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Abstract: Iron oxyhydroxides (FeOOHs) appear to be the optimal group of materials among inorganic
adsorbents for the removal of phosphates from water, providing significant adsorption capacities.
This research work presents a thermodynamic study of phosphate adsorption by examining five
different FeOOHs sorbent nanomaterials. The otablebtained results indicated that the adsorption
process in these cases was spontaneous. When the experiments were performed using distilled water,
akageneite (GEH), schwertmannite, and tetravalent manganese feroxyhyte (AquAsZero), displaying
∆H◦ values of 31.2, 34.7, and 7.3 kJ/mole, respectively, presented an endothermic adsorption process,
whereas for goethite (Bayoxide) and lepidocrocite, with ∆H◦ values of −11.4 and −7.7 kJ/mole,
respectively, the adsorption process proved to be exothermic. However, when an artificial (according
to NSF) water matrix was used, GEH, schwertmannite, lepidocrocite, and AquAsZero presented ∆H◦

values of 13.2, 3.3, 7.7, and 3.3 kJ/mole, respectively, indicative of an endothermic process, while
only for Bayoxide, with ∆H◦ of −17 kJ/mole, the adsorption remained exothermic. The adsorption
enthalpy values generally decreased with the NSF water matrix, probably due to the competition
for the same adsorption sites by other co-existing anions as well to the possible formation of soluble
phosphate complexes with calcium; however, an overall positive effect on the uptake of phosphates
was observed.

Keywords: phosphate adsorption; iron oxyhydroxides; thermodynamic parameters; adsorption
isotherms; adsorption capacity

1. Introduction

The release of phosphorus, mainly through wastewaters in the aqueous environment,
results in the acceleration/increase of eutrophication problems in aquatic ecosystems. Con-
sidering the lack of phosphorus in the soil (where it is applied as a fertilizer) and, on the
other hand, its occasionally excessive content in water sources, which raises the eutrophica-
tion problem [1], it is essential to remove and recover phosphorus from alternative sources,
considered nowadays as “wastes”, in a reusable form [2–5]. In this regard, the adsorption
of anions, especially of phosphates, onto inorganic adsorbent materials is generally of great
importance for regulating their concentrations in natural waters. In this case, the adsorption
capacity is mainly regulated by the affinity of anions with the surface of the adsorbent
media, the relative concentration of the anions, as well as the pH and the temperature of
the process [6–8].

Granular solids formed by the spontaneous secondary aggregation of nanoparticles
are widely applied in adsorption processes for the removal of pollutants [9]. Iron oxyhy-
droxides (FeOOHs) nanomaterials, with building units in the range of 2–10 nm [10–13],
have attracted the attention of several researchers, due to their strong affinity to phosphates,
along with other, mainly anionic aquatic hazardous species, such as arsenic oxy-anions.
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This group of materials present quite large specific surface areas alongside with large
heterogeneous surfaces, derived from (more or less) amorphous (mineralogical) phases,
which can result in the maximum available ion-exchange/sorption sites. Such relation
can be mainly attributed to the ligand exchange reaction that takes place onto the adsor-
bent’s surface, i.e., in this case, between phosphate anions and the structural hydroxyl
groups of respective surfaces [14–17]. The most commonly occurring FeOOHs solid phases
are goethite (α-FeOOH), akageneite (β-FeOOH), lepidocrocite (γ-FeOOH), feroxyhyte (δ-
FeOOH), and schwertmannite. Among the specific advantages of these materials there
is their commercial availability at rather low costs, as well as their regeneration capacity,
allowing their reuse [18–20].

