− 1 and 3273 cm− 1 [42,46] Therefore, the FTIR study confirmed successful 
incorporation of magnetite on the surface framework of zeolite material and further supported the XRD which showed a reduction in 
the intensities of the peaks of the composite compared to the magnetite and the zeolite A samples. 

The crystalline patterns of magnetite nanoparticles, zeolite A and MAGZA composite were investigated as shown in Fig. 2(b). 
According to Fig. 2(b), the diffraction peak presence at 2θ around the 18.48◦ (002) plane may be linked to the amorphous nature of 
magnetite NPs crystal structure which may be attributed to green synthesis [1,74]. Particularly, the characteristic peaks of Fe3O4 
nanoparticles were evident at 2θ values of 30.62◦, 40.19◦, 45.70◦, 52.35◦, 57.10◦ and 62.11◦, respectively which corresponded with 
the diffraction patterns of magnetite (JCPS card no: 00-033-0664) [42,46,75]. The XRD patterns of zeolite A in Fig. 2(b) revealed the 
occurrence of intense diffraction peaks at 2θ values of 7.10◦, 10.10◦, 16.02◦, 21.64◦, 24.00◦, 29.92◦, 30.07◦ and 32.52◦ which may be 
due to the SiO2 crystalline peaks on the zeolite [45,75]. On the other hand, the appearance of peaks at 12.40◦, 26.55◦, 34.06◦, 36.43◦, 
50.00◦, 59.81◦, 62.32◦ and 68.26◦ indicated the detection of the presence of Al2O3 on the zeolite A [46]. In the case of the MAGZA 
composite, the presence of characteristic diffraction patterns corresponding to magnetite NPs and zeolite A confirmed the successful 
incorporation of magnetite NPs into the framework of the zeolite A structure. However, the observed decrease in the peak intensity of 
MAGZA composite could be attributable to the hybrid formation, suggesting that mango leaves extract and the magnetite NPs acted as 
a capping agent and stabilizer on the coverage of zeolite A surface, thus roughening the characteristic peaks of zeolite A [45,46]. 

The microstructure of magnetite NPs, zeolite A and MAGZA composite are shown in Fig. 3(a,b,c). The result in Fig. 3(a) revealed 
well-dispersed spherical magnetite NPs with an average particle size of 10.17 nm. As shown in Fig. 3(b), the typical cubic shape of 
zeolite A was evident with a smooth surface [75]. The TEM analysis of the magnetite NPs doped zeolite A was also performed to 
investigate the changes in the morphology of zeolite A after doping with magnetite as shown in Fig. 3(c). 

Accordingly, the incorporated magnetite NPs appeared to be evenly dispersed on the surface, edges and porous spaces of the zeolite 
A indicated by the black spherical patches which may be attributed to the presence of numerous magnetite NPs that got embedded in 
the zeolite network [45,46]. Noticeably, the magnetite NPs are clustered on the surface of zeolite A possibly due to the crystalline 
nature of the magnetite NPs that agglomerate the particles as a result of attraction between the particles and the zeolite A [76]. 
Similarly, a marked change in the microstructure of zeolite A after the incorporation of magnetite NPs was evident with the presence of 
a rough surface having cracks and macropores due to the replacement of amorphous Al/Si from the matrix during sodium hydroxide 
solution added to the suspension of zeolite [75]. The surface roughness of the zeolite A particle enhances the deposition of the 
magnetite NPs in smaller aggregates for overall coverage of the exposed surfaces of the zeolite by the magnetite NPs. In comparison to 
the discrete magnetite NPs and zeolite A, the fabricated hybrid MAGZA composite was dispersive to enable improved removal of BOD, 
COD and TOC from wastewater. Further investigation of the microstructure of the MAGZA composite after adsorption studies was 
conducted and shown in Fig. 3(d). The EDX results of the zeolite A and the MAGZA composite showing the successful preparation of the 
composite are shown in Figs. S2 and S3. Overall, the cubic structure did not indicate noticeable change, but aggregation into bulks of 
irregularly shaped particles was observed with whitish deposits on the edges of the composite that may be linked to the adsorbed BOD, 
COD and TOC pollutants. 

Further investigation of the surface properties and particle size distribution of magnetite NPs, zeolite A and MAGZA composite was 
conducted and presented in Table 1. 

As can be seen in Table 1, all the particles of magnetite NPs were in the nanometer range (<100 nm) with a surface area of 95.26 ±
2 m2/g. The zeolite A had a surface area of 119.98 ± 3 m2/g with the particle size predominantly in the range of 2 and 20 μm (56.6 ±
0.1%). For the MAGZA composite, the BET surface area was recorded as 110.50 ± 6 m2/g with the major percentage of particle size 
between 20 and 50 μm range (75.2 ± 0.2%). Overall, the observed decrease in the surface area and increase in the particle size may be 
attributed to the iron oxide NPs doping during the fabrication of the composite [76]. Doping enhances the agglomeration of particles 
by blocking the abundant porous network of zeolite A through cementation, thereby reducing the surface area of the composite 
material. 

Table 1 
Surface properties and particle size distribution for magnetite NPs, zeolite A and magnetite-zeolite A composite.  

Parameters Magnetite NPs Zeolite A MAGZA composite 

BET surface area (m2/g) 95.26 ± 2 119.98 ± 3 110.50 ± 6 
Pore diameter (nm) 2.54 ± 0.04 3.328 ± 0.3 6.32 ± 0.8 
Total pore volume (g/cm3) 0.028 ± 0.1 0.039 ± 0.1 0.185 ± 0.2 
Particcle size (nm)    
<2 (nm)a – 18.2 ± 0.1 6.8 ± 0.2 
2–20 (nm)a – 56.6 ± 0.1 16.5 ± 0.1 
20–50 (nm)a – 20.8 ± 0.1 75.2 ± 0.2 
>50 (nm)a – 4.4 ± 0.1 1.5 ± 0.2 
<100 (nm)b 100 – –  

a Evaluated by the pipette technique and. 
b Evaluated by TEM analysis. 
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3.2. Selectivity of adsorbents 

Herein, the prepared adsorbents (magnetite NPs, zeolite A and MAGZA composite) were applied for the adsorption of BOD, COD 
and TOC from textile wastewater as indicated in Fig. 4(a,b,c). 

