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Green chemistry: advancing planetary phosphorus
sustainability through the synergy of graphene
oxide modified with magnetic nanoparticles
(M@GO) for extracting tertiary effluent
phosphorus in sewage treatment plants
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Carlos Vereda-Alonso ®° and Elisa Vereda Alonso ?2

Securing the enduring sustainability of global phosphorus (P) utilization has become a key societal priority.
The application of green chemistry and green engineering presents an opportunity to mitigate these
challenges and contribute to the sustainable closure of the global phosphorus cycle by addressing the
extraction of phosphorus from waste and subsequent reuse. In this manuscript the feasibility of a novel
magnetic graphene oxide for wastewater phosphorus recovery/removal is described. The primary technical
benefit of this solid adsorbent lies in its easy separation from treated water through magnetic field
application. The key factors affecting the sorption efficiency (contact time, pH, and adsorbent dosage) are
studied. During the first 30 min, at pH 8 and with a dosage of 0.8 g L%, 25% of the initial concentration is
reduced. Among the 3 thermodynamic models proposed, the Langmuir isotherm provides the best fit to
the experimental results, with a maximum adsorption capacity of 2.69 mg g™*. Four kinetic models are
evaluated to describe the adsorption of phosphorus on this magnetic graphene oxide for different initial
adsorbate concentrations and adsorbent dosages. Among them, Langmuir kinetics provide the best fit to
the experimental data. The adsorption rate constant is 0.72 L mg™* h™%, and the desorption rate is 0.58 h™?,
in accordance with the identified Langmuir isotherm. Parameter values calculated from a mass transfer
kinetic model indicate that the mass transfer of phosphorus between the bulk liquid and the solid surface
is not the rate-limiting step of the adsorption process. Following the separation of this magnetic solid from
the treated wastewater, an ammonia aqueous solution can recover the phosphorus from the solid
adsorbent. Preliminary results show absorbed phosphorus recovery yields above 99% with a solid-liquid
ratio up to 5 times higher than that used in the adsorption process.

From a circular economy perspective, wastewater treatment plants (WWTPs) play a crucial role in the management of phosphorus. Therefore, the removal
and recovery of phosphate is incredibly attractive, proposing itself as a sustainable approach to deal with the challenge of lack of renewable P deposits and

reduce the environmental impact of P in water.

Introduction

Phosphorus is an element of vital importance in the
development of industry and agriculture. Phosphorus is used
in detergents, toothpastes, fireworks, and in the heads of

matches.”
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Phosphorus (P) together with nitrogen (N) and potassium
(K) is a biolimiting nutrient for plants, being included as a
chemical constituent of fertilizers.”> Phosphate is necessary
for plant growth. Phosphorus is not found as a free element
on earth due to its high reactivity. As a consequence of the
high consumption of phosphorus, more and more reserves of
phosphate minerals are being exploited (1 g kg™*),>* being
found mainly as phosphate. Thus, P is a relatively restricted
resource. Additionally, it is classified by the European Union

b Department of Chemical Engineering, University of Malaga, 29071 Malaga, Spain as a strategically important material, as indicated in its list of
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critical raw materials (CRMs).”> The cost of phosphate rock
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(PR) utilized in fertilizer production impacts the expenses
associated with food, particularly in the case of cereals, and
subsequently, it contributes to global hunger. As a result,
numerous countries are addressing this issue to tackle the
challenges arising from the abrupt rise in the cost of
phosphate rock.® From a circular economy perspective,
wastewater treatment plants (WWTPs) play a crucial role in
the management of phosphorus. Therefore, the removal and
recovery of phosphate is incredibly attractive, proposing itself
as a sustainable approach to deal with the challenge of lack
of renewable P deposits and reduce the environmental
impact of P in water.”

On the other hand, anthropogenic phosphorus cycles are
at the center of two major challenges, food safety and
environmental protection. Phosphate compounds, such as
orthophosphates and  polyphosphates, are potential
contributors to eutrophication. Therefore, their removal from
industrial and domestic wastewater is imperative prior to
discharge. Certainly, the extraction and recuperation of
phosphorus from wastewater treatment plants (WWTPs) have
the dual benefits of diminishing eutrophication and fulfilling
the need for phosphorus-based fertilizers.® However,
wastewater treatment and phosphorus from
wastewater is frequently an expensive process® and so far, the
results of phosphorus recovery from wastewater for the
production of fertilizers fall within a range from 10-25% to
70-90% of phosphorus.

Effluent quality standards are under continuous update.
Currently, in Europe, the allowable values for discharges
from wurban wastewater treatment plants (UWWTP) to
sensitive areas that are prone to eutrophication are within
the range of 1 to 2 mg L™ for phosphorus.’ These values are
even lower in the US, being within the range of 0.05 to 0.1
mg L' P.1°

There are many methods available for the removal of
phosphorus present in water. The most widely used methods
for phosphate removal are chemical precipitation using iron
coagulants’ ™ and biological processes.’*'*> However, these
methods do not provide the removal rates required to gather
the discharge regulations. Chemical precipitation typically
achieves removal rates between 50% and 80%, while
biological processes achieve removal rates ranging from 10%
to 25%. Although chemical precipitation remains a well-
established and highly effective method for phosphorus
removal, widely used in numerous wastewater treatment
plants (WWTPs), ongoing research is dedicated to
significantly improving phosphorus removal to minimize the
consumption of chemicals, reduce treatment costs and
ensure a more sustainable overall process. As a result, the
recovery of P from wastewater is evidently a trending topic.