Energy is either released or captured during the adsorption process. Depending on
the system enthalpy, it can be determined whether adsorption would be of exothermic
or endothermic nature, i.e., with positive or negative values, respectively [8]. In addition,
more information regarding the adsorption mechanism can be obtained from the enthalpy
values, as at the higher measured values (i.e., ∆H◦ > 40 kJ/mol), chemisorption takes
place, with the formation of chemical bonds between the ions and the adsorbent material,
whereas at intermediate values (i.e., 20 kJ/mol < ∆H◦ < 40 kJ/mol), weak chemisorption
can take place and at the lower values (i.e., ∆H◦ < 20 kJ/mol), physisorption occurs with
the formation of weak Van-der-Waal forces [20]. Moreover, the Gibbs free energy is also
a measure of the work that can be produced by the adsorption system under constant
temperature and pressure. Therefore, thermodynamic studies are usually performed in
order to correlate the influence of temperature on the adsorption process, as well as the
changes of the main thermodynamic parameters, including standard free energy (∆G◦),
enthalpy (∆H◦), and entropy (∆S◦), of the examined adsorption system [20,21]. Thus, both
thermodynamic and kinetic studies are essential for the design of appropriate adsorption
processes in terms of energy and mass balance calculations and relevant construction
considerations, respectively [8,20,21].

Relevant adsorption experiments, previously carried out by Saha et al. [22] for GEH
(Granular Ferric Hydroxide), suggested an endothermic and spontaneous process occurring
at pH 3, with a ∆H◦ value of 68.79 kJ/mole and a negative ∆G◦ value. Moreover, similar
results regarding the adsorption of phosphate onto goethite were presented by Juang
et al. [23] at pH 4.5, with a ∆H◦ value of 33.9 kJ/mole and ∆G◦ values of −9.8, −12.1,
and −12.9 kJ/mole at temperatures of 288, 298, and 308 K, respectively. In accordance
to these results, the study of Li et al. [24], regarding the adsorption of phosphate onto
δ-FeOOH/Fe(II), also showed a ∆H◦ value of 15.75 kJ/mole occurring at pH 3 and at
298.15, 308.15, and 318.15 K. In contrast, Deliyanni et al. [25] calculated a ∆H◦ value of
−12.2 kJ/mole for akageneite at pH 7, indicating an exothermic process.

As already mentioned, the adsorption onto the FeOOHs nanomaterials is a process
that depends upon several parameters, as well as on the material’s specific surface struc-
ture [14,22]. In a previous study, the pH effect of phosphate adsorption was investigated by
using several FeOOHs materials in distilled, as well as in NSF (National Science Founda-
tion) water matrix [17]. However, to the best of our knowledge, the main thermodynamic
parameters, regarding the adsorption of phosphates by different FeOOHs samples, were
not thoroughly investigated when applying conditions commonly encountered in natural
waters and under comparable experimental conditions. The aim of this study was to evalu-
ate the effect of temperature on the adsorption of phosphates by the most common FeOOHs
sorbents at pH 7, as well as to calculate the respective thermodynamic parameters by using
a distilled as well as an artificial (according to NSF, 789 N. Dixboro Road Ann Arbor, MI,
USA) water matrix. Conditions similar to those of secondary wastewater treatment plant
effluents were selected, aiming to produce results that can be potentially applied at a larger
(pilot-) scale.
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2. Materials and Methods
2.1. Examined Adsorbents

The main thermodynamic parameters were evaluated for the three commercially
available FeOOHs sorbents, i.e., GEH (supplied by GEH Wasserchemie GmbH & Co.
KG, Osnabrück, Germany) and Bayoxide (supplied by Lanxess, Cologne, Germany), con-
sisting (nominally) of akaganeite and goethite, respectively, as well as for tetravalent
manganese feroxyhyte AquAsZero (supplied by Loufakis Chemicals S.A., Thessaloniki,
Greece). In addition, we used two laboratory-synthesized iron oxyhydroxides, consisting
of schwertmannite and lepidocrocite, prepared by using the oxidation–precipitation reac-
tion of FeSO4·H2O (supplied by Loufakis Chemicals S.A., Thessaloniki, Greece, >99.0%
purity), under intensive oxidative conditions, and applying a two-step continuous flow
process [8,13].

The iron and manganese content of the adsorbents was determined after sample
dissolution in HCl by flame atomic absorption spectroscopy using a Perkin Elmer (Waltham,
MA, USA), AAnalyst 800 instrument. The surface area and porosity of the adsorbent
samples was estimated by nitrogen gas adsorption at liquid N2 temperature (77 K) using a
micropore surface area analyzer according to the Brunauer–Emmett–Teller (BET) model
(Self-construction, Thessaloniki, Greece).