As can be seen from the result, the fixed-bed adsorption of the BOD, COD and TOC was relatively higher using MAGZA composite, 

Fig. 4. (a) Comparative adsorption performance of magnetite NPs, zeolite A and MAGZA composite towards (a) BOD; (b) COD; (c) TOC; (d) 
Equilibrium BOD, COD and TOC percentage adsorption by MAGZA adsorbent at different pH at adsorbate concentration (20 mg/L), adsorbent dose 
(10 mg/L), contact time (60 min), stirring speed (200 rpm) and temperature (25 ◦C); (e) pHPZC of MAGZA composite adsorbent and (f) the effect of 
coexisting carbonate ions on the adsorption process (pH 6.5, adsorbent amount (2 mg/L), initial concentration (20 mg/L) and temperature (25 ◦C). 
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followed by zeolite A and then magnetite NPs. For instance, the breakthrough time and exhaustion time were longer in the MAGZA 
composite, followed by zeolite A and then magnetite NPs that were closer to the origin. For the adsorption of BOD and COD, the 
breakthrough time was obtained as 150, 240 and 360 min using magnetite NPs, zeolite A and MAGZA composite, while the exhaustion 
time was recorded as 1220, 1460 and 1700 min, respectively. On the other hand, the breakthrough time of 150, 300, 420 min and 
exhaustion times of 1100, 1220 and 1700 min were reported using magnetite NPs, zeolite A and MAGZA composite. In addition, the 
adsorption capacity of magnetite NPs, zeolite A and MAGZA composite by the Thomas model were also compared and the determined 
parameters are presented in Table 2. 

It is evident in Table 2 that the adsorption capacity (qo) of BOD, COD and TOC were obtained as 255.98, 241.94 and 243.36 mg/g 
for magnetite NPs, while the adsorption capacities of 323.66, 295.79 and 302.92 mg/g were attained for BOD, COD and TOC using 
zeolite A. Also, the adsorption capacity of 385.86, 330.10 and 374.01 mg/g were reported for the BOD, COD and TOC using MAGZA 
composite. Similarly, the statistical data from correlation coefficient (R2) and Chi-square (X2) revealed higher R2 values and lower X2 

values for MAGZA composite towards the removal of BOD, COD and TOC. The observed higher adsorption efficiency of MAGZA 
composite compared to zeolite A and magnetite NPs may be attributed to higher adsorption sites present on the adsorbent surface due 
to the incorporation of magnetite NPs on the surface matrix of zeolite A. Similar reports on improved adsorption efficiency have been 
reported elsewhere [8,77]. Sequel to the higher adsorption capacity indicated by the MAGZA composite, the composite was selected 
for further adsorption studies in the treatment of textile wastewater. 

3.3. Effect of solution pH 

Generally, wastewater from textile industries contains organic pollutants, chemical substances, carbonaceous pollutants, nitrogen, 
sulphur, fluoride, chloride and phosphorous pollutants that are toxic to the environment and human health. As such, pH is a significant 
parameter affecting the adsorptive removal of pollutants by the adsorbents due to the profound influence of adsorption sites on the 
surface of the adsorbent. Overall, the sign and degree of the surface charge on the adsorbent primarily depend on the solution pH. 
Therefore, the effect of pH on the adsorption of BOD, COD and TOC by MAGZA composite was investigated in the pH range of 3–12 as 
shown in Fig. 4(d). As can be seen in Fig. 4(d), the adsorption of BOD increased gradually from pH 3 to the optimal pH of 6.5 beyond 
which a significant decline was observed. A similar increment in the percentage adsorption was recorded for both COD and TOC. The 
optimum adsorption of 98, 92 and 95% were obtained for BOD, COD and TOC at a pH of 6.5. Therefore, the maximum adsorption of 
BOD, COD and TOC was achieved at pH 6.5. The observed trend in this study may be attributed to the acidity/alkalinity and surface 
charge of the MAGZA composite. The adsorption of BOD, COD and TOC at lower pH was noticeably low, perhaps due to the positive 
surface charge of the MAGZA composite. This may be attributed to the hindrance associated with H+ ions between the BOD/COD/TOC 
molecules and the MAGZA composite binding sites. 

Further investigation of the pH effect was explored by pHPZC which was obtained as 6.5 (Fig. 4(e)). Accordingly, the surface of the 
MAGZA composite adsorbent is positively charged at pH < pHPZC and negatively charged at pH > pHPZC. At pH 6.5, the electrostatic 
interaction between the adsorbents binding sites and the BOD/COD/TOC molecules was high, thereby leading to the observed opti-
mum adsorption rate. At the pH of 7, the adsorption rate declined which may be attributed to the competition between the BOD/COD/ 
TOC molecules and hydroxyl (OH− ) group for the adsorption sites on the MAGZA composite [77]. Beyond the pH 8, further reduction 
in the percentage of adsorption was evident due to the increasing electrostatic repulsion between the negatively charged surface of the 
adsorbent and the BOD/COD/TOC molecules. Over the literature, similar findings have been reported previously [78]. 

The influence of carbonate ions (CO3
2− ) were investigated on the textile wastewater towards the removal of BOD, COD and TOC by 

MAGZA composite at pH (6.5), adsorbent amount (2 mg/L), initial concentration (20 mg/L) and temperature (25 ◦C). Carbonate ions 
exist in an electronegative form that creates a competitive environment for the adsorption of BOD, COD and TOC in the MAGZA bed 
column. The resultant influence of the presence of carbonate ions is evident in Fig. 4(f). Noticeably, a reduction in the removal of BOD, 
COD and TOC was observed as the concentration of carbonate ions increased. Above all, at the higher CO3

2− concentration of 1 mol/L, 
the adsorption capacity of BOD, COD and TOC declined to 95, 89 and 92.2%, respectively from 97.5, 91.5 and 94.5% without the 
competing ions. Therefore, the result revealed moderate competition or hindrance towards the adsorption of BOD, COD and TOC by 
MAGZA composite. The result of this study showed a similar trend reported in the literature [56]. 

Table 2 
Comparison of adsorption capacity of magnetite NPs, zeolite A and MAGZA composite by Thomas model (operating conditions: flow rate (4 mL/min), 
bed height (4 cm) and inlet concentration (20 mg/L)).  

