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Abstract

Synthesizing nanomixed metal oxides via green routes and adopting them as adsorbents in water remediation methods
is an important aspect of chemical research. In the present investigation, nanoparticles of mixed oxides of Mn-Al-Fe
of size 6.19 nm are successfully synthesized adopting ‘aloe vera gel’ as capping agent and homogenous precipita-
tion method for generating the precipitant (OH™) by urea hydrolysis, in a viscous mother liquor of composition:
‘glycerol:water (20:80)’. These nanoparticles are immobilized in Ca-alginate beads to prevent agglomeration. The
mixed nanoparticles and beads are characterized and investigated for their sorption nature towards toxic chromate
and phosphate ions. The adsorption mechanism is investigated by thermodynamic studies, isothermal and kinetic
models. It is observed that chromate and phosphate can be simultaneously removed from waste water with the nano-
mixed metal oxides and beads at pH 7 and 10 respectively. The sorption capacities are 71.8 mg/g for phosphate and
87.3 mg/g for chromate with nanomixed metal oxides and 94.3 mg/g for phosphate and 109.8 mg/g for chromate with
beads. The bead structure enhances sorption capacities besides permitting easy filtration. Thermodynamic studies
confirm the endothermic and spontaneous nature of the adsorption. Pseudo 2"%-order kinetic models and Langmuir
isotherms explain well the sorption mechanism. The adsorbents can be recycled for six cycles of re-generations and
re-use. The sorbents developed are successfully applied for simultaneous remediation of chromate and phosphate
from polluted water.
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1 Introduction

Green-synthesized nanomaterials are attracting research-
ers as adsorbents in developing water remediation methods
[9, 12]. These bio-synthesized materials are proving to be
effective adsorbents in water treatment in view of their high
surface area and other surface characteristics inherited due
to their nanosizes [60]. The endeavour of this investigation is
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to develop effective nanobased adsorbents (green) to remove
phosphate and chromate simultaneously.

Phosphate and chromate are potential toxicants present
in industrial waste water. Water contamination with chro-
mate arises mainly due to inadequately treated effluents from
chromium-based industries while phosphate pollution is
due to overutilization of fertilizers in agricultural activities,
household uses, effluents from phosphate-based industries
and erosion of phosphate rocks etc. [76]. The heavy metal
chromium is a dangerous pollutant, because of its severe
effects on human health [21]. Chromium consumption is
linked to various diseases namely dermatitis, kidney and
liver failures, ulceration, nerve tissues damage and even
death [55]. Due to high solubility in water and strong oxi-
dizing power, chromium (VI) is highly toxic to the aquatic
environment [7]. Phosphate in water bodies causes ‘eutroph-
ication’ and thereby causing reduction in the dissolved oxy-
gen in water. The decrease in dissolved oxygen adversely

@ Springer


http://orcid.org/0000-0003-3500-0767
http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-021-02293-0&domain=pdf

16836

Biomass Conversion and Biorefinery (2023) 13:16835-16853

affects the aquatic life and loss of eco-cycles. In fact, rec-
ognizing phosphate contamination of water as a potential
environmental threat, some countries passed legislations
called ‘phosphate acts’ to prevent the usage of phosphate
in detergents and other domestic utilities. The permissible
limits by WHO are 0.05 mg/L for chromate (US Department
of Health and Human Services 1991) [75] and 50 pg/L for
phosphate (Bureau of Indian Standards, IS: 10,500-1991)
[20]. Thus, the removal of chromate and phosphate is one
of the environmental concerns.

Several methods based on ion exchange, membrane fil-
tration, chemical precipitation, electrodialysis, adsorption
etc., have been employed to remove phosphate or chro-
mate from waste water (Mohammad et al., 2014 [51]; [6,
7,19, 62, 65, 66]. These methods are non-economical,
are not applicable to treat large quantities of water and,
moreover, need constant expert supervision. Adsorption
methods are preferred methods because of their low-
operational cost, being environmentally friendly and high
efficiency [67].

Adopting non-conventional materials and bio-materials as
adsorbents is a recent trend in this aspect of water remedia-
tion. Various adsorbents such as marble dust, volcanic ash
and sand [28, 29], bio-chars derived from crop straws [37],
egg shells [22], modified wheat straw [58], marble waste
[17], corn stalks (Fan et al., [31], magnetic coal [33], acti-
vated carbon (AC) and sand/zeolite mixture (S/Z) [45, 48],
AC from stems of Carissa carandas plant [13] and AC from
leaves of Magnoliaceae plant [14] have been investigated
for the removal of phosphate or chromate from waste water.

Nanobased adsorbents are also employed to enhance the
sorption capacity of adsorbents for phosphate or chromate.
The sorbents investigated are as follows: iron-magnesium
nanocomposite (nFe’-Mg) [46], nanoscale zero-valent iron
(Fe®) coated with different layered hydroxide coatings (Mg/
Al/Ca (OH),) [47], nanoscale zero-valent iron (nZVI), PAA-
nZVI, PVP-nZVI, CMC-nZVI and PSM-nZVI [30], Phyl-
lostachyspubescens biomass—loaded Cu—S nanospheres [1],
zirconia-coated magnetite nanoparticles [77, 79], nanoscale
zero-valent iron (nZVI) [4], bimetallic nanoscale zero-valent
iron (Fe’/Cu) and foamed nickel-based La (OH); nanowire
[82].

These investigations are devoted to remove either phos-
phate or chromate and not both at a time. Furthermore, many
of these adsorbents suffer from either low adsorption capac-
ity or high cost or poor regeneration. Effective adsorbents for
the simultaneous removal of phosphate and chromate from
polluted water are less reported. The present investigation
is an attempt in this direction employing nanocrystallites of
‘trinary mixed metal (Mn-Al-Fe) oxides” with or without
doping in Ca-alginate beads as adsorbent.