Sorption is a simple, economical, and environmentally
friendly method of removing phosphorus from water. Many
studies have reported the use of different materials for
phosphorus removal via sorption (limestone, shale, slag,
iron-rich gravel, zeolite, marble dust, etc.)."®'” Recently, the
development and application of nanoscale adsorbents have

removal
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emerged as a promising methodology for remediating a
diverse range of contaminants from wastewater."*>" Among
available sorbents graphene oxide (GO) stands out. This
sorbent has a large surface area with a high density of polar
oxygen, presenting different functional groups such as epoxy,
carboxylic acid, carbonyl and hydroxyl groups. Additionally, it
features a rich system of delocalized m-m electrons that
strongly interacts with organic compounds.”> GO can be
modified with magnetic nanoparticles (MNPs)>*** for use in
magnetic solid phase extraction (MSPE). In this work, a novel
patented magnetic graphene oxide>® was synthesized through
double coupling between iron oxide MNPs and GO, and was
called M@GO. The double coupling confers greater stability
and durability to the material. A notable advantage of this
adsorbent lies in its straightforward recoverability from
treated water through the application of a magnetic field.

To date, M@GO has been effectively employed for the
chemical analysis of metals in aqueous media as an on-line
adsorbent.”*">® However, its application on a larger scale in
the field of environmental engineering remains unstudied.
The objective of the current study was to assess the viability
of M@GO as a phosphorus sorbent, for both its removal
and recovery from real wastewater. This type of study
requires an understanding of the thermodynamics and
kinetics associated with the adsorption process. Therefore,
the most important parameters affecting sorption
performance (contact time, pH and adsorbent dosage) are
optimized. In only 30 min, with a dosage of 0.8 g L™, the
initial concentration of phosphate (expressed as
phosphorus) is reduced by 25%. These results are similar or
better than those results reported in the bibliography. Also,
to the best of our knowledge, the only one making the
recovery/removal using green chemistry, avoiding the use of
hazardous reagents and/or great volumes of those. In
addition, M@GO can be reused, thus the decontamination
is performed without generating contaminated sludges,
which are difficult to manage.

Different thermodynamic and kinetic models are proposed
to describe phosphorus adsorption on M@GO, indicating the
rate-limiting step of the process. The surface morphology of
M@GO, with and without adsorbed phosphorus, was studied
by X-ray photoelectron spectroscopy (XPS) and energy
dispersive X-ray spectroscopy-transmission electron
microscopy (EDX-TEM). Additionally, this study explores
beyond mere removal and delved into the field of
phosphorus recovery from M@GO, aiming to convert waste
into a valuable resource suitable for recycling as a fertilizer.

Materials and methods
Wastewater and M@GO

The wastewater stock was collected from the tertiary
treatment outlet of the Pefién del Cuervo UWWTP (Malaga,
Spain) managed by EMASA. The pH of the wastewater was 8.3
and the phosphate concentration was 2.8 mg L™ PO,-P.
Microbiological parameters indicate the absence of bacteria,

This journal is © The Royal Society of Chemistry 2024
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and the turbidity was 7.7 NTU. This wastewater stock was
stored in 2 L plastic bottles in a freezer at -20 °C until use. It
should be noted that this UWWTP is not affected by the
phosphorus levels required by the EU since it does not
discharge into sensitive areas.

The adsorbent nanomaterial, M@GO, was synthesized in
the laboratory following the procedure indicated in the
bibliography.>®

Batch sorption experiments

The removal of phosphorus from the wastewater was studied
by batch experiments. These experiments were carried out by
mixing a known mass of M@GO with 25 mL of wastewater
within a 50 mL polypropylene tube for different contact times.
The temperature was maintained at 25 °C and mixing was
carried out on an end-over-end shaker at 40 rpm. Afterward,
the supernatant was decanted, while the particles were
retained within the polypropylene tube using a neodymium
magnet. This method obviated the need for a centrifugation
step. All experiments were performed in triplicate.

The concentrations of phosphorus in the supernatants
were determined by the Watanabe and Olsen method,”
based on the ammonium molybdate spectrophotometric
method. This method is based on the formation of
phosphomolybdate ion complexes (PO,*"-12M00,4) and it is
used for estimation of PO,*". Therefore, this is the
phosphorus species studied in this work, expressed as PO,-P.

The effect of the initial water pH on PO,-P removal was
evaluated for a M@GO dosage of 0.8 g L™'. Sodium
phosphate solutions in deionized water buffered at different
pH values (2 to 12) were used for these experiments. The pH
was set in each case using: diluted HCI (pH = 2), acetic acid-
sodium acetate buffers (3 < pH < 5), boric acid-borax buffers
(5 < pH < 10), and diluted NaOH (pH > 10). In these
experiments, the contact time was 10 min and mixing was
performed in an ultrasonic bath. The separation of M@GO
and the determination of PO,-P in the supernatants were
performed following the same procedure as described above.