Adsorbate Adsorbent kTH qo R2 X2 

BOD Magnetite NPs 0.0052 255.88 0.968 0.0038 
Zeolite A 0.0049 323.66 0.977 0.0029 
MAGZA composite 0.0049 385.86 0.989 0.0023 

COD Magnetite NPs 0.0050 241.94 0.953 0.0052 
Zeolite A 0.0045 295.79 0.961 0.0045 
MAGZA composite 0.0039 330.10 0.985 0.0040 

TOC Magnetite NPs 0.0046 243.36 0.958 0.0044 
Zeolite A 0.0043 302.92 0.972 0.0034 
MAGZA composite 0.0042 374.01 0.987 0.0031  
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3.4. Effect of operating parameters on the adsorption of BOD, COD and TOC 

The effect of parameters such as flow rate (Q, mL/min), bed height (H, cm) and inlet adsorbate concentration (Co, mg/L) on the 
adsorption of BOD, COD and TOC by MAGZA composite as adsorbent was investigated in a continuous fixed-bed column. The detailed 
explanation of these parameters in a dynamic operation of the bed column is evaluated. 

3.4.1. The effect of adsorbate flow rate on the breakthrough curve 
The effect of flow rate on the removal of BOD, COD and TOC by MAGZA composite was investigated at 4, 5 and 6 mL/min at 

constant bed height (5 cm), inlet adsorbate concentration (10 mg/L), solution pH (6.5) and temperature (25 ◦C). The results shown in 
Fig. 5(a,b,c) illustrated the nature of the breakthrough curves on the variation of the different flow rates which noticeably indicated 
that a lower flow rate of 4 mL/min provided abundant contact time for the mass transfer of adsorbate to the pores on the surface of 
MAGZA composite. As can be seen in Fig. 5(a,b,c), an increase in the flow rate of the adsorbate (BOD, COD and TOC) from 4 to 6 mL/ 
min quickened the attainment of the breakthrough point, thus reducing the tb from 360 to 120 min for BOD, 300 to 150 min for COD, 
420 to 120 min for TOC and te from 1740 to 1020 min for BOD, 1700 to 1100 min for COD and 1680 to 1020 min for TOC. The changes 
in the breakthrough curves may be linked to the fast mass transfer of BOD, COD and TOC to the bulk surface, thereby rapidly occupying 
the active sites of the MAGZA composite. It is evident that the rate of mass transfer is improved at a high flow rate which enhanced the 
amount of BOD, COD and TOC adsorbed by the adsorbent, thus rapidly facilitating the saturation of the column bed at a high flow rate. 

At a higher flow rate, lower contact time and higher turbulence were observed which resulted in weak interaction of the adsorbent- 
adsorbate and a reduction in the distribution of intraparticle transfer of mass between the molecules of the adsorbate and the com-
posite. The insufficient contact time of the BOD, COD, TOC and MAGZA composite resulted in a reduction in the adsorption of the 

Fig. 5. The effect of flow rate on the breakthrough curve for the removal of (a) BOD; (b) COD and (c) TOC from the textile effluent at pH = 6.5 and 
temperature = 25 ◦C. 
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organic pollutants. Overall, an increase in the flow rate of the adsorbate reduces the external mass transfer film thickness and the 
accompanied resistance, thereby increasing the mass transfer coefficient and flux [56]. Although the mass transfer zone (MTZ) is 
widened by an increase in the adsorbate flow rate, the used fractional bed is narrowed. 

As presented in Table 3, the adsorption capacity decreased from 67.42 to 50.49 mg/g for BOD, 66.10 to 54.45 mg/g for COD and 
60.44 to 46.53 mg/g for TOC as the adsorbate flow rate increased from 4 to 6 mL/min. Additionally, the empty bed contact time 
(EBCT) was also reduced from 1.74 to 1.02 min for BOD, 1.70 to 1.10 min for COD and 1.68 to 0.94 min for TOC with an increasing 
flow rate from 4 to 6 mL/min. The trend of this result indicates that a larger amount of BOD, COD and TOC are leaving the bed column 
without being captured before attaining adsorption equilibrium due to insufficient contact between the adsorbate and adsorbent at a 
higher flow rate. Other researchers noticed similar observations too [79,80]. On the other hand, the decrease in the adsorption ca-
pacity is an indication that the lower flow rate was favourable, thereby increasing the adsorption capacity due to the larger contact 
time for the interaction of adsorbent-adsorbate and extended intraparticle diffusion of the adsorbate onto the adsorbent surface [56,60, 
81]. 

3.4.2. The effect of composite bed heights on the breakthrough curve 
Bed height is a major parameter in the evaluation of breakthrough curves performance of fixed-bed column and it is directly 

proportional to the adsorbent amount. As such, Fig. 6(a,b,c) demonstrates the breakthrough curves of BOD, COD and TOC adsorption 
at the bed depths of 3, 4 and 5 cm, respectively, while maintaining other parameters such as inlet concentration, flow rate, solution pH 
and temperature at a constant value of 10 mg/L, 4 mL/min, 6.5 and 25 ◦C. 

Specifically, the trends of results in Fig. 6(a,b,c) revealed that the breakthrough time and exhaustion time were increased as the bed 
depth was increased. For instance, the breakthrough time and exhaustion time of BOD, COD and TOC increased from 90 to 420 and 
1260–1740 min as the bed height increased from 3 to 5 cm. Furthermore, the slope of the breakthrough curve decreased, while an 
enhanced mass transfer zone was developed as shown in Table 3. A similar trend in this study was also reported by Refs. [3,32,82]. The 
observed increase may be attributed to the higher adsorbent mass that provided larger active sites for the adsorption of BOD, COD and 
TOC. In addition, the improvement in bed height increased the length of empty bed contact time, thereby increasing the contact time 
for the adsorbent and the adsorbate to interact. Meanwhile, smaller bed depths are saturated quickly compared to larger bed depths 
due to the availability of less active surfaces for adsorption and a shorter time for the BOD/COD/TOC and MAGZA composite contact. 
Above all, the dynamic adsorption data and parameters obtained from the influence of bed height on the uptake of BOD, COD and TOC 
using MAGZA composite are presented in Table 3. According to Table 3, an increase in bed height from 3 to 5 cm resulted in an increase 
in the effluent volume, adsorbed amount, length of mass transfer, adsorption capacity, adsorption efficiency and the EBCT. Particu-
larly, the adsorption capacity of the organic pollutants increased from 45.54 to 67.52 mg/g for BOD, 43.56–66.10 mg/g for COD and 
41.58–60.44 mg/g for TOC, respectively. This indicates that the bed height of the adsorbent strongly affects the adsorption of BOD, 
COD and TOC in the column and similar observations have been reported by other researchers [3,56,58]. 

