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Rapid adsorption of selenium
removal using iron
manganese-based micro adsorbent
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Selenium in wastewater is of particular concern due to its increasing concentration, high mobility

in water, and toxicity to organisms; therefore, this study was carried out to determine the removal
efficiency of selenium using iron and manganese-based bimetallic micro-composite adsorbents. The
bimetallic micro-composite adsorbent was synthesized by using the chemical reduction method.
Micro-particles were characterized by using energy-dispersive X-ray spectroscopy for elemental
analysis after adsorption, which confirms the adsorption of selenium on the surface of the micro-
composite adsorbent, scanning electron microscopy, which shows particles are circular in shape

and irregular in size, Brunauer-Emmett-Teller which results from the total surface area of particles
were 59.345m?/g, Zeta particle size, which results from average particles size were 39.8 nm. Then

it was applied to remove selenium ions in an aqueous system. The data revealed that the optimum
conditions for the highest removal (95.6%) of selenium were observed at pH 8.5, adsorbent dosage
of 25 mg, and contact time of 60 min, respectively, with the initial concentration of 1 ppm. The
Langmuir and Freundlich isotherm models match the experimental data very well. The results proved
that bimetallic micro-composite could be used as an effective selenium adsorbent due to the high
adsorption capacity and the short adsorption time needed to achieve equilibrium. Regarding the
reusability of bimetallic absorbent, the adsorption and desorption percentages decreased from 50 to
45% and from 56 to 53%, respectively, from the 1st to the 3rd cycle.

Around 71% of drinking water in Pakistan is accessed from underground aquifer reservoirs. From the recently
developed water policy 2018, the Pakistan government aims to provide filtered drinking water to all the occupants
of Pakistan by 2025 by controlling the delivered toxins in water and by treating water to restrict water-borne
diseases. The water whack in Pakistan decreased in 1952 from 5000 m® to 1100 m?, which shows that country
will face the water scarcity problem overall. The study estimates that water per capita will be around 700 m?
or even less by 2025'. An improper and misuse of water resources have deteriorated the quality and quantity
of groundwater®. A national-level study shows that human activities such as increased mining activities and
groundwater pits in petroleum industries tend to increase water contamination in underground water resources,
as reported by the united nation world water development report in 2015°.

Selenium has been widely found in different industries such as electronic, chemical, pharmaceutical, ceramic,
metallurgy, paint industry, etc. Subsequently, selenium may go downstream of surface water, plants, and soil
through the high effluent generated by these industries*. The presence of selenium in the aquatic environment is
caused naturally and synthetically. Several natural sources cause the presence of selenium in water, such as weath-
ering of soil and rock, volcanic eruption, and chemical inter-conversion in coal mines. selenium was found in
water due to man-made activities: the coal combustion industry, agricultural activities, mining, oil and gas refin-
ing process, pesticide production, glass, and cement industries. During power generation, solid waste and flue
gases are released into the environment, which contributes high concentration of selenium in water in the form
of SeO, and SeO gases’. It has been estimated that anthropogenic activities are responsible globally for releasing
76,000-88,000 tons of selenium per year into the soil and water, which is then transferred to animal organisms,
plants, and the life cycle, resulting in serious environmental and health effects®”. According to guidelines by the
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Bi-metallic compound Selenium removal | Isotherms model Time pH Removal efficiency | References
zirconium and iron oxides Se(IV) Langmuir model - 8 90 58
Mg-FeCO; Selenite - - 6 92 5
MNP@hematite Se(IV) - 10min [4t09 |97 60
Iron oxide impregnated CNTs selenium Langmuir model 6 111 ol
Iron oxide nanoparticle Selenium - - 4 95-98 02
Chitosan-clay composite Selenium Langmuir model - 4 18.4 0
Iron-coated GAC Selenite Langmuir model 2-8 97.3 2
Nanocrystalline hydroxyapatite | Se (IV) Freundlich isotherm | 90 min |5 1.94 2
Aluminum oxide-coated sand Se (IV), Se (VI) Langmuir model 60 min | 4.80 1.08 2
Sulfuric acid-treated rice husk Se (IV) Langmuir model - 1.5 40.92 30

Table 1. Adsorption of selenium by different bimetallic compounds as adsorbents.