The Iso-Electric Point (IEP) was measured by using the water dispersion of each
oxy-hydroxide solid and determined by the curve of zeta-potential values at 20 ± 1◦ C.
The sample preparation included the suspension of 50 mg of fine oxy-hydroxide powder
from each material into 1 L of electrolyte solution (0.01 M NaNO3, supplied by Merck,
Kenilworth, NJ, USA, >99.5% purity). Smaller quantities (100 mL) were equilibrated at
different pH values (3–10) for 60 min by adding either HNO3 (supplied by Chem-Lab,
Zedelgem, Belgium, 65.0% purity) or NaOH (prepared using sodium hydroxide pellets,
supplied by Chem-Lab, Zedelgem, Belgium, >99.0% purity), under continuous stirring.
The electrophoretic velocity of at least 20 particles was then determined through a digital
camera by using a Rank Brothers (Cambridge, United Kingdom), Micro-Electrophoresis
Apparatus Mk II, and the respective z-potential value was calculated.

The surface charge density of the adsorbents and the Point of Zero Charge (PZC) were
estimated using the potentiometric mass titration method [26].

The total sulfate content of FeOOHs was determined gravimetrically after precipitation
as BaSO4 [27]. We dissolved 200 mg of each material in 8 mL HCl (6N) supplied by Chem-
Lab (Zedelgem, Belgium), 37% purity, by applying mild heating. Then, 150 mL of hot
distilled water was added, followed by the drop-wise addition of 50 mL of a BaCl2 solution
(5 g/L) (supplied by Sigma-Aldrich, Burlington, MA, United States, >99% purity). The
white precipitate of BaSO4 was aged under heating for at least 2 h, filtered through a
0.45 µm pore-size fiberglass filter, dried, and weighed. The physically adsorbed sulfate was
extracted with water, and both the physically and the chemically adsorbed sulfate were
extracted with 5 mM NaOH and determined by an Alltech (Thessaloniki, Greece), 600 ion
chromatography system, using a Transgenomic (Omaha, NE, USA), ICSep AN1 column
and a 1.7 mM NaHCO3/1.8 mM Na2CO3 solution as the eluent [28].

The main physicochemical parameters of the five adsorbents as examined compar-
atively in this manuscript are shown in Table 1. Moreover, K, Zn, Cu, Mg and Ca were
found in minor quantities, <0.3 wt%, whereas NO3

−, Cr, and Ni were not detected in the
FeOOH materials.

2.2. Chemical Reagents

A phosphate stock solution (300 mg/L) was prepared by diluting 429.5 mg of anhy-
drous KH2PO4 (supplied by Panreac, Darmstadt, Germany, >98.0% purity) in 1 L of distilled
water. The standard working solutions used for laboratory experiments was prepared by
the appropriate dilution of the stock solution. The pH values of the phosphate solutions in
distilled water were adjusted either by NaOH or by HCl addition, while 2 mM of N, N-Bis(2-
hydroxyethyl)-2-amino-ethane-sulfonic acid reagent (denoted as BES and supplied by Alfa
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Aesar, Karlsruhe, Germany, >99.0% purity) was used as the buffer system to facilitate the
pH control. The artificial natural water, used in the experiments, was prepared according
to the National Sanitation Foundation (NSF) standard and contained 252 mg of NaHCO3
(supplied by Merck, Kenilworth, NJ, USA, >99.5% purity), 12.14 mg of NaNO3 (supplied
by Merck, Kenilworth, NJ, USA, >99.5% purity), 0.178 mg of NaH2PO4·H2O (supplied by
Sigma-Aldrich, Burlington, MA, USA, >98.0% purity), 2.21 mg of NaF (supplied by Merck,
Kenilworth, NJ, USA, >99.0% purity), 70.6 mg of NaSiO3·5H2O (supplied by Loufakis
Chemicals S.A., Thessaloniki, Greece, >99.0% purity), 147 mg of CaCl2·2H2O (supplied by
Riedel-de Haen, Seelze, Germany, >99.0 purity), and 128.3 mg of MgSO4·7H2O (supplied
by Panreac, Darmstadt, Germany, >98.0% purity), dissolved in 1 L of distilled water [29].

Table 1. Main physicochemical characteristics of five examined different iron oxyhydroxides materials.