3.4.3. The effect of adsorbate inlet concentration on the breakthrough curve 
In this study, the effect of BOD, COD and TOC concentration on the column performance and breakthrough curve was conducted in 

the range of 10–30 mg/L at constant bed height (5 cm), flow rate (4 mL/min), solution pH (6.5) and temperature (25 ◦C). As can be 
seen in Fig. 7(a,b,c), the breakthrough curve was observed to be steep and shifted towards the origin as the adsorbate inlet 

Table 3 
Dynamic column parameters of breakthrough curve for the adsorption of BOD, COD and TOC by MAGZA composite.  

Adsorbate Q H Co tb te Veff qtotal LMTZ qe mtotal R EBCT  

(mL/min) (cm) (mg/L) (min) (min) (L) (mg) (cm) (mg/g) (mg) (%) (min) 

BOD 4 3 10 90 1380 5.52 54.65 2.80 45.54 55.20 99.85 1.38 
4 4 10 240 1620 6.48 64.15 3.41 53.46 64.80 99.90 1.62 
4 5 10 360 1740 6.96 68.90 3.97 67.42 69.60 99.96 1.74 
4 5 20 240 1640 6.56 130.54 4.27 108.79 131.20 99.68 1.64  
4 5 30 160 1560 6.24 186.58 4.49 155.48 187.20 99.75 1.56  
5 5 10 240 1460 7.30 72.27 4.18 60.23 73.00 99.70 1.46  
6 5 10 120 1020 6.12 60.59 4.01 50.49 61.20 99.56 1.02 

COD 4 3 10 180 1320 5.28 52.27 2.59 43.56 52.80 99.70 1.32 
4 4 10 240 1560 6.24 61.78 3.38 51.48 62.40 99.80 1.56 
4 5 10 300 1700 6.80 67.32 4.12 66.10 68.00 99.88 1.70 
4 5 20 180 1200 4.80 95.52 4.25 79.60 96.00 99.68 1.20  
4 5 30 120 1020 4.08 121.99 4.41 101.66 122.40 99.60 1.02  
5 5 10 240 1440 7.20 71.28 4.17 59.40 72.00 99.55 1.44  
6 5 10 150 1100 6.60 65.34 4.02 54.45 66.00 99.20 1.10 

TOC 4 3 10 150 1260 5.04 49.90 2.64 41.58 50.40 99.65 1.26 
4 4 10 240 1500 6.00 59.40 3.36 49.50 60.00 99.73 1.50 
4 5 10 420 1680 6.72 66.53 3.75 60.44 67.20 99.87 1.68 
4 5 20 240 1380 5.52 109.85 4.13 91.54 110.40 99.67 1.38  
4 5 30 150 1200 4.80 143.52 4.38 119.60 144.00 99.50 1.20  
5 5 10 240 1380 6.90 68.31 4.13 56.93 69.00 99.25 1.38  
6 5 10 120 1020 5.64 55.84 4.06 46.53 56.40 99.00 0.94  
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concentration increased from 10 to 30 mg/L. This trend may be ascribed to the strong driving force observed from higher concen-
tration gradient emanating from higher concentrations of BOD, COD and TOC. As such, the fast attainment of the breakthrough time 
and exhaustion time may be attributable to the increased diffusion of adsorbed molecules which enhanced the completion of the 
adsorption cycle at a reduced time [77]. However, at lower adsorbate inlet concentrations that produced a lower concentration 
gradient, slower transport was observed due to a decline in the mass transfer coefficient and diffusion coefficient [80,83]. 

As shown in Table 3, the increase in the organic pollutant inlet concentration (10, 20 and 30 mg/L) caused the observed decline in 
the breakthrough time (tb) from 360 to 160 min for BOD, 300 to 120 min for COD, 420 to 150 min for TOC and the exhaustion time (te) 
from 1740 to 1560 min for BOD, 1700 to 1020 min for COD and 1680 to 1200 min for TOC, respectively. Similarly, the EBCT declined 
from 1.74 to 1.56 min for BOD, 1.70 to 1.02 min for COD and 1.68 to 1.20 min for TOC with an increase in adsorbate inlet con-
centration from 10 to 30 mg/L. Also, the removal efficiency of the adsorbate was observed to decrease from 99.96 to 99.75% for BOD, 
99.88 to 99.60% for COD and 99.87 to 99.50% for TOC. The trend of this result may be ascribed to the rapid saturation of the active 
sites of the adsorbent at a higher amount of inlet adsorbate concentration which was also supported by other researchers [56,80]. 
However, the length of the mass transfer zone increased from 3.97 to 4.49 cm for BOD, 4.12–4.41 cm for COD and 3.75–4.38 cm for 
TOC, while the adsorption capacity also increased from 67.42 to 155.48 mg/g for BOD, 66.10–101.66 mg/g for COD and 
60.44–119.60 mg/g for TOC, respectively. Above all, this observation may be ascribed to the enlarged driving force from the higher 
adsorbate inlet concentration gradient to overpower the mass transfer resistance [82,84]. 

3.5. Breakthrough curves modelling 

For the fixed-bed adsorption process, the mathematical correlations of the breakthrough models depend largely on the external 

Fig. 6. The effect of bed height on the breakthrough curve for the removal of (a) BOD; (b) COD and (c) TOC from the textile effluent at pH = 6.5 and 
temperature = 25 ◦C. 
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mass transfer, intraparticle diffusion and axial dispersion [77]. Fundamentally, breakthrough models predict the fixed-bed column 
behaviour and enhance the determination of the parameters required for successful design. Also, the evaluated parameters from the 
breakthrough models are vital for industrial-scale applications [56]. For this purpose, several mathematical models such as Thomas, 
Adams-Bohart and Yoon-Nelson have been established to analyze and describe the behaviour of the breakthrough curve utilizing the 
column set up at the laboratory scale. Specifically, the breakthrough curves for the fixed-bed adsorption performance of BOD, COD and 
TOC removal by MAGZA composite were fitted at various experimental data shown in Fig. 8(a–i) for the Thomas model and Fig. 9(a–i) 
for the Adams-Bohart and Yoon-Nelson models, respectively. In addition, the different parameters for each of the models were esti-
mated and presented in Table 4. In all, the mathematical model’s validity was evaluated using the correlation coefficient (R2) and the 
Chi-square (X2) statistical tool represented in Eqs. (8) and (9) [85]. 