The effect of M@GO dosage on the PO,-P removal was
studied by varying the solid to liquid ratio (S/L) from 0.4 g
L™ to 1.6 g L™ for the initial PO,~P concentration of the
wastewater and under the optimized initial pH.

The kinetic experiments were carried out for 3 different
initial PO,-P concentrations: the original concentration (2.8
mg L' PO,-P), a higher one (5.4 mg L™ PO,-P) and a lower
one (1.2 mg L' PO,-P). The highest concentration was
achieved by spiking the necessary amount of sodium
phosphate to the original wastewater. The lower
concentration was obtained by diluting the original
wastewater with distilled water. All those experiments were
performed with a M@GO dosage of 0.8 g L. Additionally,
kinetic experiments were also conducted for the original
wastewater using M@GO dosages of 0.4 g L™ and 1.6 g L.
The contact times used were: 10 min, 20 min, 30 min, 1 h, 2
h, 3 h, and 5 h.

This journal is © The Royal Society of Chemistry 2024
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The adsorption isotherm at 25 °C was obtained from the
batch experiment results obtained at a M@GO dosage of 0.8
g L' and at a contact time of 5 h. The PO,-P initial
concentration was varied from 1.2 mg L™" PO,-P to 5.4 mg
L™ PO,-P. Additionally, the adsorption equilibrium was also
studied at M@GO dosages of 0.4 g L' and 1.8 g L' to assess
the dosage effect on equilibrium.

The PO,-P sorption capacity of M@GO and the percentage
of PO,-P removed from water were obtained, at a contact
time ¢, as:

Co - C (Co - C)
- V= 1
q9=— o (1)
Co-C
%Removal = —>——.100 (2)

0

where ¢ (mg g' PO,~P) is the amount of phosphate
expressed as phosphorus retained by 1 g of M@GO at time ¢,
Co (mg L' PO,~P) is the initial concentration of the
phosphate expressed as phosphorus in the aqueous phase, C
(mg L' PO,-P) is the concentration of phosphate expressed
as phosphorus in the aqueous phase at time ¢, V (L) is the
volume of the aqueous phase, m (g) is the mass of M@GO,
and rg; (g L") is the solid-liquid ratio.

Adsorption models

Adsorption isotherm. Three of the most widely used
isotherm models were fitted to the results for the adsorption
isotherm experiments: Freundlich, Langmuir and Dubinin-
Radushkevich. An extensive bibliography**~* can be found
on these models applied to different situations: gas-solid
and liquid-solid adsorptions, adsorption on heterogeneous

surfaces, ion exchange, etc., and also in phosphorus
adsorption from the aqueous phase on different
adsorbents.***’

The Freundlich isotherm equation can be expressed as:
ge = KCM™ 3)

where g. (mg g PO,-P) is the amount of phosphate
expressed as phosphorus adsorbed per unit mass of M@GO
at equilibrium, C. (mg L™" PO,-P) is the phosphate expressed
as phosphorus concentration in the aqueous phase at
equilibrium, and K; (mg™ ™™ LY" ¢™1), and n (dimensionless)
are constants specific for the adsorbate-adsorbent pair at a
given temperature.
The Langmuir isotherm equation can be expressed as:

_ q max_LKL Ce [4)

Qe 1+ KCe

where ¢max 1 1S the maximum concentration of phosphate
expressed as phosphorus that can be adsorbed on M@GO
(mg g PO,-P) and K, is the Langmuir equilibrium constant
(L mg™ PO,-P).

The Dubinin-Radushkevich (DR) isotherm model is based
on the potential theory of adsorption in which the
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distribution of adsorption space is a function of adsorption
potential.>® This model is used to describe the adsorption on
a heterogeneous surface and allow the determination of the

energy of adsorption.*®

de = dmax_DR eXP(_ﬁé‘Z) (5)

where ¢max pr i the maximum concentration of phosphate
expressed as phosphorus that can be adsorbed on M@GO (mg
g PO,-P), f is a coefficient related to mean adsorption
potential, and ¢ is the Polanyi potential, which is expressed as:

s:RTm(1+£j (6)

where is the universal gas constant (J mol™* K™).
The value of the adsorption energy, E (J mol ™), is obtained
from the following equation.

1
E:ﬁ (7)

Kinetic models. The results from the batch kinetic
experiments were fitted to the following four kinetic models:

Pseudo-first order equation. The “empirical kinetic equation
proposed by Lagergren in 18987 is “the most widely used
rate equation for sorption of a solute from a liquid
solution™.*® The integral form of this rate equation is:

q = qe(1 — exp(=kat)) (8)

where ¢ (mg g™') is the concentration of adsorbate on the
solid at time ¢, g. (mg g ') is the concentration of solute
adsorbed on the solid at infinite time, and k, (h™") is the
first-order rate constant.

Pseudo-second order equation. This model would be
equivalent to the pseudo-first order but proposing that the
adsorbate reacts with two adsorption sites. The integral form
of this rate equation is:

_ qezkzt
1 + qekzt

©)

where k, (g mg™" h™) is the second-order rate constant.