In this investigation, the manganese-based nanotri-
nary mixed metal (Mn-Al-Fe) oxides are synthesized
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via new green routes. Such particles are expected to be
bio-compactable with improved sorption nature because
the capping or stabilizing agents employed are from
natural sources. Investigations in identifying the effec-
tive stabilizing and/or capping agents from plant sources
in place of conventional toxic agents is one of interest-
ing research aspects (Biftu and Ravindhranath, [10]. In
the present investigation, ‘aloe vera gel’ is identified to
have good capping and/or stabilizing nature. This bio-
extract coupled with the slow generation of precipitant
(OH") (urea hydrolysis—homogenous methods) from the
viscous mother liquor of composition, glycerol + water
(20:80), has resulted in the successful synthesis of uni-
form-sized nanocrystallites of mixed metal (Mn-Al-Fe)
oxides. The particles have been observed to have good
adsorptivities for toxic ‘phosphate and chromate’ at the
neutral pH 7. Agglomeration of nanoparticles and slow
filtration are the main limitation of using nanoparticles
as adsorbents. Hence, to overcome these disadvantage,
the mixed nanoparticles have been immobilized by cross-
linking Na-alginate with Ca®" ions, resulting in beads
(Biftu and Ravindhranath, [11]. Thus, obtained beads
have been observed in this investigation to have enhanced
adsorptivities for ‘phosphate and chromate’ at pH 10.
The good adsorptivities of nanomixed metal oxides and
their beads for ‘phosphate and chromate’ at pH 7 and pH
10, respectively, enable us to pursue the concept of the
simultaneous adsorption of these pollutants from waste
water.

Hence, in the present study, mixed nanocrystallites of
metal (Mn-Al-Fe) oxide are synthesized via new green
methods. These particles are immobilized in calcium
alginate beads. The nanomaterial and beads are charac-
terized and their sorption capacities are investigated with
respect to various parameters for the simultaneous removal
of ‘phosphate and chromate’. The sorption mechanism is
analysed by thermodynamic studies, isothermal and kinetic
models. The developed procedures are applied to treat real
water samples.

2 Materials and method
2.1 Chemicals and solutions

All chemicals and reagents used throughout this research
work were of A.R. grade. The chemicals Al,(SO,);, MnSO,.
H,0, NH,Fe(50,),.12H,0, K,Cr,0,, KH,PO,, Conc. HCI,
NaOH, NH; and CaCl, were procured from Merck, India
Pvt. Ltd. and S.D. Chemicals, India. Solutions were prepared
as described in the literature [3, 64]. The simulated stock
solutions of ‘phosphate and chromate’ were prepared using
distilled water.
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2.2 Synthesis of mixed nanocrystallites of oxides
of Mn, Al and Fe

The aloe vera gel was scrapped from the plant, stirred to
obtain a homogeneous solution and stored in a refrigerator
at 5 °C. This gel served the purpose of a capping agent.

Individual nano-MnO,, Al,O; and Fe;0, 2.0 g each of A.R.
MnSO,.H,0, Al, (SO,); or NH, Fe(SO,),.12H,0 were dis-
solved in 100 mL of ‘water:glycerol (80:20)’ blend having
1.0 mL of Conc. HCI. Then, 1.5 g of aloe vera gel was added
and stirred to a homogenous solution. Glycerol content in the
solution increases the viscosity of the media. Then, 5.0 g of
urea in small portions (not at a time) was added to the solu-
tion while the solution was under slow heating and gradually
raising the temperature to 85 °C. Urea undergoes hydrolysis
with the rise of temperature, resulting in the generation of
ammonia which in turn raises the pH of the solution. The
heating was stopped when the solution attains pH 9, but stir-
ring was continued for a further 3 h. Under the conditions of
low viscosity of mother liquor, slow generation of the pre-
cipitant and the capping ability of aloe vera gel, nanosized
crystallites of metal oxides were successfully synthesized.
The particles were separated by centrifugation and washed

with distilled water. Then, the particles were dried at 105 °C
and calcinated at 550 °C for 3 h in a muffle furnace.

Mixed oxide nanocrystallites The procedure adopted was
similar to that of the synthesis of individual oxides but with
the dissolution of a mixture of 2.0 g of each salt (MnSO,.
H,0, Al,(SO,); and NH Fe (SO,),.12H,0) in the mother
liquor (glycerol:water: 20:80). The mixed nanooxide crystal-
lites were named as n(Mn-Al-Fe) oxide and preserved in an
air-tight bottle. The crystallite size was determined by XRD
analysis (Fig. 2 and Table S1).

Calcium alginate beads doped with mixed nanooxides 2.5 g
of sodium alginate in 100 mL of distilled water was heated
(70 °C) with stirring to a gel-like solution. Then, 2.0 g of
mixed nanometal oxide was added and stirring was con-
tinued for 1 h, to obtain a homogeneous dispersed metal
oxide solution. Thus, the resulting solution was cooled to
room temperature and added drop-by-drop into a previously
cooled 3.0% CaCl, (10 °C) solution with the aid of a drop-
per. Beads impregnated with ‘nanoparticles’ were formed
as depicted in Fig. 1. Thus, formed beads were digested for
12 h with its mother liquor. Beads were filtered, washed and
dried at 75 °C for 1 h. The beads were named as follows:

Glycerol

\'#

AlL(SOy);
MnSO4.H20
NH,Fe(S04),.12H,0
solutions

]

[

Water: Glycerol
(80:20)

Filter

n(Mn-Al-Fe) oxide Ca-
Ali (beads)

Urea
Hydrolysis

Aloe vera gel
(capping agent)

n(Mn-Al-Fe)oxide
powder

p Beads

; Formation

Na-alginate

Fig. 1 Various phases of syntheses of adsorbents
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n(Mn-Al-Fe) oxide-Ca-Ali (beads). Various stages of the
synthesis of beads are presented in Fig. 1.

Adsorption experiments Batch adsorption processes were
adopted [74]. Simulated individual solutions of phosphate
and chromate were used for investigating the effect of vari-
ous parameters on the adsorption of phosphate and chro-
mate. Then simulated admixtures of phosphate and chro-
mate were treated at the conditions established during the
course of this investigation for individual ions to assess their
applicability.