Oxyhydroxide Fe
(wt.%)

Mn
(wt.%)

Na
(wt.%)

Physically
Adsorbed

Chemically
Adsorbed

Crystalline
Structural BET

(m2/g)
IEP 1 ZPC 2

PSCD 3

(mmol
[OH−]/g)SO42−(wt.%)

AquAsZero 38.3 11.8 3.5 5.9 5.3 1.5 205 7.2 3.2 2.6
Bayoxide 52.4 - 0.3 <0.2 <0.2 ND 4 135 7.4 7.8 0.8

GEH 54.2 - 0.5 <0.2 <0.2 ND 237 7.2 5.2 1.0
Lepidocrocite 50.6 - 3.5 5.7 2.3 ND 155 7.3 4.2 1.6

Schwertmannite 45.5 - 2.0 4.4 6.2 5.4 53 7.2 2.9 3.2

1 Isoelectric Point, 2 Point of Zero Charge, 3 Positive Surface Charge Density, 4 Not Detected.

2.3. Experimental Procedure

Batch adsorption experiments were carried out in order to record the respective
isotherms and to evaluate the adsorbents’ efficiency. We dispersed 15–70 mg of fine
powdered (<63 µm) samples in 200 mL of phosphate solutions at pH 7, using 300 mL
conical flasks. The flasks were placed in an orbital shaker (Wisd Wiseshake SHO-2D
supplied by Witeg Labortechnik GMBH, Wertheim, Germany) and stirred for 24 h at
constant temperatures of 283, 293, and 308 K. After the set contact time to reach equilibrium
(i.e., 24 h, according to preliminary experiments), the samples were filtered by using
0.45 µm membrane filters, and the residual (i.e., not adsorbed/removed) concentration
of phosphates in the so-treated solutions was determined accordingly. All experiments
were conducted in triplicates, and the average values are presented. The adsorbents
were evaluated by calculating the respective adsorption capacity at the equilibrium (limit)
concentration of 3 mg PO4

3−/L, which is abbreviated as Q3, henceforth. The concentration
limit of 3 mg PO4

3−/L was set by the Council Directive (1991) [30] as the regulation
limit, regarding the content of phosphates in (treated) wastewaters before disposal and in
environmentally sensitive aquatic areas.

The change of Gibbs free energy in the adsorption reaction was calculated by Equation (1):

∆Go= −RT ln Kads (1)

where R is the ideal gas constant (8.314 J/(mol K)), T is the absolute temperature in Kelvin,
and Kads is the equilibrium adsorption constant, which was calculated from the equilibrium
constant of Langmuir KL, when expressed as L/mol of phosphates [31]. ∆H◦ and ∆S◦ were
calculated from the Van’t-Hoff Equation (2):

ln Kads= −
∆Ho

RT
+

∆So

R
(2)

By plotting ln(Kads) versus 1/T, ∆H◦ and ∆S◦ were calculated from the slope and
intercept of the linear equation, respectively [32].



Water 2022, 14, 1163 5 of 14

Moreover, the kinetics of phosphates adsorption was evaluated by dispersing 200 mg
of adsorbent in 1 L of 10 mg PO4

3−/L in NSF water matrix at pH 7 and at the three
examined temperatures (283, 293, and 308 K). Sampling was performed frequently during
the initial 2 h of treatment and, later, after more extended time intervals, when equilibrium
was approaching.

The kinetic data are expressed by applying Equation (3) as a pseudo-second-order
reaction [33]:

t
Qt

=
1

k2Q2
e
+

t
Qe

(3)

where t is the examined contact time (min), Qt is the adsorption capacity at this time (mg/g),
Qe is the adsorption capacity at equilibrium, and k2 is the corresponding pseudo-second-
order adsorption constant (g/mg·min). Furthermore, the kinetic data were also plotted
according to the parabolic diffusion law [33]:

Qt = ki· t
1
2 + a (4)

where t is a constant in any experiment (mg/g).