However, these empirical models can be derived from
different theoretical approaches based on fundamental
theories of sorption kinetics.**>°

Kinetic approach to Langmuir isotherm. A kinetic derivation
of the Langmuir isotherm can be achieved by assuming an
elementary adsorption and desorption mechanism whose
rate is expressed by:

A+ S#=SHA

dC 10
dt =k, C(qmax L q)rSL_kdquL ( )

where A is the adsorbate in the liquid phase, S# is an
available site of the solid adsorbent for adsorption, SHA
represents the site of sorbent occupied by the adsorbate, k,

2610 | Environ. Sci.: Nano, 2024, 11, 2607-2619
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(L mg™ h™) and k4 (h™") are the adsorption and desorption
rate constants, respectively, and rg;, (g L™") is the solid-liquid
ratio. The difference (¢max 1. — ¢g) is the concentration of free
sites for adsorption, assuming a single adsorbate. Logically,
the expression for the Langmuir isotherm is obtained when
the sorption rate is zero (equilibrium), where the ratio of the
kinetic constants is the Langmuir equilibrium constant (k).

qmax _L ka C ka
=— Ky =— 11
1 1 +—§:C . ka )

Solving the mass balance eqn (1) for (g-7s;) yields
grsL=(Co— C) (12)

Substituting g5, into eqn (10) and rearranging, the
sorption rate is

dc ka
_a:kacz (qmax LIsL— Co + )k C—ITC()

L

(13)

Separating variables and integrating with the limits C = C,
when t = 0:

¢ C
dc
—J kadt = J
0 Co C% + (qmax_LrSL -Co + K%)C— KLL Co
- J‘C dc

—_— 14
¢, C*+bC+c¢ (14)

The integral form of this rate equation is:

(b+ VA) [%—exp( KAL) | - (b= VA)
LRexp(~k,V/AY) )

2Co +b -
2<1 [zc) +b+VA

where the parameters b, ¢, and A are given by the following

expressions:

C=

(15)

1 GCo .
b:qmaX_LrSL_Co-i‘ITL;C: KL s A=

P*-4c  (16)
Mass transfer. This mechanistic approach is used when the
overall rate of adsorption is limited by the rate of mass-
transfer of adsorbate between the bulk liquid and the surface
of the adsorbent. The rate of mass transfer across an
interface that separates two phases may be expressed by:

do _ ~kea(C-C') = —kqa(q' - q)

i (17)

where C' (mg L") and ¢' (mg g™) are the concentrations of
the adsorbate at the interface, k. (dm h™) is the liquid-phase
mass-transfer coefficient when using concentration gradient
in the liquid phase, kq (g dm™ h™) is the solid-phase mass-
transfer coefficient when using concentration gradient at the
solid phase, and a (m™) is the interfacial area per unit of
total volume. The product of a mass-transfer coefficient and
the interfacial area per unit of volume is known as the

This journal is © The Royal Society of Chemistry 2024
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volumetric mass-transfer coefficient: k. (h™") and kqa (g
dm™@h™).

It is generally assumed that liquid and solid
concentrations at the interface are in equilibrium. Thus, if
equilibrium were described by a Langmuir isotherm, the
concentrations at the interface could be obtained by
simultaneously solving the following equations.

kc _ (‘]l“])
G (ec) "
qi _ qmax_LKLCl

1+ K.C

Solving the system eqn (18) for the solute concentration at
the liquid interface yields:

i 1(k A
C - 2 kc (qmax,L q)+KL C

1] (kg 1 ? ke q C
+ +§K]€—C(qma,LL q)+K—L c> +4(k—cK—L+E>

(19)

0.5

The sorption rate as a function of the concentration of the
adsorbate in the liquid phase is obtained by elimination of g
into eqn (19) using the mass balance eqn (1) and then
substituting C' into eqn (17):

€ talc+i(ka S IR
dt N ¢ 2 kc Tmax 1 I'st, Ky,

To the best of authors' knowledge, an integral form of eqn
(20) cannot be obtained, so in this case, that integration is
performed using the fourth-order Runge-Kutta integration
method.""

Model validation. The capability of the models presented
above to describe the adsorption process has been assessed
by fitting those models to experimental data. The validation
is performed by testing the goodness-of-fit of each model.
Here, the coefficient of determination (R*) and the average
relative error (ARE) are used as validation methods.

> (€i-¢y

=1
Cj

n

1
ARE:EZ

=1

where C; is the concentration value predicted by the model
for the experimental value of C;, C is the average of the
experimental concentrations, and n is the number of
experimental points obtained in the experiment.

Although many of the proposed models can be expressed
in a linearized form, the fits are performed by non-linear
regression, as recommended by the literature.**™** Linear

This journal is © The Royal Society of Chemistry 2024
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modeling entails the transformation of data usually at
different scales, which limits the comparison of the
parameters chosen for model validation. Model assessment
should be done at the original scale of the data.*?