European Union, National Standards for Drinking Water Quality (NSDWQ) and World Health Organization
(WHO), selenium uptake in drinking water is 10 pg/L*'°. Therefore, it is required to remove selenium from
groundwater to the standard level.

Various techniques have been used to remove selenium from water, including reverse osmosis and chemical
reduction, coagulation, membrane filtration, bacterial reduction, and ion exchange'>'2. However, the presence
of toxic chemicals, high operating system, and cost hinder the applications of these techniques in a user-friendly
way!'?1. The adsorption technique is assumed to be an alternative technique for the remediation of selenium
from water. Over the past decades, adsorption has been broadly utilized due to the greatest opportunity for
sustainable implementation for the ease of reusability and the production of adsorbing media'’->*. The water
treatment based on using adsorbent material to remove the contaminants from the aqueous medium is con-
sidered eco-friendly and low-cost for remediation of selenium, thus cleaning and purifying the groundwater,
drinking water, and industrial wastewater'®?°-3. The regeneration/reuse is one of the advantages of the conju-
gate adsorbent, which can be recycled to elute the Se (IV) from the adsorbent for reuse in water treatment. To
evaluate the regeneration capability of the adsorbent, we have defined the suitable eluent for complete elution
and regeneration without loss in its cage cavities and reusability of adsorbent®. The disadvantage is that they
produce large amounts of toxic sludges that require further treatment before disposal into the environment™.
The Fe or Mn compounds are generally safe for humans and the environment, but there are still some of them
like nZVI can be toxic®.

Several metal oxides are used as efficient adsorbents for scavenging pathways for many heavy-metal ion
removals*’. Adsorption of selenium by different bimetallic compounds as adsorbents is shown in Table 1. Dif-
ferent literature and case studies suggest that the adsorption by bimetallic micro-particle is the most advanced
technology compared to other technologies for removing selenium from water. In the previous literature, vari-
ous adsorbents for wastewater treatment removal have been utilized, including cotton husk carbon material,
activated carbons, a high-molecular polymer, and transition metal oxides (Al,Os, Fe;04, MnO,, TiO,)*'**, Due
to the high-affinity interaction between selenium and iron possessing the outstanding magnetic properties of the
iron material, iron-based materials such as the iron-manganese bimetallic composites are considered the best
adsorbents for water treatment*~*°. A binary oxide of Fe-Mn showed characteristics of high adsorption power
for (iron oxides), high oxidation efficiency for (manganese dioxide), and outstanding separating efficiency for
(magnetic materials)**% Therefore, it is highly urged to develop an adsorbent with the characteristics features
of strong adsorption efficiency, significant adsorption mechanism through characterization, strong adsorption
ability, and adsorption kinetics and isotherms, respectively>->’.

Therefore, this study mainly aims to synthesize a novel iron-manganese-based adsorbent to remove sele-
nium. In addition of effect of process parameters such as pH, dosage, time and concentration were optimized.
Furthermore, the isotherm and kinetics are applied for the removal of selenium. Moreover, the iron-manganese
composite is characterized by EDX analysis, XRD analysis, SEM analysis, zeta potential analysis, BET analysis.

Material and methods

Materials. Selenium (IV) Oxide (SeO,) (Mw=110.96 g), Iron (II) Chloride Hexahydrate, Manganese Chlo-
ride, Sodium Tetrahydridoborate 97*%, Hydrochloric Acid, and Sodium Hydroxide was purchased from Sigma
Aldrich (USA). All the synthetic substances utilized were of the analytical grade.