2.4. Analytical Determination

The initial and residual concentrations of phosphates determined colorimetrically by
applying the stannous chloride method (tin chloride (SnCl2·2H2O) was obtained using
Panreac, >98.0% purity, mixed with glycerol that was supplied by Duchefa Biochemie,
Haarlem, Netherlands, >98.0% purity, and ammonium molybdate ((NH4)6Mo7O24·4H2O),
supplied by Sigma-Aldrich, Burlington, MA, USA ≥99.0% purity, mixed with sulfuric acid
(H2SO4) supplied by Chem-Lab, Zedelgem, Belgium, ≥95.0–97% purity) [34] at 690 nm
and a UV–VIS Hitachi (Tokyo, Japan) U–5100 spectrophotometer.

3. Results and Discussion
3.1. Adsorption Isotherms

The adsorption isotherms reflect the equilibrium between the concentration of so-
lutes (here, phosphates) in a solution and the corresponding value onto the surface of an
adsorbent material at a given temperature. Most commonly, they are fitted according to
either Freundlich or Langmuir models. Figure S1, Supplementary Materials, presents the
experimental results of batch experiments regarding the studied FeOOHs sorbents at pH 7
and in the temperature range of 283–308 K, which was found to be better fitted according
to the Freundlich model, in comparison with the Langmuir one. Moreover, adsorption was
favored by increasing the temperature in the cases of the AquAsZero, GEH, and schwert-
mannite sorbents, both in distilled and in natural water (NSF) matrixes, an observation
which confirms the endothermic character of this process. In contrast, the adsorption of
phosphate by Bayoxide proved to be of exothermic nature. In the case of lepidocrocite,
the adsorption of phosphate was decreased by the increase of temperature in distilled
water, while it was favored (increased) in the NSF water matrix. The latter can probably be
attributed to the adsorbed species of sulphate on the Stern layer of lepidocrocite that can be
subsequently replaced by the adsorption of soluble calcium phosphate oxyanions, whose
formation is favored when the pH is greater than 6, as seen in the respective speciation
diagram (Figure 1) [13,35]. The distribution of phosphate species under the applied experi-
mental conditions, for the NSF water matrix and for the initial concentration of phosphates
of 10 mg/L at 293 K, showed that at pH > 6, the soluble calcium and magnesium phos-
phate oxyanions formed, which bound to a negatively charged anion; this subsequently
reduced the overall negative charge in the aqueous solution, resulting in the positive effect
of the NSF water matrix on the adsorption of phosphates, as observed for all the examined
sorbent materials (see Table 2). In addition, it should be noted that the calculated Q3
values from the Freundlich model were found to be similar to the Qmax values, as they
were calculated by the Langmuir model. In conclusion, AquAsZero showed the highest
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Q3 value (58 mg PO4
3−/g) at 308 K with the NSF water matrix. As it has been already

reported by Kalaitzidou et al., 2019, schwertmannite incorporates a higher percentage
(5.4 wt.%) of SO4

2− into a crystalline structure, when compared to AquAsZero (1.5 wt.%).
Thus, schwertmannite has a slightly lower maximum adsorption capacity (Qmax) than
AquAsZero, probably due to its content of SO4

2− anions in a crystalline structure, which
possibly inhibit the binding of phosphate to schwertmannite, as reported for selenite [8].
In contrast, the adsorption capacity of schwertmannite appeared significantly greater than
those of Bayoxide, GEH, and lepidocrocite, due to the high percentage of chemically ad-
sorbed SO4

2− anions (6.2 wt.%) that can be replaced by phosphate ions, because of their
better affinity to the surface structure of the iron substrate.

Figure 1. Speciation of the major PO4
3− species using the NSF water matrix at an initial concentration

of phosphates of 10 mg/L at 293 K; the respective diagrams were derived by using the Visual
MINTEQ 3.0 software program (http://vminteq.lwr.kth.se (accessed on 15 December 2021).

Table 2. Fitting parameters regarding the adsorption of phosphates at pH 7.

LANGMUIR FREUNDLICH

T (K) KL
(L/mg PO43−)

Qmax
(mg PO43−/g) R2 Q3

(mg PO43−/g)
KF

(mg PO43−/g)/(mg/L)1/n 1/n R2

AquAsZero

Distilled water

283 10.62 40.8 0.991 40.5 36.0 0.109 0.917
293 11.29 42.2 0.959 42.3 37.8 0.103 0.946
308 13.61 44.6 0.983 44.2 40.4 0.083 0.955

NSF water

283 2.89 50.1 0.910 46.3 35.0 0.253 0.99
293 3.15 58.6 0.957 54.5 41.8 0.242 0.989
308 3.17 63.6 0.956 58.0 45.2 0.226 0.973

http://vminteq.lwr.kth.se
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Table 2. Cont.