For the adsorption isotherm models, non-linear two-
parameter fits were performed by minimizing the sum of
square error (SSE):

(22)

n
SSE=Y_ (Ci-Ci)*
i=1

Once the adsorption isotherm model is chosen, non-linear
one-parameter fits were performed for the proposed kinetic
models since the values of isotherm parameters have been
previously obtained (kinetics must be consistent with
equilibrium). Thus, the only one unknown parameter is the
corresponding rate constant. However, non-linear two-
parameter fit had to be performed for the mass transfer
model, since the two mass-transfer coefficients are
unknowns. According to the proposed models, it is expected
that the kinetic parameters are independent of the M@GO
dosage (rs;) and of the initial concentration of PO,~P (C,).
Thus, the fit of each model was performed simultaneously to
all the experimental data obtained in the 5 kinetic
experiments (3 dosages and 3 initial concentrations). The
standard deviations in those experiments are not the same

Co-C\ 1 g kg (Co=C) | c\]™

0~ 410

_ 1 g 430 >/, = 20
(qmaX,L rsL >+KL ) T (kc Kyrsy, +KL>:| > ( )

for all experimental points, so the fits were performed by
minimizing the sum of the squares of the errors divided by
their corresponding standard deviation (x*):*®

(23)

Characterization. For the characterization of M@GO
before and after phosphate adsorption, several instruments
were used: XPS analysis was conducted using a Physical
Electronics ESCA 5701 instrument (Chanhassen, MN, USA),
the binding energies (BE) were assigned based on the
position of the C 1s peak at 284.8 eV, the residual pressure in
the analysis chamber was maintained below 3 x 107° torr
during data acquisition; the surface morphology was studied
by TEM-EDX imaging using a JEOL JEM-1400 instrument
(Peabody, MA, USA); and N, adsorption isotherms were
registered using a Micromeritics ASAP 2020 V4.02 instrument
(Norcross, GA, USA).

Desorption study. Preliminary tests indicated that
ammonia solutions at pH values above 9.5 could serve as
effective eluents for extracting PO,-P from M®@GO in the
form of ammonium phosphate. Then, three parameters were
considered for the optimization of PO,-P desorption:
ammonium hydroxide concentration, solution volume, and

Environ. Sci.: Nano, 2024, 11, 2607-2619 | 2611
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contact time. A central composite design (CCD) was used to
optimize the desorption conditions. This design consists of a
2* factorial design (8 experiments), a 2 x 3 start design (6

experiments) and 3 center points. The resulting 17
experiments were randomly performed. The statistical
software Statgraphics Centurion 18-X64 was used for

generating the experimental design and data analysis. The
ranges studied for each parameter were 2.0% to 6.0% (wt/wt),
2-6 mL, and 40-150 minutes, respectively. The chosen
response function was the percentage of adsorbed PO,-P that
was solubilized, and the optimization aimed to achieve 100%
PO,-P desorption. All experiments were performed using 8
mg of a homogeneous mixture of M@GO obtained after the
adsorption of PO,-P.

Results and discussion
Effect of pH and contact time

Results obtained from sodium phosphate buffered solutions
indicate that the optimum pH range for phosphate
adsorption on M@GO is between pH 3 and 9, with a
maximum adsorption at pH 8. As can be seen in Fig. 1,
phosphate adsorption decreases sharply at pH values above
9.5, suggesting that adsorption may be reversible.

The pH value of wastewater (8.3) is close to the pH value
at which the maximum phosphate adsorption was found for
the sodium phosphate solutions. Thus, the initial pH was not
modified in the adsorption experiments performed with the
wastewater.

Regarding contact time, Fig. 2 shows the effect of contact
time on PO,-P adsorption from wastewater on M@GO at a
dosage of 0.8 g L™". The error bars represent 2 times the
standard deviation of the aqueous concentrations of triplicate
experiments. As can be seen, the aqueous PO,-P
concentration rapidly decreases within the first 3 hours,
remaining constant for longer contact times. In the first 5
hours, M@GO removes from 40% of PO,-P, for its highest
initial concentration, to 60% for its lowest one. These
removals are practically identical to those obtained at a
contact time of 24 h, therefore, for subsequent experiments,
equilibrium is considered to be reached after 5 h.

In addition, the PO,-P concentration of the original
wastewater (2.8 mg L") is reduced in 30 min of treatment to

0.15

0.1 4

0.05 A

[PO,-P] (mg L?)

pH

Fig. 1 Effect of pH on aqueous PO4-P concentration for a M@GO
dosage of 0.8 g L™%. The error bars represent 2 times the standard
deviation of the aqueous concentrations of triplicate experiments.
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Fig. 2 Effect of contact time on aqueous PO4-P concentration for a
M@GO dosage of 0.8 g L™? and at three different initial PO4~P
concentrations.

levels below those required by the EU for discharges in
sensitive areas from UWWTPs with an equivalent population
(p-e.) of between 10 000-100 000. Although this is sufficient to
comply with the EU criteria, which require adherence to
either concentration values or percentage reduction, it should
be noted that if the percentage reduction criterion is chosen,
the minimum value of 80% reduction would not be achieved.

Adsorption isotherm

Fig. 3 shows the results of the adsorption experiments carried
out until the equilibrium. The error bars represent 2 times
the standard deviation of the concentrations, both in the
liquid (the horizontal ones) and in the solid (the vertical
ones), of triplicate experiments. This graph also differentiates
the tests carried out at different dosages of M@GO, making
the effect of dosage on equilibrium visible as well. As can be
seen, there are no significant differences between the results
obtained at dosages of 0.4 ¢ L™ and 0.8 g L™". However, the
points obtained for a dosage of 1.6 g L" clearly deviate from
the trend followed by the results at lower dosages. This effect
may be due to the agglomeration of the M@GO nanoparticles

2.5
P
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- VA
T 1.5 4
téo A 04gl”
=, 4 B o 08gl”
o
,’/é o 16glLl”
05 -Ié/" - - = Freundlich
;; — — Langmuir
------ DR
0 T T T
0 1 2 3 4
C(mgL?)