Synthesis of iron-manganese (Fe—Mn) bimetallic micro-particles. The micro-composite adsorbent
was synthesized by the chemical reduction method by making two separate solutions, i.e., iron and manganese
solution and the sodium tetraborate solution. The solution of equimolar concentration (w/w) of Fe and Mn was
prepared separately by dissolving 11.30 mg iron chloride salt in 50 ml (0.1 M) and 11.45 mg of manganese chlo-
ride in 50 ml distilled water. Both salts were then mixed to make 100 mL of solution. Also, the sodium tetrabo-
rate solution was prepared by adding 200 mg of sodium tetraborate to 50 mL of arrangement. The arrangement
of salts was set on the attractive stirrer for proper mixing. At the same time, a sodium tetraborate solution was
added dropwise into the salt solution to prepare microparticles. The addition of sodium tetraborate was contin-
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ued until the solution became dark brownish, indicating the formation of microparticles. Then the solution was
filtered using wattman filter paper, and the particles were collected separately. Collected particles were dried in
the oven at 50 °C for 24 h.

Characterization of bimetallic adsorbent. The synthesized micro-particles were characterized by
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), Brunauer-Emmett-Teller
(BET), and zeta particle size, respectively. SEM analysis of the samples was conducted by FEI Quanta Scanning
Electron Microscope (Thermo Fisher Scientific, United States) to identify the surface changes of the samples. All
samples were iridium coated. The experiment was run under a high vacuum environment. The Malvern Zeta-
sizer Nanozs, UK, analyzed particle size and surface charge. 0.01 g of each sample was dispersed into 1 mL and
0.75 mL of water separately into the different vessels for particle size and zeta potential (surface charge). Both
cuvettes were inserted into the zeta sizer machine and analyzed the results through Malvern software connected
with the zeta sizer. The Brunauer-Emmett-Teller (BET) analysis and Brookhurst Junior High (BJH) method
determined the samples’” surface area and porosity analysis. N, adsorption/desorption isotherms, surface area,
pore diameter, and pore volume were obtained at 77.25 K using Micro metrics TriStar IT 3020 version 3.02 (ATA
Scientific Pty Ltd., Australia). All samples were degassed at 120 °C under vacuum for 18 h before BET analysis.

Preparation of selenium stock solution. The standard stock selenium solution was prepared by adding
140 mg of selenium Dioxide into 100 mL of distilled water to prepare 1000 ppm of selenium solution. The con-
centration of selenium solution was quantified using a hydride generation atomic absorption spectrophotometer
(AAS). Moreover, to prepare a variety of various smaller concentrations of selenium solution, such as 0.1 ppm,
0.5 ppm, 1 ppm, 2 ppm, 5 ppm, and 10 ppm, the dilution was done from the stock solution to carry out batch
experiments.

Batch adsorption experiments. To decide the advanced boundaries for removing selenium from water,
the Batch tests were completed on a 10-ppm focus. Different concentrated selenium solution (0.1 ppm, 0.5 ppm,
1 ppm, 5 ppm, 8 ppm, 10 ppm) solutions with a working volume of 50 ml were made in an adjusted base
carafe with the weighted measure of 25 mg of adsorbent of bimetallic micro-particles and rotated in the stir at
100 rpm for 1 h on a shaker. Adsorbent portion, shaking time, Adsorption Concentration, and impact of pH was
explored. The rest of the selenium concentrations were measured on AAS. Moreover, to determine the selenium
concentration using a hydride generation atomic absorption spectrophotometer, the selenium is first converted
into hydrogen selenide SeH, then decomposed in a heated cuvette. To reduce selenium solution into hydrogen
selenide, sodium borohydride NaBH, is commonly used®.