R2 =

∑
(qmean − qcal)

2

∑
(qcal − qmean)

2
+
∑(

qcal − qexp
)2 (10)  

χ2 =
∑

(
qexp − qcal

)2

qcal
(11)  

3.5.1. Thomas model 
Thomas model is ranked as the most widely used kinetic model for the efficiency of column operations predictions. Thomas model 

assumes that the rate driving force shows correspondence to the Langmuir adsorption isotherm of adsorption-desorption and the 
reversible second-order kinetics without axial dispersion [77]. Thomas model applies mostly to the performance evaluation of 

Fig. 7. The effect of inlet concentration on the breakthrough curve for the removal of (a) BOD; (b) COD and (c) TOC from the textile effluent at pH 
= 6.5 and temperature = 25 ◦C. 
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continuous flow arrangement to predict the relationship between effluent concentration (Ct) and time (t) and is suitable for the 
adsorption process where negligible resistance exists between the internal and external diffusion [56]. The mathematical relationship 
for the Thomas model is given in Eq. (10) [3,81]. 

ln
(

Co

Ct
− 1

)

=
KThq0m

Q
− KThC0t (12)  

where C0 (mg/L) and Ct (mg/L) refer to the inlet and effluent amounts (concentrations) of metal ions. Equally, kTh (mL/(min.mg)) 
refers to the Thomas kinetic model constant, while q0 (mg/g) is the adsorbed amount of BOD, COD and TOC at equilibrium conditions. 
Other parameters such as Q (mL/min) indicate the flow rate, while m (g) reveals the quantity of MAGZA composite in the column. 

The breakthrough modelling curves of the experimental data fitted with the Thomas model at different flow rates, bed height and 
inlet adsorbate concentration were analyzed to determine the rate constant (kTH) and the column adsorption capacity (qo) as shown in 
Fig. 8(a–i). It is evident that the Thomas model suitably fitted the adsorption of BOD, COD and TOC by MAGZA composite in the fixed- 
bed column, indicating the non-limiting step of the internal and external diffusion [81]. Consequently, a lower adsorbate flow rate, 
higher bed height and lower adsorbate inlet concentration can effectively improve the removal capacity of BOD, COD and TOC by the 

Fig. 8. The experimental and modeling curve of Thomas model for MAGZA composite removal of BOD at (a) bed height, (b) inlet concentration and 
(c) flow rate; COD removal at (d) bed height, (e) inlet concentration and (f) flow rate and TOC removal at (g) bed height, (h) inlet concentration and 
(i) flow rate. 
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MAGZA composite in the dynamic column. Notably, the parameters associated with the Thomas model, correlation coefficient (R2) and 
Chi-square (X2) were evaluated and presented in Table 4. Particularly in the BOD, COD and TOC adsorption, with an increase in the 
flow rate from 4 to 6 mL/min, the value of kTH increased while the value of qo significantly decreased which may be ascribed to the 
presence of the fixed amount of active sites and lack of sufficient contact time between the adsorbate and the adsorbent [86,87]. 
Moreover, increasing the bed height from 3 to 5 cm decreased and increased the values of kTH and qo respectively. The increase of the 
kTH may be attributed to the increase in the driving force of mass concentration with increasing bed height, while the decrease in the qo 
may be due to an increase in the flow resistance that results in a decline in the effect of mass transfer [56]. On the other hand, the values 
of kTH decreased significantly as the adsorbate inlet concentration increased from 10 to 30 mg/L, while the values of qo increased for all 
the adsorbates. Overall, the observed increment in the qo may be linked to the existence of a concentration gradient that acts as the 
driving force for improved adsorption [80]. In addition, the values of R2 and X2 in Table 4 revealed close conformity of the Thomas 
model to the experimental data compared to the Adams-Bohart model. 

3.5.2. Adams-Bohart model 
Adams-Bohart model relates to the initial conditions of the breakthrough curve for the adsorption wastewater. The key assumption 

Fig. 9. The experimental and modeling curve of Adams-Bohart and Yoon-Nelson model for MAGZA composite removal of BOD at (a) bed height, (b) 
inlet concentration and (c) flow rate; removal of COD at (d) bed height, (e) inlet concentration and (f) flow rate and removal of TOC at (g) bed 
height, (h) inlet concentration and (i) flow rate. 
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Table 4 
Determined parameters from Thomas, Adams-Bohart and Yoon-Nelson models for the adsorption of BOD, COD and TOC by MAGZA composite.  

Adsorbate Q (mL.min− 1) H (cm) Co (mg.L− 1) Thomas  Adams-Bohart  Yoon-Nelson  

kTH qo R2 X2 KAB No R2 X2 KYN τ R2 X2 

BOD 4 3 10 0.00425 194.89 0.958 0.0038 0.00145 1352 0.757 0.0220 0.00322 458.48 0.958 0.0038 
4 4 10 0.00402 286.61 0.965 0.0038 0.00139 1913 0.804 0.0215 0.00306 712.32 0.965 0.0038 
4 5 10 0.00372 364.50 0.980 0.0021 0.00134 2246 0.848 0.0169 0.00260 915.34 0.980 0.0021 
4 5 20 0.00540 281.82 0.971 0.0034 0.00156 2055 0.786 0.0251 0.00530 649.24 0.971 0.0034 
4 5 30 0.00530 344.19 0.982 0.0019 0.00158 1786 0.805 0.0211 0.00540 521.73 0.982 0.0019 
5 5 10 0.00468 294.84 0.958 0.0046 0.00140 1924 0.788 0.0234 0.00468 630.56 0.958 0.0046 
6 5 10 0.00616 268.12 0.969 0.0035 0.00146 1546 0.730 0.0309 0.00616 434.96 0.969 0.0035 