Fig. 3 Adsorption isotherm of PO4,-P on M@GO at different M@GO
dosages.
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at high dosages, which would reduce the free surface area
per unit mass available for PO,-P adsorption.

Thus, the 3 isotherm models proposed (Freundlich,
Langmuir and Dubinin-Radushkevich) were fitted to the
experimental results obtained at M@GO dosages below 1.6 g
L. The Solver tool of Microsoft Excel was used to perform a
non-linear two-parameter fit for each model minimizing the
SSE. The results of these fits are shown in Fig. 3 and in
Table 1. As can be seen, the best fit corresponds to the
Langmuir isotherm, based on both its higher R* value and its

B (1 + K1,Cp + qmafoKLrsL)

5 0.5
[(1 + K1.Co + qmax,LKLrSL) - 4KL2rSLqmax,LCO :|
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step is to find a kinetic model consistent with the
equilibrium model. Thus, as indicated in section model
validation, the parameters of the Langmuir isotherm
calculated in the previous section will be included in all
proposed kinetic models. Therefore, the only unknowns are
the kinetic parameters involved in those models.

For pseudo-first and pseudo-second order models, this
entails obtaining an expression for g. by substituting the
mass balance eqn (1) in the Langmuir isotherm equation eqn
(4), which yields:

% 2Ky rsy

lower ARE value. The second-best fit corresponds to the
Dubinin-Radushkevich isotherm, whose graphical
representation is almost indistinguishable from that of
Langmuir. The interest of the DR model is the adsorption
energy, whose value here is lower than 8 k] mol™. This could
indicate that the process corresponds to a physical
adsorption.*®

The value of ¢uay 1 = 2.69 mg g™* (Table 1) obtained for
M@GO is similar or higher than others found in the
literature for other forms and types of carbon in real
wastewater samples.””

For comparative purposes, data of analogous methods
reported in the literature are registered in Table 2. The direct
comparison is difficult due to the different experimental
conditions. Nonetheless, the removal for the target element
using the developed method were similar or better than those
results reported in the bibliography. Also, to the best of the
authors' knowledge, the only one making the recovery/
removal using green chemistry, avoiding the use of hazardous
reagents and/or great volumes of those; as well as the
appearance of contaminated sludge that must be disposed.

Kinetic study

Once it has been proven that the Langmuir isotherm
adequately describes the adsorption equilibrium, the next

Table 1 Fits of the isotherm models to the experimental equilibrium
results

Isotherm model Parameters

Freundlich Kp (LY" mgt=m) g71) = 1.46
n(—)= 2.75
R?= 0.9821
ARE (%) = 5.44%

Langmuir Ky (Lmg™) = 1.25
Gmax L (mg gil) = 2.69
R?= 0.9983
ARE (%) = 2.23%

Dubinin-Radushkevich B (mol® J2) = 1.06 x 10°°
Gmax pB (Mg g1 = 3.21
E (k] mol™) = 7.04
R?= 0.9931
ARE (%) = 3.56%

This journal is © The Royal Society of Chemistry 2024

24
2Ky rsy (24)

and then, substituting eqn (24) into the pseudo-first and
pseudo-second order kinetic expressions, eqn (8) and (9)
respectively.

For the MT model, it should be considered that the
M@GO dosage affects the values of the volumetric mass-
transfer coefficients through the interfacial area per unit of
liquid volume. Thus, if the two coefficients for a dosage of
0.8 g L™" are used as fitting parameters, those for a dosage of
0.4 g L' should be half of those for a dosage of 0.8 g L™".
Analogously, the coefficients for 1.6 ¢ L' should be twice
those for 0.8 g L™".

Furthermore, since it is expected that both initial PO,-P
concentration and M@GO dosage do not affect those kinetic
parameters, the fit of each kinetic model is performed
simultaneously to all the experimental data obtained in 4 of
the 5 kinetic experiments. The results obtained at a M@GO
dosage of 1.6 g L' are excluded from these fits for the same
reason that they were excluded in the adsorption isotherm
fits: M@GO dosage does affect the equilibrium at values
above 0.8 g L™". However, once those fits are done, the results
of those models for a dosage of 1.6 g L™" are also presented
in the following figures and tables. The Solver tool of
Microsoft Excel was used to perform a non-linear one-
parameter fit for each model (two-parameters fit for MT
model) minimizing the chi-squared (x?).

Fig. 4a shows the results of the kinetic experiments
carried out with a M@GO dosage of 0.8 g L™ for different
initial PO,-P concentrations. The dashed lines represent the
fit of the proposed models to the experimental data. At first
glance, the pseudo first order (PS1), Langmuir kinetics (LK),
and mass-transfer (MT) models are able to adequately
reproduce the experimental results, and therefore, also the
effect of the initial concentration on the adsorption process.
The pseudo second order (PS2) model fails at the first 30 min
of the experiment for an initial concentration of 2.8 mg L.