Selenium stock solution with the convergence of 1000 mg/L was made, and another diverse focus was acquired
by the ceaseless weakening of 0.1 M arrangement of NaOH and 0.1 M arrangement of HCI to change the dis-
tinctive pH of the arrangements. All the readings were completed in 50 ml answers for the selenium removal
from water. Group tests were completed by taking the weighted 25 mg of bimetallic NPs in 50 mL arrange-
ments containing 10 ppm of selenium focus. The parameters affecting selenium adsorption were optimized by
transforming one factor at a solitary time and keeping the others the same. The impact of time was inspected
by shaking the selenium arrangement and bimetallic NPs blending at 100 rpm. The impact of shaking time on
the efficiency of selenium removal by bimetallic micro-composite adsorbent was studied by taking all the other
parameters constant with a solution of the initial concentration of 10 ppm, 0.5 g/L of adsorbent dosage at 4 pH of
the solution by varying time from 15 to 120 min. In driving the adsorption process, the pH of the solution is an
important parameter. This study examines the pH effect on selenium removal from the water. To determine the
pH value on removal efficiency of selenium by the bimetallic micro-composite adsorbent, samples were prepared
at different pH values, i.e., 6.5,7, 7.5, 8, 8.5, 9, with a solution of a beginning grouping of 10 ppm, adsorbent dose
of 0.5 g/L, at 60 min of adsorption time. The optimum condition for the dosage was selected by micro-particle
mass from 5 to 30 mg. The material cost was studied on six different dosages from 5 to 30 mg while keeping the
range of various boundaries steady, i.e., 10 ppm selenium arrangement at pH 4 fomented for 1 h for finding the
selenium removal efficiency and removal limit of bimetallic micro-composite adsorbent. The impact of initial
concentration was studied by taking selenium concentrations from 0.1 to 10 mg/L.

Furthermore, the final concentrations were noted after the treatment of the sample with Bimetallic MPs. The
formula calculated the removal percentage of selenium:

Ci— Cf
Removal% = x 100 (1)
Ci

Cf and Ci are final and initial selenium concentrations in mg/L, respectively.

The percent adsorption was calculated by using the following equation:

Co —C
Q=-"2—=xV )
m

where: Q,=removal capacity (mg/g), C,=initial concentration of Se in solution (mg/L), C.=final concentra-
tion of Se in solution after contact with the bimetallic adsorbent (mg/L), V = Volume of the arrangement (L),
m = Mass of nano particles (g).

Isotherm studies. The equilibrium data obtained from the experiments were fitted to different isotherm
models to understand the inherent mechanisms in the selenium adsorption on Fe-Mn Bimetallic micro-com-
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Isotherm and kinetic models ‘ Non-linear equations Number of parameters

Isotherm models

Linear (Henry’s Law) model q. = KC, 1

. bC,

Langmuir model qe = ( ﬁ b%:[ ) 2

Freundlich model qe = Kr Cel/" 2

Redlich-Peterson model qe = (M) 3

1+arC¥

Sips model _ (chl/" ) 3
P 9e 1+6C2"

Toth model = KuCe 3

ge (b’+C;‘)1/”

Table 2. Different prominent isotherm models (along with a number of parameters they have in respective
models) that were investigated in Selenium adsorption on Fe-Mn Bimetallic micro-composite. Ce (mg/L) is
the amount at equilibrium, qe (mg/g) is the measure of adsorbate adsorbed with a unit weight of adsorbate.

Statistical (error) functions

Y {(qgmd*qm)z}
N N
S| (o) |

Coefficient of correlation (R?) =

Sum of absolute error (SSE) = Y1, (qé,pred — qi)exp)

, i <ql 7qx )2
Pearson’s Chi-square measure(y2) = Y/~ eo®”

7
Ge,pred

Root mean square error (RMSE) = \/”%1 S (q;pmd - qi’exp)2

i 2
Qe pred —Feexp)

Hybrid fraction error function (HYBRID) = % Zf;l @
e.pred

(p—m)

Table 3. Different prominent statistical (error) functions evaluated in this study to validate the performance
of non-linear model prediction. where ‘%’ is the number of experimental runs and ‘p’ is the number of
parameters; g, ., is q. (mg/L) experiment value for each run; g, pred 18 Qe (mg/L) predicted (calculated) value

for each run an q’e,exp is mean of all g, (mg/L) values.

posite. The conventional solid-liquid adsorption isotherm models (single component) evaluated in this study
are presented in Table 2. This table shows non-linear forms of isotherm models. It is a common practice by most
researchers to linearize the non-linear model expressions, as it is not straightforward to calculate constants in the
non-linear models. Even though the linearized model equation adequately fits the equilibrium data, providing
higher R, the predicted values gave low values after the isotherm parameters were substituted in the non-linear
model form.