COD 4 3 10 0.00488 272.55 0.960 0.0044 0.00132 1718 0.763 0.0264 0.00488 558.80 0.960 0.0044 
4 4 10 0.00420 275.42 0.959 0.0046 0.00127 1786 0.775 0.0249 0.00420 655.58 0.959 0.0046 
4 5 10 0.00440 338.32 0.949 0.0055 0.00122 2063 0.811 0.0203 0.00340 862.42 0.949 0.0055 
4 5 20 0.00521 276.82 0.976 0.0027 0.00150 1958 0.792 0.0240 0.00509 630.34 0.976 0.0027 
4 5 30 0.00509 320.57 0.979 0.0021 0.00159 1798 0.809 0.0199 0.00521 531.15 0.979 0.0021 
5 5 10 0.00671 313.77 0.953 0.0062 0.00125 1584 0.676 0.0427 0.00671 467.78 0.953 0.0062 
6 5 10 0.00824 276.74 0.950 0.0061 0.00129 1296 0.621 0.0463 0.00824 335.88 0.950 0.0061 

TOC 4 3 10 0.00470 249.31 0.968 0.0033 0.00133 1596 0.769 0.0240 0.00470 530.81 0.968 0.0033 
4 4 10 0.00481 313.94 0.963 0.0046 0.00127 1860 0.762 0.0294 0.00481 652.32 0.963 0.0046 
4 5 10 0.00454 359.44 0.961 0.0051 0.00126 2071 0.773 0.0296 0.00454 791.25 0.961 0.0051 
4 5 20 0.00576 248.97 0.937 0.0074 0.00135 1811 0.734 0.0310 0.00510 575.58 0.937 0.0074 
4 5 30 0.00510 293.72 0.953 0.0050 0.00138 1510 0.721 0.0299 0.00576 431.93 0.953 0.0050 
5 5 10 0.00598 305.67 0.951 0.0063 0.00126 1681 0.707 0.0373 0.00598 511.12 0.951 0.0063 
6 5 10 0.00648 250.82 0.966 0.0037 0.00131 1387 0.699 0.0331 0.00648 386.76 0.966 0.0037  
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of the model is the non-instantaneous nature of the adsorption reaction, in which the adsorption rate shows proportionality to the 
residual adsorbent capacity and the gaseous concentration of the adsorbate [60]. The mathematical definition of the Adams-Bohart 
model is presented in Eq. (11) [56,88]. 

ln
(

Ct

Co

)

=KABC0t −
(

KABN0H
u

)

(13)  

in which KAB (mL/min mg) and N0 (mg/L) are kinetic rates constant of the Adams-Bohart model and the concentration at saturation. 
The parameters, H (cm) and u (cm/min) show the height of the fixed-bed depth occupied with MAGZA composite and inlet gas linear 
velocity, respectively. 

Further analysis of the breakthrough modelling curves was conducted by fitting the experimental data to the Adams-Bohart model 
at the various flow rate, bed height and inlet concentrations as demonstrated in Fig. 9(a–i) representing the experimental and predicted 
breakthrough curves. Importantly, the Adams-Bohart kinetic constant (kAB) and the saturation concentration (N0) are obtainable in the 
range of 0.1 < (Ct/Co) < 0.9. The calculated values of Adams-Bohart parameters (kAB and N0), along with the statistical parameters (R2 

and X2) of the breakthrough curves modelling analysis are presented in Table 4. Following the model parameters shown in Table 4, the 
values of kAB for the BOD, COD and TOC adsorption by the MAGZA composite were observed to increase significantly with an increase 
in the adsorbate flow rate and the inlet concentration. Similarly, an increase in the adsorbate flow rate and the inlet concentration 
significantly decreased the values of N0 for the adsorption of BOD, COD and TOC, respectively and may be attributed to quicker bed 
saturation due to higher pollutant loading from the flow rate increment [32,80]. However, the values of kAB decreased with the 
increasing bed height, while the values of N0 noticeably increased with the increase in the bed depth due to the large availability of 
active sites for the BOD, COD and TOC adsorption [81,82]. For the statistical evaluation, the high values obtained for the R2 and X2 

indicated the non-suitability of the Adams-Bohart model to predict the breakthrough curve. 

3.5.3. Yoon-Nelson model 
Yoon-Nelson model is regarded as a considerably simplified model for volatile/gaseous adsorbates removal onto adsorbents, 

thereby enabling breakthrough curve prediction. The model assumptions are based on the circumstance that the expected decline in 
the rate of the adsorption of each accounted molecule of adsorbate corresponds to an adsorbent breakthrough [89]. Yoon-Nelson 
model does not require inputs interrelated to the adsorbate characteristics, adsorbent type and adsorption bed physical properties, 
thereby making it as non-complicated as other models. The Yoon-Nelson model is expressed in Eq. (12) [77,90]. 

ln
(

Ct

Co − Ct

)

= kYNt − τkYN (14)  

in all, kYN (1/min) and τ are the kinetic constants of the model and the time required to achieve a 50% breakthrough. 
The analysis of the experimental and predicted breakthrough curves was performed by fitting the data obtained from the exper-

iment to the Yoon-Nelson model at the different flow rates, bed depth and inlet concentration as shown in Fig. 9(a–i). The evaluation of 
Yoon-Nelson parameters (kYN and τ) and the statistical parameters (R2 and X2) were carried out and presented in Table 4. The fitting 
parameters of the Yoon-Nelson model indicate that by increasing the adsorbate flow rate and the adsorbate inlet concentration, the 

Table 5 
Characterization of raw and treated textile wastewater compared with WHO and US EPA standards.  