2.2.1 Optimization of adsorption conditions

Known amounts of mixed nanometal oxide and beads, rang-
ing from 0.01 to 0.08 g/150 mL, were added to simulated
phosphate (25.0 mg/L) or chromate (20.0 mg/L) solutions.
The initial pH of the solutions was adjusted between 2 and
12. The solutions were agitated for needed times ranging
from 10 to 100 min at 350 rpm in an orbital shaker. The sor-
bents were filtered. The filtrate was analysed for the residual
phosphate or chromate content spectrophotometrically using
Molybdenum Blue method for phosphate and Diphenyl Car-
bazide method for chromate (APHA, Standard Methods, [3].
For assessing the effect of one parameter on the adsorptivity
of the sorbent, the targeted parameter was varied while all
other parameters were maintained constant. After optimiz-
ing the pH, sorbent concentration and time of contact, the
effect of the initial concentration of phosphate or chromate
on the percentage of adsorption was investigated by varying
the initial concentrations from 10 to 60 mg/L. Similarly, the
effect of temperature on the adsorptivities of the sorbents
was studied by varying the temperature from 303 to 333 K.
Percentage removal of chromate or phosphate and sorp-
tion capacities of adsorbents were evaluated [13]. Findings
are presented in Figs. 6 and 7. The optimum conditions of
adsorption for both the ions at room temperature of 303 K
with mixed nanooxide as adsorbent were found to be as fol-
lows: pH: 7, sorbent dosage: 0.055 g/150 mL; equilibration

time: 40 min. In the case of beads, the optimum conditions
were as follows: pH: 10; sorbent dosage: 0.05 g/150 mL; and
equilibration time: 60 min at room temp (303 K).

2.2.2 Mixtures of simulated phosphate and chromate
solutions

With mixed oxide, both the adsorbates were shown maxi-
mum adsorptiviies at pH 7 while with beads at pH 10.
Hence, at these pH values, simulated mixed solutions
of ‘chromate and phosphate’ were investigated to assess
whether the optimum conditions arrived in the case of
individual ions also ‘hold good’ for the mixtures of the
adsorbates. In Table 2, results were presented. Except
adsorbent dosage and time of equilibration, the rest of the
parameters remain constant for the simultaneous removal
of ‘phosphate and chromate’. The optimum dosage is
0.13 g/150 mL for nanomixed oxides and 0.11 g/150 mL
for beads. The optimum contact time is 60 min for nano-
mixed metal oxide and 90 min for beads.

2.3 Characterization of adsorbents

The mixed nanometal oxides and beads were characterized
for conventional properties by adopting the procedures as
described in the literature [14],BIS: Bureau of Indian Stand-
ards., [15]; ASTM D4607-94., [5] (Table 1). Further using
XRD, FTIR, FESEM and EDX techniques, the sorption
surface nature was assessed. Figures 2 to 5 comprise of the
results of these studies.

2.4 Applications

Effluent samples from industries based on phosphate and
chromate and also polluted lake waters from Guntur District
of Andhra Pradesh were collected and analysed for the actual
content of phosphate and chromate. Then, these samples
were subjected to the treatment with the sorbents developed
in this investigation.

Table 1 Physico-chemical
properties of nanometal oxide
and beads

S.no Parameter

Adsorbent

n(Mn-Al-Fe) oxide n(Mn-Al-Fe) oxide-Ca-Ali

(beads)
1 Apparent density (g/mL) 0.36 0.32
2 Moisture content (%) 3.21 2.09
3 Iodine number (mg/g) 680 620
4 Particle size () 6.19 9.7
5 Crystallinity % 82.45 45.6
6

BET analysis-surface area (m%g) Before After

Before After

328.60 Chromate: 214.47
Phosphate: 218.56

304.23 Chromate: 201.00
Phosphate: 192.34
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3 Results and discussion
3.1 Characterization studies
3.1.1 Physicochemical parameters

Moisture content, apparent density and ash content of sorb-
ents were assessed adopting standard methods [14], iodine
number [15] and particle size (ASTM D4607-94 [5]. Adsor-
bent surface areas ‘before and after adsorption’ of phosphate
and chromate were estimated using BET analysis [27].
Table 1 depicts the results. The reductions in the surface
area of sorbents after sorption of adsorbates emphatically
confirm the sorption.

3.1.2 XRD analysis

In Fig. 2a to e, XRD spectra of nanoparticles of nMnO,,
nAl,O; nFe;0, mixed metal (Mn-Al-Fe) oxides and beads
were presented. Nano-Al,O5 shows diffraction peaks at
20=32.3°,36.01°, 39.5°, 45.8°, 62.6° and 66.6° (Fig. 2a)
and they may be attributed to the planes of (220), (311),
(222), (400), (511) and (400) of a pure cubic structure of
v-Al,O5 as per JCPDS card no 29-0063. Nano-Fe;0, dis-
played a series of peaks at 26 =29.6°, 35.1°, 42.6°, 53.4°,
56.9° and 62.6° pertaining to the planes (220), (311), (222),
(422), (511) and (440) (Fig. 2b), as per JCPDS card no
19-0629. Nano-MnO, (Fig. 2c) shows peaks at 12.7°, 18.0°,
25.4°,29.0°, 36.01°, 38.1°, 44.3°, 50.8°, 55.8°, 60.0° and
64.5° and they can be assigned to the planes (110), (200),
(220), (310), (400), (211), (301), (411), (600), (521) and

(002) respectively of cubic structure as per PDF card no.
44-0141.

Nanomixed metal (Mn-Al-Fe) particles have exhibited
peaks at 260=18.0°, 25.4°,29.0°, 33.6°, 36.1°, 38.1°, 42.6°,
44.3°,50.8°, 54.3°, 57.8°, 60.0° and 64.5° (Fig. 2d). Com-
paring these diffraction peaks with the individual peaks of
nAl,O;, nMnO, and nFe;0,, it may be inferred that many
peaks pertaining to individual oxides have appeared in the
mixed oxides with slight variation in the peak positions and
intensities. This indicates the formation of mixed crystals of
metal (Mn-Al-Fe) oxides of nanosize. The crystallite size
of the individual metal oxides and their mixed oxides were
evaluated as per Scherrer equation, L = 5 ckgs 5 The results
are presented in Table S1. The particle crystalline sizes were
found to be 25.9 nm for MnO,; 12.9 nm for Al,05; 11.16 nm
for Fe;0,; and 6.19 nm for metal oxides [18],Dorofeev, [24];
[1].

Ca-alginate beads doped with nanometal oxides shows
prominent peaks at 20 =25.4°, 29.1°, 36.1°, 38.4°, 42.6°,
56.5° and 60.0° (Fig. 2e). In comparison of these spectral
features with the mixed oxides, it may be noted that some
peaks are missing and some other peaks have changes in
their intensities, and even broadening of the peaks was also
observed. This indicates the partial loss of crystallinity
(semi-crystalline) due to the formation of beads. The similar
observations were reported in the case of iron-magnesium
nanocomposite (nFe’-Mg) compared to nanoscale zero-
valent iron (nFeO) [46] and in the case of C-Fe’ [Mg/Fe]
compared to C-Fe [Al/Fe] and C-Fe’ [Ca/Fe] particles [47].
This is a favourable condition for the adsorption process to
take place and it endows conducive adsorption nature for
the beads.
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3.1.3 FTIR analysis

Spectra observed before and after sorption of phosphates
and chromate by the sorbents are presented in Fig. 3a and b.