Further, to statistically validate the performance of predicted values with the experiments, various prominent
statistical (error) functions were chosen, as shown in Table 3. These metrics confirm and validate the suitability
of respective non-linear isotherm models and evaluated parameters®. For instance, if the metrics result in a
smaller value (with the exception of R?) this means that the model-predicted values are in close agreement with
the experimental values; however, they vary distinctly if it produces a higher metrics results.

Reusability of microparticles. To determine the reusability of micro-particles, the adsorption study was
carried out in the same way, to achieve better selenium absorption on the micro-particle surface. After selenium
adsorption, a desorption study was investigated by drying the used micro-particles in the oven at 100 °C to
remove water from the micro-particles. Dried micro-particles were collected and mixed in 50 mL of 6 pH dis-
tilled water and stirred at 100 rpm for 60 min on a Rotary Shaker (Wisd. Laboratory Instruments) to resuspend
the adsorbed selenium and achieve desorption. The desorption efficiency was calculated using the following
equation.

Concentration desorbed
100 (3)

Desorption percentage % = X
phonp g Concentration absorbed
Their consecutive desorption/ adsorption cycles were performed to determine the reusability of bimetallic
micro-particles. The removal efficiency of each cycle was calculated by following the equation.

Concentration absorbed
Removal percentage % = — - x 100 (4)
Initial concentration
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Figure 1. SEM image of bimetallic micro adsorbent.

st b s oo b b aad sy

aad oo b il

Energy (keV)

Figure 2. EDX Spectrum analysis of iron-based manganese composite.

Results and discussion

Characterization of bimetallic nanoparticles. Scanning electron microscope (SEM) analysis. SEM
analysis is one of the most widely used techniques to characterize micromaterials and microstructures. Scanning
electron microscopy was used to observe the morphological analysis of the Fe-Mn-based bimetallic micro-
composite adsorbent, including shape, size, and porosity. The morphology of raw bimetallic micro-composite
adsorbent before adsorption is shown in Fig. 1. The SEM images of the different focus reveal that microparticles
have been synthesized successfully and have the fine granular structure been spherical. The structure of the
Fe-Mn-based bimetallic micro-particles was porous and spherical. The microporous structure is beneficial for
the internal diffusion of adsorbents to remove heavy metal ions®”. Previous studies reported that the SEM of
Fe-Mn adsorbent showed that the material was constituted by many aggregated small particles, leading to a
rough surface and porous structure®. Another study reported that uniform pore sizes into large particle sizes are
advantageous for a suitable substrate for organic ligand immobilization®’.

EDX analysis. Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique used for elemental
analysis; therefore, elemental analysis of Fe-Mn bimetallic micro-particles was examined using EDX analysis,
which proved to be a very convenient method for analyzing this material. Elemental analysis of the particles was
carried out to confirm selenium adsorption on the particles after use. The typical EDX spectrum of bimetallic
micro-particles is shown in Fig. 2. The strong peak in the EDX spectra indicates the presence of selenium at
1.5 keV. This result demonstrates the high purity of the Fe-Mn bimetallic micro-particles. Similar analyses were
reported by another researcher in 2019%. After the synthesis of Fe-Mn oxide, the elemental analysis reported
in previous studies showed that the iron is distributed quite homogeneously within the particles. However, the
absolute manganese content showed a slight gradient in the core of particles®. The elemental composition of
iron-manganese-based composite by EDX analysis suggests that both iron and manganese were demonstrated
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Figure 3. BET Analysis of iron-based manganese composite.

at the intense signal of 0.5 keV and 6 keV; however, manganese was a major element as compared to iron. Addi-
tionally, the intensity range of 1.5 keV and 10.5 keV shows the presence of selenium. The minor signals were also
found in the range of 0.5-1 keV, which represent the availability of carbon and oxygen elements.