LANGMUIR FREUNDLICH

T (K) KL
(L/mg PO43−)

Qmax
(mg PO43−/g) R2 Q3

(mg PO43−/g)
KF

(mg PO43−/g)/(mg/L)1/n 1/n R2

Bayoxide

Distilled water

283 16.37 20.2 0.867 23.0 18.5 0.200 0.994
293 15.64 18.7 0.744 19.4 17.2 0.109 0.98
308 11.17 17.9 0.952 18.1 15.9 0.120 0.978

NSF water

283 8.38 23.7 0.967 24.7 20.4 0.173 0.979
293 5.58 24.4 0.931 24.2 19.8 0.185 0.996
308 4.58 24.4 0.960 23.6 19.2 0.187 0.969

GFH

Distilled water

283 11.44 30.5 0.963 33.1 27.1 0.183 0.977
293 15.42 28.4 0.933 30.1 25.6 0.149 0.994
308 12.94 27.7 0.954 29.3 24.6 0.159 0.975

NSF water

283 11.65 30.0 0.965 32.5 26.7 0.180 0.975
293 12.86 31.0 0.862 33.4 27.9 0.163 0.997
308 32.96 31.6 0.808 34.7 29.8 0.139 0.993

Lepidocrocite

Distilled water

283 17.5 42.3 0.827 43.5 38.1 0.121 0.952
293 13.3 41.7 0.854 40.8 36.6 0.101 0.985
308 13.2 39.3 0.913 40.1 35.2 0.117 0.989

NSF water

283 3.16 47.4 0.998 43.5 34.9 0.200 0.931
293 3.90 49.4 0.936 45.7 37.1 0.190 0.974
308 4.16 54.1 0.967 51.2 40.6 0.213 0.982

Schwertmannite

Distilled water

283 18.79 44.2 0.883 47.8 41.5 0.129 0.995
293 40.15 45.7 0.869 51.9 45.7 0.116 0.977
308 63.85 46.6 0.686 51.6 46.5 0.096 0.983

NSF water

283 2.61 53.0 0.909 50.0 36.3 0.291 0.975
293 2.63 57.2 0.952 52.1 39.0 0.263 0.999
308 2.92 59.2 0.974 54.8 41.3 0.259 0.991

3.2. Thermodynamic Parameters

The effect of temperature on the efficiency and the strength of phosphate adsorption
onto FeOOHs sorbent materials may be explained by considering the major thermodynamic
parameters, such as Gibbs free energy (∆G◦), enthalpy (∆H◦), and entropy (∆S◦) of this
process. ∆H◦ and ∆S◦ were calculated and are presented in Table 3.
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Table 3. Summary of the major thermodynamic parameters for all the five examined adsorbents.

Oxyhydroxides ∆H◦ (kJ/mol) ∆S◦ (J/mol·K)
−∆G◦ (kJ/mol)

283 K 293 K 308 K

Distilled water

AquAsZero 7.3 140.6 33 34 36
Bayoxide −11.4 78.5 34 35 36

GEH 31.2 224.8 33 34 38

Lepidocrocite −7.7 91.3 33 34 35
Schwertmannite 34.7 243.1 34 37 40

NSF water

AquAsZero 2.6 113.5 30 31 32
Bayoxide −17.0 52.0 32 32 33

GEH 13.2 150.1 29 30 33
Lepidocrocite 7.7 132.2 30 31 33

Schwertmannite 3.3 114.8 29 30 32

Moreover, by plotting ln(Kads) versus 1/T, the ∆H◦ and ∆S◦ values were calculated
from the slope and the intercept of the linear equation, respectively (Figure 2).