Observations with nanomaterials (Fig. 3a) Various spec-
tral peaks were noted. Broad peaks of different shapes with
maxima at 3152 cm™' pertaining to ‘-OH stretching’ were
observed both in the spectrum taken ‘before and after’
adsorption [61]. The ‘Fe-OH’ stretching peak at 1606 cm™!
(before adsorption) [39, 81] was shifted to 1625 cm™~! and
1618 cm™! with varying intensities after adsorption of phos-
phate and chromate respectively. Mn/Al-OH stretching peak
at 1142 cm™! (before spectrum) [42] was shifted to 1003
and 1073 cm™! (phosphate) and 1118 cm™! (chromate) with
marked changes in their intensities after adsorption, indicat-
ing the formation of Mn/Al-O-PO,*>~/CrO,™ [42].

New peaks at 951 cm™! for phosphate and 974 cm™!
for chromate pertaining to Al/Mn-O stretchings [16] were

observed in the after-adsorption spectrum. The intensive
peak at 826 cm™' pertains to ‘O-Mn/Fe—O’ bending [68] in
the before adsorption spectrum was almost disappeared with
little peaks at 816 cm™! (phosphate) and 810 cm™! (chro-
mate) after adsorption. Two small peaks, one at 777 cm™"
after phosphate adsorption and the other at 774 cm™" after
chromate adsorption, have appeared in the after-adsorption
spectrum and may be due to the bending vibrations of Al-O-
CrO,~/PO,*~ [42]. The vibrational peak at 705 cm~" due to
‘Al-O-ALI’ stretching [83] has been shifted to 725 cm™! with
enhanced intensities after phosphate and chromate sorption.
The peak at 653 cm™! (before adsorption) has completely
disappeared after adsorption of phosphate and chromate.
The peak at 623 cm™! of Fe/Mn-O (before adsorption) [57]
has been shifted to 620 cm™' and 613 cm™" after adsorption
of phosphate and chromate respectively.

The new sharp frequencies appeared at 655 cm™'and
661 cm™! after adsorption of phosphate and chromate, which
may be due to the asymmetric stretching of ‘Mn-PO,>~/
CrO, [25, 42]. A sharp small peak at 618 cm™' before

Fig.3 FTIR spectra: a
nanomixed metal oxides; b 15
Ca-alginate beads doped with = ( A) n(Mn-Al-Fe) oxide before adsorption .
nanomixed metal oxides before 12 1 w—————n(In-Al-Fe) oxide after adsorption of PO 4™
and after adsorption of phos- : — 1 (Mn-AL-F¢) oxide after adsorption of CrO4-
phate and chromate .
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adsorption was shifted to 620 and 623 cm™' after adsorp-
tion of phosphate and chromate respectively. It may be due
to asymmetric stretching of ‘Mn/Al-PO,*". Sharp frequency
due to ‘Fe/Mn—O’ vibrations at 603 cm~! [81] appeared
before adsorption was shifted to 597 cm™' and 600 cm™!
after phosphate and chromate adsorption respectively, result-
ing in the formation of Fe/Mn-O-P0O,*/Cr0O,~ [61, 78].

Observations with beads (Fig. 3b) The spectra of beads
show additional peaks relating to ‘O=C-O-" at 1607 cm™!,
.C-O-" at 1111 cm™! and strong broad peak from 3093 to
3239 cm™! for -OH stretchings. After phosphate adsorp-
tion, dual peaks of almost equal intensities have appeared at
1015 cm™! and 1081 cm™! while in the spectrum of chromate
adsorption, an intensive single peak appeared at 1108 cm™!,
indicating a sort of complex formation between the adsor-
bent and phosphate/chromate. After adsorption of phosphate
or chromate, the broad peak of —OH stretchings between
3067 and 3234 cm™! (before spectrum) with maxima at
3147 cm™! has been further broadening after the adsorp-
tion of phosphate and chromate. The ester (O =C-O) peak
stretching at 1607 cm™" (in the before spectrum) has been
shifted to 1621 and 1614 cm™' with high variations in the
intensities after the adsorption of phosphate and chromate
respectively.

The frequency of Al/Mn-O stretchings at 929 cm™!
(before spectrum) has been shifted to 945 cm™" after adsorp-
tion of phosphate but the peak completely vanished after
adsorption of chromate. The vibrational peak at 735 cm™!
due to ‘Al-O-Al’ bending has been shifted to 737 cm™" after
adsorption of chromate and completely vanished after the
adsorption of phosphate. Additional bands with varying
intensities have appeared at 606, 616, 649, 652, 664, 676
and 699 cm™! after the adsorption of chromate. The peak

pertaining to asymmetric stretchings of ‘Mn/Al-PO,* at
630 cm™! was shifted to 623 and 631 cm™! with varying
intensities after adsorption of phosphate and chromate
respectively.

Thus, the change of spectral characteristics between
‘before’ and ‘after’ adsorption of phosphate and chromate
strongly suggests the adsorption of the latter ‘onto’ the nano-
composite and beads.

3.1.4 FESEM and EDX spectral analysis

Clearly visible agglomerated nanoparticles are noticed in
FESEM images of nanocomposite taken before adsorption
of phosphate and chromate (Fig. 4a). Voids, boundaries and
edges were noticed. These features partially or completely
have disappeared in the spectrum after adsorption, yielding
to a smooth surface (Fig. 4b).

In the case of beads, there is a drastic contrast between
the images taken before and after the adsorption of phos-
phate and chromate. The plasticized aggregates of particles
with pores were noticed in beads (Fig. 4c ). The pores, voids,
boundaries and edges are disappeared after adsorption of
chromate phosphate and chromate (Fig. 4d). These changes
in the surface morphologies confirm the occurrence of
sorption.

Further evidence of adsorption was noted in EDX spec-
tra. Peaks pertaining to Mn, Al, Fe and O were presented
in before spectra of nanocomposite (Fig. 5a). In addition to
these peaks, peaks related to P and Cr were noticed in the
elemental spectra taken after adsorption of phosphate and
chromate (Fig. 5b). Similarly, the bead spectrum has Mn, Al,
Fe, Ca, C and O peaks (Fig. 5c¢ ). After adsorption, Cr and
P peaks appeared (Fig. 5d). The presence of Cr and P peaks
after adsorption indicates the adsorption of chromate and
phosphate by the two adsorbents (Table 2).