BET analysis. Brunauer-Emmett-Teller (BET) analysis explains the physical adsorption of gas molecules on
a solid surface. It serves as the basis for an important analysis technique for measuring the specific surface area
of materials. The surface area of the Fe-Mn bimetallic micro-particles was found to be 59.345 m?/g, as shown
in Fig. 3. The higher surface area obtained in this study indicates that Fe-Mn bimetallic micro-particles have a
porous structure which ultimately provides high adsorption capacity, indicating a good possibility of the mate-
rial to be used as a surface adsorber. The surface area of adsorbents is one of the most significant properties in
determining absorbance efficiency. A higher surface area enhances the adsorption capacity. The surface area
of the experimented samples in this study was determined by the nitrogen (N,) adsorption method. Figure 3
presents the N,-sorption isotherms of RH-based porous materials where volume absorbance has been plotted
against relative pressure. Changes in volume absorbance were presented with the relative pressure change.

The surface area of the samples of KOH-RH, AgNP-KOH-RH, and KOH-RHH presented 5.42, 13.57, and
27.87 m?/g, respectively. In an earlier study, untreated rice husk and hydrochar showed surface areas of 3.5 and
5.02 m?/g, respectively”. In this study, KOH treatment of untreated rice husk and hydrochar enhanced the surface
area of both samples significantly. The incorporation of AgNPs and calcination increased the surface area by
almost 10 m?/g for AgNP-KOH-RH. Moreover, the magnetic nanoparticles have strong magnetic interactions
and could easily be aggregated together”".

Zeta particle size. 'The Zeta Sizer Nano Series (ATA Scientific Pty Ltd., Australia) analyzed particle size and
surface charge. 0.01 g of each sample was dispersed into 1 ml and 0.75 ml water separately into the different ves-
sels for particle size and zeta potential (surface charge). Both cuvettes were inserted into the zeta sizer machine,
and analyzed the results through Malvern software connected with the zeta sizer. The zeta potential of Fe-Mn
bimetallic nanoparticles was observed at room temperature. The average size of nanoparticles was found at
39.8 nm, as shown in Fig. 4.

Effect of adsorbent dosage. The effect of adsorbent dosage was the first parameter to determine the
optimized condition because further examinations of selenium were dependent on this parameter. It is also an
important parameter in predicting the material economy and cost. It can be seen that the removal percentage
of selenium was decreased by increasing the adsorbent dosage after 25 mg. In such cases, the shock of the par-
ticles may have occurred between the selenium particles and the micro-composite particle’s adsorbent surface.
The maximum removal efficiency at 25 mg of the micro-particles adsorbent dose is shown in Fig. 5. Malgorzata
Szlachta observed the effect of Fe-Mn hydrous oxides dosage on the adsorption of Se (IV) and Se (VI) ions from
the water medium. As the adsorbent concentration increased from 0.5 to 5 g/L, the efficiency of removing sele-
nium oxyanion also increased. These results agreed with previous outcomes, which also showed that the altera-
tion in the adsorption is mainly dependent on the presence of active binding sites on the adsorbent surface’.

Furthermore, our present results showed that Selenite was almost removed up to (96.2%) when the adsorbent
of 4 g/L was applied to the water medium. Moreover, when the concentration dosage was increased to 4 to 5 g/L,
a slight change in the adsorption of about (3%) was observed. Likewise, the selenate uptake initially slightly
increased with the adsorbent dosage rate of 2 g/L, at the highest adsorbent dose up to 11.1%.
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Figure 5. Effect of Adsorbent Dose on selenium Removal (%).