Parameters Raw Value Treated with MAGZA composite Removal of Pollutants (%) WHO/EPA Standard Limit 

BOD (mg/L) 6287 2.4 99.96 -/5.0–7.0 
COD (mg/L) 31044 36 99.88 -/40 
TOC (mg/L) 2990 4 99.87 -/<6 
TDS (mg/L) 36723 500 98.64 1000/- 
pH 11.40 6.5 42.98 6.0–8.5/6.0–9.5 
Conductivity (μS/cm) 54810 860 98.43 -/1000 
Turbidity (NTU) 7638 75 99.02 5.0 
Total alkalinity (mg/L) 16443 320 98.05 -/400 
Nitrate (mg/L) 1804 20 98.89 50/50 
Ammonia (mg/L) 276 3.5 98.73 1.3–3.5/0.2–4.0 
Chloride (mg/L) 9711 31 99.68 250/250 
Phosphate (mg/L) 113 0.5 99.56 -/0.5-0.7 
Fluoride (mg/L) 226 1.48 99.35 1.5/1.7 
Sulphate (mg/L) 7111 25 99.65 500/250 
Iron (mg/L) 3.64 0.05 98.63 -/0.3 
Chromium (mg/L) 2.12 0.03 98.58 0.05/0.05 
Nickel (mg/L) 1.45 0.001 99.93 0.07/0.02 
Zinc (mg/L) 1.14 0.007 99.39 -/3 
Lead (mg/L) 3.75 0.005 99.87 0.01/0.01 
Cadmium (mg/L) 2.54 0.003 99.88 0.003 
Copper (mg/L) 2.13 0.002 99.91 2/1 
Manganese (mg/L) 1.12 0.002 99.82 -/0.2  
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value of kYN increased significantly, while the value of τ decreased for the adsorption of BOD, COD and TOC by MAGZA composite. 
This trend may be ascribed to the quick saturation of the adsorbent present in the column due to the increasing concentration gradient 
across the bed [82]. Then again, an increase in the bed depth resulted in a remarkable decline in the value of kYN and an increase in the 
value of τ. The observed variations may be due to the increase in the number of adsorbents in the bed that provide abundant adsorption 
sites for the removal of BOD, COD and TOC [56]. Overall, the values obtained from the R2 and X2 reveal that both Thomas and 
Yoon-Nelson models can be utilized effectively for the prediction of the breakthrough curves of BOD, COD and TOC adsorption due to 
the high values of the R2 close to unity and the low values of the X2, compared to Adams-Bohart model. Remarkably, a good fitting of 
the experimental data to kinetic models reveals the characteristics of the column adsorption mechanism. In Table 4, the values of R2 

and X2 were the same, indicating the prediction of similar breakthrough curves by both models in the adsorption process. The results of 
this study show correspondence with the previous result of other researchers [56,79,80,82]. 

3.6. Water quality parameters 

Herein, the water quality parameters such as BOD, COD, TOC, TDS, pH, conductivity, turbidity, total alkalinity, nitrate, ammonia, 
chloride, phosphate, fluoride, sulphate, iron, chromium, nickel, zinc, lead, cadmium, copper and manganese concentrations were 
evaluated before and after treatment with MAGZA composite and compared with WHO and EPA standards as shown in Table 5. After 
the treatment of wastewater using MAGZA composite, the values of the BOD, COD, TOC, TDS, conductivity and turbidity reduced to 
fall within the permissible concentrations recommended by WHO and EPA. 

In addition, a decline in the concentrations of phosphate (0.5 mg/L), fluoride (1.48 mg/L), sulphate (25 mg/L), iron (0.05 mg/L), 
chromium (0.03 mg/L), nickel (0.001 mg/L), zinc (0.07 mg/L), lead (0.005 mg/L), cadmium (0.003 mg/L), copper (0.002 mg/L) and 

Fig. 10. Reusability investigation of MAGZA composite for the adsorption of (a) BOD; (b) COD; (c) TOC in a fixed-bed column and (d) the per-
centage adsorption rate at each cycle. 
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manganese (0.002 mg/L) was observed after treatment using MAGZA composite. Overall, the concentrations obtained for the water 
parameters fall within the permissible concentration limit recommended by US EPA and WHO [54,55]. In all, all the water parameters 
presented in Table 5 recorded over 98% removal capacity, except pH which indicated 42.98% removal capacity. More so, the MAGZA 
composite adsorbent has octahedral sites at the surface of the crystal structure that made binding easier [45]. In the end, the treated 
water showed suitability for drinking and other domestic applications. 

3.7. Regeneration and reusability 

The regeneration attributes of adsorbents determine greatly the cost efficiency of adsorption operation and reuse to minimize the 
output of solid wastes [38]. Hence, the regeneration and reusability capacity of MAGZA composite in a fixed-bed adsorption column 
was examined and the results are illustrated in Fig. 10(a,b,c). In all, the reuse study of the adsorbent was conducted in five cycles for the 
removal of BOD, COD and TOC in a fixed-bed column. As evident from Fig. 10(a,b,c), successive increases in the reusability cycle 
revealed a decline in the breakthrough time (tb) and exhaustion time (te) which shifts the breakthrough curves towards the left. 
Particularly after the 1st, 2nd, 3rd, 4th and 5th cycle operation, the obtained tb are 360, 300, 240, 180 and 150 min for BOD 
adsorption, 420, 360, 300, 240 and 180 min for COD adsorption and 420, 360, 240, 180 and 150 min for TOC adsorption, respectively 
as shown in Fig. 10(a,b,c). Similarly, the te noticeably reduced for BOD (1740, 1560, 1380, 1200 and 1020 min), COD (1740, 1560, 
1380, 1020 and 840 min) and TOC (1560, 1380, 1020, 840 and 720 min) after the 1st, 2nd, 3rd, 4th and 5th adsorption cycle, 
respectively. The observed reduction may be ascribed to the gradual blockage of the active sites of the MAGZA composite with an 
increasing reusability cycle [56]. In the end, the adsorption of BOD, COD and TOC reduced to 77, 56 and 64% after the 5th adsorption 
cycle as shown in Fig. 10(d). Overall, the relatively high effectiveness of the composite after the 5th cycle reveals its potential 
feasibility and stability for industrial applicability. 

3.8. Comparative study 

Generally, it is challenging to obtain an effective, simple and economical separation process that can remove different organic 
pollutants, inorganic pollutants and heavy metals from industrial wastewater. The continuous adsorption system explored in this study 
enhanced the contact of the low quantity of the prepared MAGZA adsorbent and the contaminated textile wastewater to achieve 
efficient removal of the pollutants. As such, there will be cost minimization and conservation of space to handle large amounts of 
effluents that do not involve the consumption of energy and monitoring. Compared with the various adsorbents used previously over 
the literation as shown in Table 6, the MAGZA composites fixed-bed adsorption column showed remarkable effectiveness, cost- 
efficient, ease of operation, recyclable and scalable to industrial application in the removal of real industrial wastewater. Overall, 
the removal efficiency of the pollutants was effective and relatively over 98% (except pH of 42.98%) compared to the previously used 
adsorbents and presents considerable effectiveness in the treatment of industrial wastewater. 