Fig.4 SEM images: n(Mn-
Al-Fe) oxide: a before and b
after phosphate and chromate
adsorption; n(Mn-Al-Fe) oxide-
Ca-Ali (beads): ¢ before and d
after phosphate and chromate
adsorption
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Fig.5 EDX spectrum of nanomixed oxides: a before adsorption and b after adsorption; beads: ¢ before adsorption and d after adsorption

Table2 Simultaneous removal
of chromate and phosphate from
simulate water*

Samples Concentration of mixture
Chromate + phosphate (mg/L)

After adsorption % removal
mg/L

A: Nanocomposite: n(Mn-Al-Fe) oxide optimum conditions: pH: 7; dosage of composite: 0.13 g/150 mL;
contact time: 60 min; rpm: 350; temp.: 30+ 1 °C)

Cr (VI) Phosphate
1 4.5 4.5
2 7.5 9.5
3 9.5 15.5
4 12.0 20.0
5 16.0 24.0
B

Cr(VD Phosphate Cr(VI) Phosphate
0 0 100 100
0 0 100 100
0 0 100 100
0.05 0.27 99.5 98.6
0.61 1.08 96.2 95.5

: n(Mn-Al-Fe) oxide-Ca-Ali (beads): optimum conditions: pH: 10; dosage of composite:

0.11 g/150 mL; contact time: 90 min; rpm: 350; temp.: 30+ 1 °C)

1 4.5 45
2 7.5 9.5
3 9.5 15.5
4 12.0 20.0
5 16.0 24.0

0 0 100 100
0 0 100 100
0 0 100 100
0 0.19 100 99.0
0.34 1.02 97.8 95.7

“The values are average of five estimations; S.D: +0.18

3.2 Factors influencing the absorptivity nanocomposite and 7.6 for beads (Fig. 6b). At these pH val-

ues, the surface of the adsorbent is neutral. Above these val-
Solution pH markedly affected the adsorption of adsorbates ~ ues, the surface is charged negatively due to the dissociation
(Fig. 6a). For nanocomposite, the optimum pH was 7 and  of the functional groups, and below, the surface acquires a
for beads 10. Below and above these pHs, the % removal ~ positive charge due to protonation of the functional group
was decreased for both the adsorbates. The pHzpc=7.2 for ~ such as -OH. Interestingly, maximum adsorption was noticed
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Fig.6 a Effect of pH; b pHzpc evaluation; c effect of dosage; d effect of contact time; e effect of initial concentrations; and f adsorption capaci-

ties, g, vs initial concentration

at 7 and 10 though the predominant species at these pH val-
ues are negatively charged i.e., H,PO,~ and HCrO,>~. At
these pH values, the surfaces of nanocomposite and beads
are neutral or negatively charged. Hence, the interaction
between the functional groups of adsorbent and adsorb-
ate is not mere electro-statical interactions but involves a
sort of complex formation between the functional groups of
the adsorbents and phosphate/chromate. This is supported
by high AH values for phosphate and chromate: 63.83 J/
mol and 66.10 J/mol for nanocomposite and 55.88 J/mol,

53.89 J/mol for beads respectively (Table 3). Further con-
firmation can be inferred from the presence of spectral
peaks of Fe-0-P0O,*/Cr0,*~, Mn-PO,*7/CrO,*~ and Al-O-
Cr0,?~/PO,>~ etc. in the FTIR spectrum taken after adsorp-
tion of phosphate and chromate.

The optimum dosages needed for the maximum adsorp-
tion of phosphate and chromate were investigated (Fig. 6¢)
and found to be 0.055 g/150 mL for composite and
0.05 g/150 mL for beads. At low concentrations of dosage,
the adsorption was linearly increased with a progressive
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Table 3 Evaluated Adsorbate  AH (klmol)  AS (mol  AG (kl/mol) R
thermodynamic parameters
303°K 313°K 323°K 333°K
A: Nanocomposite [n(Mn-Al-Fe) oxide]
Phosphate 63.83 384.6 —-52.69 —-56.54 —60.38 —-64.23 0.92
Chromate 66.10 394.6 —53.46 -574 —-61.35 —-653 0.98
B: Beads [n(Mn-Al-Fe) oxide-Ca-Ali]
Phosphate 55.88 367.6 —55.49 -59.17 —-62.84 —-66.52 0.97
Chromate 53.89 363.7 -56.3 —59.94 —63.58 -67.21 0.97

increase in dosage, but after the optimum dosages, a kind
of steady state was reached. At low dosages adsorbent, the
increase in adsorptivity may be due to the increase in the
availability of active sites with an increase in sorbent con-
centration. The steady state at higher dosages may be due
to the overcrowding of the adsorbent particles leading to
overlapping and/or blocking of the surface-active sites [12].

Time of contact between sorbents and adsorbates was
investigated and the findings are presented in Fig. 6d. The
adsorption of phosphate and chromate was rapid and linear
initially and attained a kind of steady state after 40 min for
metal nanomixed oxide and 60 min for beads. The initial
rapid adsorption was due to the availability of sufficient
surface-active sites per ion of adsorbate. But active sites
were limited as the adsorbent dosages was fixed. With the
progress of time, the active sites were increasingly used up
i.e. availability of active sites per ion decreased, resulting in
a decrease in % removal [17, 56]. When all the active sites
on the adsorbent surface were exhausted with time by phos-
phate and chromate ions, a steady state was resulted [12, 63].

Initial concentrations of adsorbates markedly affected
the adsorption of phosphate and chromate (Fig. 6e and f).
With an increase in the initial concentration of ‘phosphate
or chromate’, the % of adsorption was decreased. But it was
interesting to note that adsorption capacities of adsorbents
were increased as the initial concentration of phosphate

and chromate was increased. In fact, the adsorption capaci-
ties (q,) were increased for nanocomposite from 24.9 to
71.8 mg/g (for phosphate) and from 25.1 to 87.3 mg/g (for
chromate) and for beads from 28.7 to 94.3 mg/g (for phos-
phate) and from 28.8 mg/g to 109.0 mg/g (for chromate).
As the adsorbate concentration was increased, the active
sites needed for sorption process to occur were more. With
the increase in the initial concentration of the adsorbate,
the concentration gradient between the concentrations of
adsorbates in bulk of the solution with their concentrations
on the surface of the adsorbents also increased. This caused
more diffusion of adsorbate ions towards the surface of the
adsorbents, resulting in high adsorptivities, q, (Biftu and
Kunta, [54].