Similarly, Fig. 4b shows the results of the kinetic
experiments carried out with an initial phosphorous
concentration of 2.8 mg L™ for different M@GO dosages. As
can be seen, again the PS1, LK and MT models reproduce
sufficiently well the effect of increasing the M@GO dosage
from 0.4 g L' to 0.8 g L™". However, none of those models
adequately reproduce the results obtained at a M@GO dosage

Environ. Sci.. Nano, 2024, 11, 2607-2619 | 2613
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Table 2 Methods reported in the literature
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Treatment process Samples P removed Ref.
CPR with FeSO, addition Digested sludge 67% 48
Digested sludge 60%
Dewatered sludge 47%
CPR with FeCISO, addition Liquid sludge 80% 49
Dried granules
EBPR Activated sludge 9-26% 50
AB technology with Fe addition A-stage surplus sludge 52-55% 50
B-stage surplus sludge 37-43%
Digested sludge 47-59%
Not mentioned Excess and digested sludge 70-90% 51
CPR activated carbon nitric-acid treatment, thermal Groundwater and wastewater 80% 52
modification treatment and nitric-acid thermal treatment
CPR laterite soil thermal treatment and activated carbon Synthetic wastewater 59-63% 53
thermal treatment 68-69%
CPR with M@GO Wastewater Malaga 75% This work
CPR Chemical phosphorus removal. EBPR Enhanced biological P removal.
6 A 56mgl? --- PS1 . T —---PS1
o 28mglL" ------ PS2 o 08glL" ------ PS2
5 O 12mgl" —— LK T —— K
MT MT
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Fig. 4 Effect of initial PO4~P concentration on adsorption kinetics for a M@QGO dosage of 0.8 g L™ (a). Effect of M@GO dosage on adsorption
kinetics for an initial concentration of 2.8 mg L™* PO4-P (b). Experimental and model results.

Table 3 Fits of the kinetic models to the experimental kinetic results

Co (mg L) 2.8 5.4 1.2 2.8

Model Parameters e (g L7 All 0.8 0.8 0.8 0.4
PS1 (Y= 2.87 R* 0.993 0.957 0.916 0.940 0.959
ARE 5.1% 4.7% 4.2% 9.3% 2.3%
PS2 k(gmg'h™)= 5.17 R? 0.989 0.858 0.893 0.990 0.949
ARE 4.9% 8.2% 4.8% 3.9% 2.6%
LK ka (Lmg™ h™) = 0.72 R? 0.993 0.968 0.897 0.959 0.944
ARE 4.8% 4.1% 4.5% 7.6% 2.9%
MT kea (h™)" = 1.96 R? 0.993 0.953 0.913 0.950 0.947
ka (gL' h')= 2.96 ARE 5.0% 4.9% 4.1% 8.6% 2.7%

“ values of the volumetric mass-transfer coefficient for a M@GO dosage of 0.8 g L™".

of 1.6 g L', whose results were excluded from these fits for
the reasons already indicated above.

Table 3 shows the values of the parameters used to assess
the goodness-of-fit of each model, as well as the calculated
values of the kinetic parameters. The column labeled “All”
contains the R* and ARE values calculated with all results of

2614 | Environ. Sci.. Nano, 2024, 11, 2607-2619

the 4 kinetic experiments performed at M@GO dosages
below 1.6 g L™". The rest of the columns present the values of
the same parameters calculated individually for each kinetic
experiment, which comes from the same global fit.

As shown in Table 3, the best fit according to ARE
corresponds to the LK model (4.8%), followed by PS2, MT and

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3en00859b

Open Access Article. Published on 12 aprilie 2024. Downloaded on 06.08.2025 18:31:50.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Nano

PS1 models in ARE increasing order. If R* is selected as a
validation criterion, no significant differences are observed
between PS1, LK and MT, with PS2 presenting the worst value.
Thus, the LK model is the best model to simulate the adsorption
process. Additionally, its theoretical basis is an advantage over
empirical models whose theoretical basis is not so clear.

Finally, the values of the volumetric mass-transfer
coefficients obtained from the fit of the MT model can
indicate if mass-transfer is limiting the overall rate of the
adsorption process. If M@GO nanoparticles are assumed to
be spheres about 100 nm in diameter (D), the mass-transfer
surface area (interface) per unit liquid volume can be
estimated as

View Article Online

Paper

rs 6

a= = (25)
Pmaco D
where pua@co (kg m™) is the particle density, whose
estimated value is 2700 kg m™>. Thus, according to the value
of k.a shown in Table 2, the value of the liquid mass-transfer
coefficient would be: k. = 3 x 10°® m s™*. If the specific
surface of particles measured by the N, adsorption/
desorption isotherm (47.04 m* g™') were used instead of that
of a sphere, the value of the liquid mass-transfer coefficient
would be: k. = 1.5 x 10" m s™*. Both estimates are well below
the usual mass-transfer coefficients for complete suspension
of solids in water, which are in the range of about 2.7 x 107

(b) | . 4

L L L L L L L s
(Y 144 142 140 138 136 130 128 126 124 122

34
Binding Energy (eV)

L 1 1 1 1 L 1 1 1
1000 900 800 700 600 500 400 300 200 100 0
Binding Energy (eV)

Fig. 5 TEM image of M@GO (a), XPS spectra P region (b), EDX images of M@QGO before (c) and after (d) phosphorus adsorption.
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m s to 1.5 x 10 m s~.>* This difference of at least 3 orders
of magnitude below the usual values in systems controlled by
mass transfer indicates that the overall rate of the adsorption
process is limited by the adsorption step and not by the
mass-transfer between the bulk liquid and the solid surface.
That is, the very low mass-transfer coefficients obtained from
the MT model actually correspond to kinetic constants of the
adsorption step.