4. Conclusions 

In this study, the magnetite/zeolite A (MAGZA) composite was effectively fabricated by the decoration of the magnetite NPs onto 
the surface matrix of zeolite A. The results from the characterization techniques indicated the presence of surface functional groups, 
crystallinity, microstructural morphology and surface properties characteristic of magnetite NPs, zeolite A and MAGZA composite. The 
surface area of 95.26 ± 2, 119.98 ± 3 and 110.50 ± 6 m2/g were recorded for the magnetite NPs, zeolite A and MAGZA composite, 
respectively. The comparative investigation of adsorbents selectivity towards BOD, COD and TOC demonstrated a maximum 
adsorption capacity of 255.98, 241.94 and 243.36 mg/g using magnetite NPs; 323.66, 295.79 and 302.92 mg/g using zeolite A and 
385.86, 330.10 and 374.01 mg/g using MAGZA composite. MAGZA composite with higher adsorption capacity was further used for 
experimental investigation of BOD, COD and TOC removal from textile wastewater in a fixed-bed adsorption method considering the 
influence of parameters such as flow rate, adsorbent bed height and adsorbate inlet concentration. Overall, the adsorption results 
indicate that the breakthrough time, exhaustion time and adsorbate percentage removal increased considerably with an increase in the 
adsorbent bed height within the column. However, the increase in flow rate and adsorbate inlet concentration considerably declined 
the breakthrough time, exhaustion time and adsorbate percentage removal. Notably, maximum performance of the fixed bed column 
using MAGZA was obtained for BOD (tb = 360 min, te = 1740 min and %R = 99.96%), COD (tb = 300 min, te = 1700 min and %R =
99.88%) and TOC (tb = 420 min, te = 1680 min and %R = 99.87%) at the bed height of 5 cm, flow rate of 4 mL/min and adsorbate inlet 
concentration of 10 mg/L. Thomas and Yoon-Nelson models exhibited better fitting to the breakthrough curves of the MAGZA 
composite bed column compared to the Adams-Bohart model. The MAGZA composite showed the capacity to be reused five times in a 
fixed-bed column. Therefore, the MAGZA composite can be a promising and cost-efficient alternative adsorbent for the removal of 
organic and inorganic contaminants from textile wastewater in a highly scalable industrial fixed-bed adsorption method. 
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Table 6 
Comparison of various adsorbents removal efficiency towards various pollutants.  

Adsorbents Pollutants Study type Treated water Removal Efficiency (%) Reference 

CuO@activated 
carbon (AC) 
composite 

BOD, COD and TOC Advanced oxidation 
process 

Textile 
wastewater 

BOD (70%), COD (72%) and TOC 
(61%) 

[8] 

Vetiveria zizanioides BOD, COD and TDS Floating phyto-bed 
reactor 

Textile 
wastewater 

BOD (81%), COD (74%) and TDS 
(66%) 

[91] 

Nano Zero-Valent 
Iron 

COD and Turbidity Batch adsorption Textile 
wastewater 

BOD (97.3%) and Turbidity (85.7 
NTU) 

[30] 

SBA-15/GO Turbidity, TOC, colour, TSS, 
COD, BOD, NO3

2− , TP, Ni, Fe, Pb, 
Cu, Cr, and Cd 

Continuous 
adsorption 

Industrial 
wastewater 

Turbidity(99.24%), TOC(97.02%), 
color(94.80%), TSS(94.36%), COD 
(98.66%), BOD(98.46), NO3

2−

(98.35%), TP(96.43%), Ni(100), Fe 
(99.73%), Pb (90.85%), Cu(81.73%), 
Cr(63.68%) and Cd(66.67%) 

[77] 

Bagasse based fly ash COD 
TOC 

Electrochemical +
continuous 
adsorption 

Sugar industry 
wastewater 

COD (91.93%) [51] 

Fe2+/Fe3+/Co2+

cocatalysts 
COD and TOC Electo-fenton 

process 
Pharmaceutical 
wastewater 

COD (93%) and TOC (92%). [92] 

Tea waste biochar COD Batch adsorption Produced water COD (95.5%) [7] 
Sand, SAC BOD, COD and TDS Continuous 

adsorption 
Greywater BOD (93.4%), COD (82.7%) and TDS 

(96.5%) 
[3] 

Al2(SO4)3 COD and TOC Chemical 
Coagulation-Electro- 
Oxidation 

Textile 
wastewater 

COD (93.5%) and TOC (75%) [93] 

Nano-calcite (CaCO3) COD, BOD and TOC Photocatalytic 
degradation 

Industrial 
effluents 

COD (78.5%), BOD (77.6%) and TOC 
(64.5%) 

[50] 

Graphene oxide Turbidity and COD Continuous 
adsorption 

Textile 
wastewater 

Turbidity (90%) and COD (60.9%) [94] 

Single-Walled and 
multi-walled 
CNTs 

COD, TOC and TDS Continuous 
adsorption 

Effluent 
treatment plant 

COD (39.58%), TDS (66.86%), and 
TOC (85.88%) 

[95] 

Granular Al–Mn 
binary oxide- 
zeolite 
composite 

Ammonia and Phosphate Continuous 
adsorption 

Simulated 
wastewater 

Ammonia (56.14%) and phosphate 
(76.41%) 

[96] 

MAGZA composite BOD, COD, TOC, TDS, pH, 
conductivity, turbidity, total 
alkalinity, nitrate, ammonia, 
chloride, phosphate and fluoride, 
sulphate. 

Continuous 
adsorption 

Textile 
wastewater 

BOD (99.96%), COD (99.88%), TOC 
(99.87%), TDS (98.64%), pH 
(42.98%), conductivity (98.43%), 
turbidity (99.02%), nitrate (98.89%), 
ammonia (98.73%), chloride 
(99.68%), phosphate (99.56%), 
fluoride (99.35%) and sulphate 
(99.65%) 

This 
study  
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Appendix A. Supplementary data 

Supplementary data related to this article can be found at https://doi.org/10.1016/j.heliyon.2023.e13095. 
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