The effect of temperature on the adsorption of phosphate
and chromate was investigated by varying the temperature
from 303 to 333 K (Fig. 7a). For nanocomposite as adsor-
bent, the percentage removal was increased from 45.2 to
89.8 (q,.: 24.9 to 71.8 mg/g) for phosphate and 50.3 to 91.5
(qe: 25.1 to 87.3 mg/g) for chromate. In the case of beads,
percentage removal was enhanced from 69.5 to 94.6 (q.:
28.7 to 94.3 mg/g) for phosphate and 75.6 to 95.7 (q.: 28.8
to 109.8 mg/g) for chromate. Adsorbate ions acquire more
movement with the increase of solution temperature and also
the surface of the adsorbent is more open for allowing the
penetration of the adsorbate ions deeper into the matrix of

Fig.7 a Effect of temperature;
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the adsorbents, resulting in more adsorption with an increase
of temperature [2, 71].

Co-ions effect The presence of twofold excess of common
anions, C17, F~, SO42', NO;™ and HCO3', was investigated
with simulated solutions of phosphate and chromate (Fig. 8).
These ions marginally effected the adsorption of phosphate
and chromate. Fluoride interfered to some extent. The co-
anions compete with phosphate/chromate for the active sites
of the adsorbents. Size of ions, columbic repulsions, polar-
izability, electronegativity, magnitude of charge etc. affect
the extent of interference [17, 38]. Fluoride in view of its
small size and highest electronegativity competes more with
adsorbate anions, causing interference.

3.3 Simultaneous phosphate and chromate
adsorption

To assess whether the extraction conditions established with
individual phosphate and chromate hold good for their simul-
taneous extraction, investigations were undertaken with syn-
thetic simulated mixed solutions of phosphate and chromate
of different compositions. The solutions were subjected to the
adsorption using the two adsorbents at the optimum conditions
arrived for individual phosphate and chromate. The optimum
conditions observed for individual pollutants (chromate/phos-
phate) at room temperature of 303 K are as follows: pH: 7;
sorbent dosage: 0.055 g/150 mL; and equilibration time: 40 min
for nanometal oxides as adsorbent; and pH: 10, sorbent dosage:
0.05 g/150 mL; and equilibration time: 60 min for beads.

It was observed that for simultaneous removal of phos-
phate and chromate, enhanced sorbent dosages and time
of equilibriums were needed as depicted in Table 2. For

nanocomposite, the time of equilibration was to be increased
from 40 to 60 min and for beads from 60 to 90 min. Fur-
thermore, the sorbent dosage was to be enhanced from
0.055 to 0.13 g/150 mL for nanocomposite and 0.05 to
0.11 g/150 mL for beads. The other conditions of adsorption
remain the same as that of individual adsorbates (Table 2).
From the table, it can be inferred that the effective simulta-
neous removal of and phosphate and chromate is possible.

3.4 Thermodynamic studies

Thermodynamic parameters namely Gibbs free energy,
entropy and enthalpy were evaluated using equations:
AG = AH - TAS; AG = —RtInK ; and InK; = =2 — 2369,
70]. The sign and magnitude indicate the nature of adsorp-
tion of phosphate and chromate (Fig. 7b) and the values are
presented in Table 3.

The negative values of AG indicate the spontaneous
adsorption of and phosphate and chromate ‘onto’ the adsor-
bents. More negative values at enhanced temperatures are
indicative of the favourable nature of the sorption process
as the temperature is increased. Positive AH values are
indicative of the endothermic nature of the sorption process.
Furthermore, the high values for phosphate, 63.83 J/mol
(nanocomposite) and 55.88 J/mol (beads), and for chromate,
66.10 J/mole (nanocomposite) and 53.89 J/mol (beads),
strongly suggest that the adsorption mechanism is via some
sort of complex formation between phosphate/chromate with
the functional groups of the adsorbents. The positive values
of AS and their magnitude indicate the degree of disorder
existing at sorbent/solution interface. As the degree of dis-
order is more, the chances of adsorbate ions to cross over the
interface are more, and hence, high adsorption.
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3.5 Adsorption isotherms

The nature of adsorption of phosphate and chromate ‘onto’
the adsorbents was analysed by four isotherm models namely
Langmuir [40], Freundlich [32], Dubinin-Radushkevich [26]
and Temkin [72]. Figure 9 and Table 4 depict the results.

The pertaining equations employed were:

Freundlich : log(qe) = logky + llogCe
n

: aL
Langmuir : Co_aL
qe

FCe+ i; Separationfactor : R; = 1/(1 +a.C))

DubininandRadushkevich : Inq, = Inq,, — Be*; wheree = RTln(l + é), E=1/ \/2[3

Temkin : g, = BInA + BInC,, whereB = %

The Freundlich model explains the multilayer distribu-
tion of the adsorbate over the heterogeneous surface of the

adsorbent. The slope ranging between 0 and 1 is a measure
of surface heterogeneity, becoming more heterogeneous as
its value gets closer to zero. As the slope, 1/n, values range
between 0 and 1, the adsorption is favourable [71].
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Fig.9 Adsorption isotherms
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Table 4 Evaluated adsorption isotherms parameters

Adsorbate Parameters Freundlich Langmuir Temkin isotherm Dubinin-Radushkevich
isotherm isotherm isotherm
Phosphate/n(Mn-Al-Fe)oxide Slope 0.295 0.0113 139 -28
Intercept 3.413 0.204 30.7 4.21
R? 0.8686 0.9942 0.9219 0.9008
1/n=0.295 R, _0.07 B=13.9 E=1.34kJ/mol
Chromate/n(Mn-Al-Fe)oxide Slope 0.370 0.0104 19.98 -29
Intercept 3.488 0.0183 33.4 4.39
R? 0.8623 0.9879 0.8936 0.8700
1/n=0.370 R; =0.08 19.98 E=1.3 kJ/mol
Phosphate/n(Mn-Al-Fe)oxide-Ca-Ali (beads) Slope 0.291 0.0101 16.9 —1.191
Intercept 3.76 0.0104 472 4.443
R? 0.8597 0.9977 0.8935 0.8371
1/n=0.291 R;_0.05 B=169 E=2.05 kJ/mol
Chromate/n(Mn-Al-Fe)oxide-Ca-Ali (beads) Slope 0.3320 0.0085 21.3 -1.19
Intercept 3.84 0.01082 51.95 4.664
R? 0.9064 0.998 0.960 0.8632
1/n=0.332 R, _0.06 21.3 E=2.1kJ/mol
18
.
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Fig. 10 Kinetics of adsorption
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Table 5 Evaluated kinetics parameters of the adsorption process