Effect of time. The effect of shaking time is also an important parameter and assumes an essential function
during the adsorption cycle”. It is observed from the result that by increasing the time of adsorption, the removal
efficiency was also increased. The optimum selenium removal efficiency was observed at 79% after 60 min of
shaking time, and then a slight increase in removal percentage became equilibrium when further contacted. This
might be due to the saturation of all available adsorbent molecules, as shown in Fig. 6. The same effect was also
observed in another study®!. So, the optimum time was considered to be 60 min for further research.

Similarly, the previous literature reported other time-dependent Se(IV) adsorption mechanisms. Subse-
quently, Duc and his co-workers proposed that the adsorption efficiency gradually enhanced to a maximum level
in the initial process. Moreover, it was also observed that when Se(IV) adsorbent was placed on the hematite
surface, no significance was found between 4 and 65 h, respectively”.

Furthermore, the adsorption efficiency of selenite and selenate by BMDC as a function of time was conducted
by Megha. It was noticed that the increase in sorption efficiency relates to a function of contact time®. Therefore,
it was ameliorated that the fabricated bimetallic diatom composite represented strong Se(IV) uptake efficiency
compared with Se(VI).

Effect of pH. Results showed that the removal efficiency of selenium towards bimetallic micro-composite
adsorbent was higher (78.69%) at pH 8.5, which may be due to anionic SeO, and positively charged adsorbent
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Figure 6. Effect of Shaking Time on selenium Removal (%).
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Figure 7. Effect of pH on selenium Removal (%).

surface because surface charges of bimetallic micro-composite adsorbent are positive at pH 8.5 and negative at
pH =9. It shows that an alkaline pH level increases the selenium ion adsorption efficiency”. Further increase in
pH decreased the selenium adsorption efficiency towards bimetallic micro-composite adsorbent, as shown in
Fig. 7. The effect of pH on final SeO5>" concentration is presented in Fig. 7. The final Se concentration increased
as the pH increased from 4.0 to 9.0, indicating that a lower pH favored Se adsorption. The better Se removal at
lower pH could be an advantage for nano-magnetite use in treating mine water, which is typically low in pH”.
When the pH was lower than 4.0, the SeO,? adsorption onto nano magnetite was relatively independent of pH.
Consequently, the efficiency of the adsorbent was wide-ranging throughout the broad pH ranges, as reported
in the previous results'>”*”%. Though Se(IV) and Se(VI) adsorption efficiency were highly dependent on the
pH factor, and as the pH concentration was increased towards the alkaline values, the removal efficacy stead-
ily decreased. Therefore, at the adsorbed surface, the strong affinity for Se(IV) relative to Se(VI) significantly
showed strong selenite adsorption relative to any given pH concentration’.

Effect of adsorbate concentration. The effect of adsorbate concentration was determined by taking
different amounts of selenium concentration ranging from 0.1 to 10 mg/L with an adsorbent dosage of 0.5 g/L
and at pH 8.5 were stirred for 60 min on a horizontal orbital rotational shaker for accessing the effectiveness of
selenium removal effectiveness. It can be seen from the result that an increase in the initial selenium concentra-
tion results in better removal of selenium up to 1 ppm of selenium solution. This was because of the expansion
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Figure 8. Effect of selenium Concentration Removal (%).

Nonli del Parameters | R? SSE | RMSE |2 HYBRID

Henry (Linear) model | K: 7.7 09894 | 27231 | 06237 | 1.4407 | -32.0872

Langmuir model KL: 0213 09927 |1.7207 | 04958 | 03483 |-12.6483
qmax: 49.676

Freundlich model K831 09961 |0.9019 |0.3530 |0.0975 |0.5275
aRP: 7.075

Redlich Peterson model | KRP:69.077 | 0.9929 | 09359 |0.3656 | 0.1001 |0.1468
g 0.224
Ks: 0.042

SIPS model qms: 212776 | 0.9934 | 1.0408 | 0.3856 | 0.1073 | -0.1377
ns: 0.831
aT- 3.826