Characterization

Fig. 5 shows a TEM image of the morphology of the M@GO
surface (a), in which it can be observed that the Fe;O,
nanoparticles, with a diameter between 12 and 20 nm, are
randomly fixed between the graphene oxide sheets. The
amplification of the phosphorus region in the XPS spectrum
shows the corresponding peak (b). This figure also shows the
EDX spectroscopy of M@GO before (c) and after (d) the
phosphorus adsorption. As can be seen, the adsorbed
phosphorus (green dots) is mainly distributed on the iron
nanoparticles (pink color) and, to a lesser extent, also
between the graphene sheets (blue color).

From the N, adsorption-desorption experiment for
M@GO without P, a type IV isotherm was obtained, which is
typical of mesoporous materials. The nanomaterial presents
a pore size and specific surface of 93 A and 47.04 + 0.16
m* g,

Desorption study

The results of the 17 CCD experiments indicated that the
parameter contact time was statistically significant at the
95% confidence level (p < 0.05), as can be seen in the Pareto
chart, Fig. 6a. The response surface obtained is shown in
Fig. 6b. Using the optimized parameters, 2 mL NH,OH 5% w/w,
and a contact time of 130 min, the absorbed PO,-P recovery
yields (95 + 4)% with a solid-liquid ratio up to 5 greater than
the ratio used in the adsorption process.

The standardized Pareto chart (Fig. 6a) illustrates that the
only one significant factor affecting phosphate desorption is
the contact time, with a p-value = 0.037 < 0.05. Ammonia
concentration (A) has a positive influence on the response
function (% P desorption) and ammonia volume (B) has a

View Article Online
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negative influence on the response function. The central
composite factorial design results reveal a crossed interaction
between the two factors under investigation (ammonia
concentration and volume of ammonia solution) leading to the
curvature of the response surface. As can be seen in Fig. 6b, the
recovery of adsorbed PO,-P increases with ammonia
concentration when the volume of ammonia solution is low.
However, contrary to expectations, this behavior is not observed
for higher volumes of ammonia solution. Similarly, the effect
of ammonia solution volume follows the same pattern. Higher
PO,-P recovery would be expected for lower solution volumes
(resulting in a higher solid mass to solution volume ratio);
however, this behavior is only evident for high ammonia
concentrations.

This crossed interaction between ammonia
concentration and volume of ammonia solution likely
arises from the involvement of multiple equilibrium
reactions in the overall recovery process. These preliminary
results do not allow for further conclusions regarding the
recovery mechanism.

Conclusion

The new sorbent material (M@GO) can be used for the
recovery/removal of phosphate from a real tertiary effluent in
a sewage treatment plant. The adsorption process makes it
possible to reduce the PO,-P concentration to 75% of the
least restrictive value allowed by European legislation for
UWWTP discharges in sensitive areas.

The Langmuir isotherm model adequately describes the
adsorption equilibrium, resulting in a maximum adsorption
capacity of 2.69 mg g '. The adsorption energy value
calculated by fitting the Dubinin-Radushkevich isotherm
(7.04 k] mol™) indicates that the process corresponds to a
physical adsorption. Among the four models studied, the
Langmuir kinetic model best reproduces the PO,-P
adsorption kinetics, yielding an adsorption rate constant of
0.72 L mg ' h™". The value of the liquid mass-transfer
coefficient resulting from the fit of the mass transfer model
(ke = 1.5 x 10"® m s7') indicates that the rate-limiting step is
the adsorption step and not the mass transfer between the
bulk liquid and the solid surface.

Contact time = 130 min

C:Contact time (min) | — +
s | = -
M |
aNwgoHI (o) | [ ]
c
O
cc| [ -
B =
B:NH4OH volume (mL) | [ - . a5 ®
. ‘ : ; . . 4 3 a2 2
0 05 1 15 2 25 )

Standardized effect

(a)

(b)

NH40H volume (mL)

Fig. 6 CCD results: (a) standardized Pareto chart. (b) Response surface. The P desorption percentage is referred to phosphate species.
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The desorption results indicate that the adsorption
process is reversible. Desorption using ammonia solution
yields PO,-P recoveries of (95 + 4)% of that retained in
M@GO with a much higher solid-liquid ratio than that used
in the adsorption from the wastewater.

The results obtained after optimizing the most important
parameters of the adsorption process (pH, contact time,
M®@GO dosage) suggest that a continuous stirred tank
adsorption process is a promising application to investigate
and for scaling up to an urban wastewater treatment plant.
Thus, further research should focus on assessing the
monetary benefits and environmental risks, including the
potential effects of reusing the adsorbent for multiple
adsorption/desorption cycles on phosphate removal and
recovery efficiencies.
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