Models Parameters Phosphate/n(Mn- Chromate/n(Mn- Phosphate/n(Mn-Al-Fe)  Chromate/n(Mn-Al-Fe)
Al-Fe) oxide Al-Fe) oxide oxide-Ca-Ali (beads) oxide-Ca-Ali (beads)
Pseudo first-order model R? 0.952 0.821 0.966 0.892
Intercept 1.920 1.872 1.842 1.859
Slope 0.031 0.036 0.029 0.034
Pseudo second-order R? 0.993 0.993 0.996 0.997
Intercept 0.189 0.177 0.0.158 0.149
Slope 0.016 0.015 0.0153 0.151
Elovich model R? 0.925 0.927 0.940 0.947
Intercept 1.596 5.196 4.25 6.25
Slope 13.4 13.22 12.49 12.29
Bangham’s pore diffusion R? 0.902 0.908 0.927 0.935
Intercept 1.36 1.320 1.25 1.212
Slope 0.396 0.380 0.346 0.333

The Temkin model describes the adsorption mecha-
nism on heterogeneous surfaces. This model is based on
the assumption that the heat of adsorption of all molecules
in the layer will decrease linearly with time mainly due
to a decrease in adsorbent-adsorbate interactions during
adsorption.

Dubinin-Raduskovich model is applied to express the
adsorption mechanism onto both homogeneous and het-
erogeneous surfaces. The magnitude of energy provides the
information about the nature of adsorption reaction. Phys-
isorption is dominated if the D-R mean free energy, E and
Temkin heat of sorption (B) are less than 20 kJ/mol [71].

A good fit between the experimental data and the adsorp-
tion isotherms was confirmed by correlation coefficient (R%
values [7, 50]. The model which has a higher R? value is
best fitted to explain the adsorption process. As is evident
from Table 4, R? values of the Langmuir model are higher
than other models. So, the Langmuir model confirms the

monolayer adsorption of chromate and phosphate and homo-
geneous surface of both the adsorbents, n(Mn-Al-Fe) oxide
and n(Mn-Al-Fe) oxide-Ca-Ali (beads). Furthermore, the
R, values, 0.07 for phosphate, 0.08 for chromate with the
adsorbent, ‘n(Mn-Al-Fe) oxide’ and 0.05 for phosphate and
0.06 for chromate with the adsorbent, ‘n(Mn-Al-Fe) oxide-
Ca-Ali (beads)’, also confirm the Langmuir model. As per
Hall [34], 0 <R <1 favours the adsorption. The evaluated
R values support the favourable nature of the adsorption
process. Dubinin-Radushkevich and Temkin equations were
used to calculate ‘E and B’ values.

3.6 Adsorption kinetics

In the present study, the adsorption rates of phosphate and
chromate ‘onto’ the adsorbents, ‘n(Mn-Al-Fe) oxide’ and
‘n(Mn-Al-Fe) oxide-Ca-Ali (beads)’, were analysed by four
models namely: Pseudo 1* and 2" order, Bangham’s pore
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Table 6 Applications

A: Nanocomposite[n(Mn-Al-Fe) oxide] as adsorbent: optimum conditions: pH: 7; dosage of composite: 0.13 g/150 mL; contact time: 60 min;

rpm: 350; temp.: 30+ 1 °C)

Samples Initial conc. of ions, C; (mg/L)> Conc. of ions after treatment, C, (mg/L) % removal
Chromate  Phosphate Chromate Phosphate Chromate  Phosphate
1 2.0 6.8 0 0 100 100
2 2.3 10.5 0 0 100 100
3 35 12.5 0 0 100 100
4 43 14.5 0 0.5 100 96.5
5 5.6 16.5 0 0.6 100 96.3

B: Beads [n(Mn-Al-Fe) oxide-Ca-Ali] as adsorbent B: optimum conditions: pH: 10; dosage of composite: 0.11 g/150 mL; contact time:

90 min; rpm: 350; temp.: 30+ 1 °C)

Samples  Initial conc. of ions, C; (mg/L) Conc. of ions after treatment, C,, (mg/L) % removal
Chromate Phosphate Chromate Phosphate Chromate Phosphate
1 2.0 6.5 0 0 100 100
2 3.0 7.8 0 0 100 100
3 4.5 8.9 0 0 100 100
4 55 12.0 0 0 100 100
5 6.0 13.5 0 0 100 100
“Mean of six estimations; S.D.+0.15
diffusion model and Elovich model as shown in Fig. 10 Pseudosecondorder : t_ 1 + 1 ®
(Corbett john, [23]; [35, 52, 80]. ’ qt ke’ Qe

The linearized forms of equations used were:

Kt

Pseudofirstorder : 1 - =
seudofirstorder : log(q, — q,) 3303

+ log(q,)

C k
Bangh tion : loglog( ——— | =1 >
anghamsequation : log og(Ci — qtm> og < T 303V

Elovichmodel : g, = %ln(aﬁ) + %m(t)

) + alog(t)

The pseudo first-order model is widely used to describe
the adsorption of adsorbate from the liquid phase [13]. The
Elovich model is applied for the adsorption of solutes from
a liquid solution [67]. Bangham’s pore diffusion model is
used to describe pore diffusion during the adsorption pro-
cess [14].

The correlation coefficient (R?) values reveal the best fit-
ting kinetic model [7]. As seen from Table 5, the R? values
suggest that the pseudo 2™-order model better describes the
adsorption of ‘chromate and phosphate’ than the rest models
for both the adsorbents.

3.7 Regeneration studies

The reusability of the adsorbents has merits because it
reduces the cost of the treatment process. Various eluents

such as acids, bases and salts were investigated as eluents
in the present regeneration studies [12]. The eluents namely
0.1 N NaOH and 0.1 N HCI were effective to regenerate the
adsorbents, n(Mn-Al-Fe) oxide and n(Mn-Al-Fe) oxide-Ca-
Ali (beads) respectively.