TOTH model KT:2725.367 | 09930 | 1.1456 | 0.4045 |0.1224 | -2.5512
nT: 0.274

Table 4. Comparison of various isotherm parameters along with different statistical metrics.

in the number of active sites accessible for the adsorption of selenium ions. Further increase in adsorbate dosage
does not affect the removal efficiency of selenium due to a limited number of total available active sites, which
became saturated at a higher concentration®’. Treating the sample of 1 ppm, the selenium remains at 0.0546,
and the maximum removal of 94.54% was achieved, as shown in Fig. 8. Another researcher examined the initial
effect of Se concentration on the adsorption efficiency of iron oxide-impregnated CNTs. Generally, the observed
outcomes proposed that as the initial concertation of Se increased, the adsorption efficiency also increased®'.
Previous literature also indicated that at initial Se concentrations between 5 and 20 ppm, the adsorption rate was
sharp, so the adsorption process increased. At 20 ppm or above concentration, the adsorption rate decreases to a
certain level. The strong adsorption efficiency at higher concentrations of Se is due to the increased mass transfer
rate (driving forces) of selenium ions directed to the iron oxide-impregnated CNTs surfaces”. At the initial Se
concentration of 40 ppm, the strong adsorption capacity was about 88 mg/g.

Adsorption isotherms models. The adsorption studies are verified against 6 prominent isotherm models
as showin in Table 2. As stated earlier, most researchers linearize the non-linear model expressions. Even though
the linearized model equation adequately fits the equilibrium data, providing higher R? the predicted values
give lower values after the isotherm parameters are substituted in the non-linear model form. Hence non-linear
analysis is used to evaluate the model parameters without linearizing the non-linear expressions. The compari-
son of various isotherm parameters and different statistical metrics is given in Table 4. Among the validated
isotherm models, Freundlich isotherm models seem to be more appropriate, resulting in an R* value of 0.9961.
Besides the highest R?, all other statistical metrics resulted in lower values. The comparison of the performance
of different isotherm models investigated in this study is shown in Fig. 9. The best fitting of Freundlich isotherm
model suggests that selenium adsorption took place heterogeneously due to the diversity of adsorption sites
provided by bimetallic micro-particles.

Effect of reusability of micro composite. From an industrial perspective, the regeneration ability of
adsorbent materials is a crucial factor in estimating cost-effectiveness. The reusability of microparticles is very
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Figure 10. Effect of reusability of adsorbent on selenium remova.

important in practical applications; therefore, bimetallic microparticles were used to test the reusability of sele-
nium adsorption. Three successive adsorption/desorption cycles were performed to determine the reusability of
particles. As a result, as shown in Fig. 10, desorption percentages gradually decrease from 56 to 53% from the
first cycle to the third cycle. We presume that Se (IV) would preferably adsorb onto the high-energy sites with the
strongest chemical bonding during the first removal cycle. Thus, the desorption percentage was slightly lower in
the second and third regeneration cycles compared with the subsequent reuse cycles. However, the adsorption
percentages decreased from the first to the third cycle. The adsorption percentage was around 50% in the first
cycle and then reduced to 45% in the third.

Conclusion

The outcomes of this study demonstrate the potential of iron-manganese bimetallic micro-composite adsorbents
for eliminating selenium from water. Iron and manganese bimetallic microparticles were effectively created to
remove more than 95% of selenium from water under the ideal conditions of pH- 8.5, 25 mg of adsorbent, 60 min
of contact time, and an initial concentration of 1 mg/L, which resulted in the maximum selenium removal. A
bimetallic micro-composite adsorbent had a 95% total selenium removal efficiency at optimal conditions. The
Freundlich and Langmuir isotherms models were also used to analyze the equilibrium data. Both models had
R? values of (0.822) and (0.956), respectively. Instead of the Langmuir isotherm, equilibrium data effectively fit
the Freundlich isotherm equation. The outcomes showed that iron and manganese bimetallic microparticles are
the most promising candidate for removing selenium from wastewater.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon
reasonable request.
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