The results are presented in Fig. 11. As it is seen in the
figure, up to sixth regenerations, there is only a marginal
efficiency loss and the adsorbents are robust. This is an
important merit as the adsorbents can be repetitively used
in the treatment of waste water containing phosphate and
chromate.

The decline in adsorption with the increase in the number
of cycles of regeneration-cum-reuse may be due to loss and/
or non-generation of active sites on the adsorbent’s surface.
And some of the active sites may be destroyed during the
adsorption/desorption process.
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Table 7 Comparison of adsorbents

S.no  Sorbent pH pollutant Adsorbent Reference
capacity
(mg/g)
1 nZVI @ Fe;0,/graphene 3.0  Chromate 101 (Huang Z. N., et al., [36]
2 (nZVI)/Fe;0, 8.0  Chromate 29.43 (Lv X, et al., [43]
nanocomposite
3 Magnetic MWCNTSs 3.0  Chromate 114 (Lv X, et al., [44]
4 Fe-Ti nanocomposite 6.8  Phosphate 35.4 (Lul., etal., [41]
5 La—Zr/Peel 6.2  Phosphate 40.21 (Muhammad A., et al., [53]
6 CNT 5.6  Phosphate 154 (Mahdavi S., and Akhzari D. [49]
7 Silver nanoparticles + tea residue active carbon 3.0  Phosphate 13.62 (Trinh V.T., et al., [73]
8 Commercial nanomaterials: Micelle-clay complex 6.0  Chromate 9.43 (Qurie M., et al., [59]
9 Carbon-based nanomaterials: C@La-TiO, 5.0 Chromate 8.2 (Wang J., et al., [77]
10 Carbon-based nanomaterials: Magnetic MWCNTs (MM) 3.0  Chromate 11.4 (Huang Z., et al., [36]
11 ACSCC (AC of Stems of Carissa Carandas plant) 2.0 Chromate; 72.75 (Biftu W.K., et al., [8]
7.0  Phosphate;  63.40
12 n(Mn-Al-Fe) oxide 7.0  Phosphate 71.8 Present Work
13 n(Mn-Al-Fe) oxide 7.0  Chromate 87.3
14 n(Mn-Al-Fe)oxide-Ca-Ali (beads) 10.0  Phosphate 94.3
15 n(Mn-Al-Fe)oxide-Ca-Ali (beads) 10.0  Chromate 109.8

3.8 Applications

The real water samples contaminated with chromate and
phosphate, collected from leather industrial effluents and
polluted lake waters in Guntur District of Andhra Pradesh,
India, were analysed for the content of phosphate and chro-
mate. These samples were treated with the new adsorbents
developed in this investigation at the optimum conditions
established in this work; nanocomposite: at pH: 7; adsor-
bent dosage: 0.13 g/150 mL; contact time: 60 min; and
temperature of 303 K; beads: pH: 10; adsorbent dosage:
0.11 g/150 mL; contact time: 90 min; and temperature of
303 K. The results obtained are presented in Table 6. As
seen from the table, the two adsorbents are effective and
efficient for the treatment of waste water for the removal of
chromate and phosphate from polluted water.

3.9 Comparison with previous works

The established adsorbents, n(Mn-Al-Fe) oxide’ and ‘n(Mn-
Al-Fe) oxide-Ca-Ali (beads)’, in the present work were
compared with other adsorbents based on nanoparticles in
the literature which were used for the removal of phosphate
and chromate ions. They were compared with respect to the
pH and adsorption capacity of the adsorbents. The results
are presented in Table 7. As inferred from the table, the
adsorption capacities of the present investigated adsorbent
were higher than many other adsorbents in the literature.
Hence, the developed adsorbents, ‘n(Mn-Al-Fe) oxide’ and

@ Springer

‘n(Mn-Al-Fe)oxide-Ca-Ali (beads)’, were more efficient
than hitherto developed adsorbents. Furthermore, the main
merits of the present new adsorbents are that chromate and
phosphate can be simultaneously removed from polluted
waters, if exits.

4 Conclusions

Manganese-based nanoparticles of trinary metal (Mn-Al-Fe)
mixed oxides of size 6.19 nm are successfully synthesized
via new green methods using ‘aloe vera gel’ as a capping
agent. The precipitant (OH™) is generated slowly by ‘urea
hydrolysis’ in a viscous mother liquor [glycerol:water
(20:80)] to prevent supersaturation at local points and facili-
tate the formation of nanoparticles.

The mixed nanometal oxide and Ca-alginate beads stud-
ded with these particles have shown an affinity for ‘phos-
phate and chromate’ at pH 7 and 10 respectively. This gives
a clue for the simultaneous extraction of phosphate and
chromate. So, investigations are carried for the simultane-
ous removal of ‘phosphate and chromate’ from water. For
simultaneous removal of the said pollutants, the extraction
conditions are investigated and optimized. With mixed
nanooxides, the optimum conditions are as follows: pH: 7;
dosage of sorbent: 0.13 g/150 mL; contact time: 60 min;
rpm: 350; and temp.: 30 + 1 °C; while with beads, the opti-
mum conditions are as follows: pH: 10; dosage of beads:
0.11 g/150 mL; contact time: 90 min; rpm: 350; and temp.:
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30+ 1 °C. The adsorption capacities are 71.8 mg/g for phos-
phate and 87.3 mg/g for chromate with nanomixed metal
oxides as adsorbents. With beads as adsorbents, the adsorp-
tion capacities are 94.3 mg/g for phosphate and 109.8 mg/g
for chromate. The cumulative sorption nature of nanopar-
ticles and Ca-alginate beads has enhanced the adsorption
capacities, and furthermore, the bead structure has prevented
the agglomeration of nanoparticles besides facilitating easy
filtration. The interferences caused by co-ions are also
investigated.

The adsorbents are characterized using various tech-
niques. Endothermic and spontaneous nature of adsorption
is confirmed by thermodynamic studies. Pseudo 2™-order
kinetic models and Langmuir isotherms explain well the
sorption mechanism. Six cycles of re-generation and re-use
of adsorbents are permitted. Real polluted waters are suc-
cessfully treated adopting the methodologies established in
this investigation. The novelty of the present investigation is
that manganese-based trinary nanomixed metal (Mn-Al-Fe)
oxides and Ca-alginate beads studded with these nanopar-
ticles are green-synthesized and effectively used for the
simultaneous removal of ‘phosphate and chromate’ from
polluted water.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13399-021-02293-0.
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