Figure 2. Van’t Hoff plots of phosphate adsorption data in the examined experimental conditions.
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The observed negative values of ∆G◦ (Table 3) indicated the spontaneous nature of
phosphate adsorption, whereas the positive values of ∆S◦ indicated an increased random-
ness at the solid/solution interface [36]. The calculated ∆H◦ values for phosphate uptake
in a low equilibrium concentration range (0.3–4 mg phosphates/L) in distilled water in-
dicated an endothermic weak chemisorption reaction for GFH and schwertmannite and
an endothermic physisorption reaction for AquAsZero, while phosphate uptake from Bay-
oxide and lepidocrocite proceeded mainly through an exothermic physisorption reaction
(Table 3).

The results of the thermodynamic study for the GEH material are in accordance with
the results of Saha et al. [22], who showed that an increase of pH from 3 to 4 reduced
the ∆H◦ and ∆G◦ values, although it has to be noticed that the results of the current
study were obtained at pH 7, at which the ∆H◦ and ∆G◦ values are expected to be lower.
However, Deliyianni et al. [25] also examined akaganeite at the temperatures of 298, 318,
and 338 K at pH 7 and at initial phosphate concentrations in the range of 10–300 mg/L,
reporting different results (i.e., ∆H◦ value −12.2 kJ/mole) from those obtained in this
study (i.e., a ∆H◦ value of 31.2 kJ/mole), which can be attributed to the different applied
experimental conditions. Finally, as already mentioned, Juang et al. [23] reported a ∆H◦

value of 33.9 kJ/mol for goethite at pH 4.5, whereas for Bayoxide at pH 7, ∆H◦ = −11.4,
indicating that at lower pH values, chemisorption occurs mainly due to a higher positive
surface charge, but the increase of pH close to the IEP value results in physisorption, with
the formation of weak Van-der-Waal bonds.

In contrast, the uptake of phosphate by the examined FeOOHs materials, when
using the NSF water matrix, proceeds mainly through the physisorption mechanism; it is
endothermic for AquAsZero, GEH, lepidocrocite, and schwertmannite and exothermic for
Bayoxide. The physisorption of phosphate in the NSF water matrix should be probably
attributed to the formation of calcium phosphate soluble complexes (Figure 1), which
present lower affinity for the structural iron octahedral structure of FeOOHs. However, the
weaker forces of phosphates’ physisorption can favor the regeneration (and potential reuse)
of FeOOHs sorbents, e.g., by using a 0.2–1 N NaOH solution as the reagent for the elution
of phosphates, since the respective binding energy is quite small, and strong chemical
bonds are not present, which in turn can lead to the eventual recovery of phosphates as
the respective calcium salts after appropriate precipitation [8,17]. The easy and repeated
regeneration of FeOOHs materials after the adsorption of phosphates was previously
reported [17], verifying that the presence of physisorption weaker forces can favor the
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For AquAsZero and schwertmannite, due to the presence of chemically adsorbed
(5.3 wt.%, and 6.2 wt.%, respectively) and structurally crystalline (1.5 wt.%, 5.4 wt.%,
respectively) sulfate ions, the increase of temperature favored ions solubility from
the crystalline structure, resulting in the increase of the positive surface charge when
both distilled or NSF water matrixes were examined. Therefore, in these cases, the
increase of temperature favored the increase of phosphates adsorption, resulting
in endothermic adsorption. Similarly, GEH, consisting of akaganeite (β-FeOOH),
contains channels in which Cl− ions are stabilized by hydrogen bonding [18]. Thus,
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an increase of temperature in this case increased the solubility of the chloride ions,
favoring the adsorption of phosphates and resulting in endothermic adsorption.
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Regarding Lepidocrocite (γ-FeOOH), it does not contain any structural sulfate ions but
has a low content of chemically adsorbed sulfate ions (2.3 wt.%). Similarly to the Bay-
oxide material, when the applied matrix was distilled water, the desorption of sulfate
ions was not favored; hence, an increase of temperature shifted the equilibrium of the
aqueous phase and affected the surface hydroxy groups (FeO-OH+), thereby resulting
in the reduction of the positive surface charge. Thus, the adsorption of phosphates
was reduced, resulting in exothermic adsorption. In contrast, the presence of calcium
in the NSF water, due to its relevant chemical affinity (i.e., Ca(II) + SO4

2− ↔ CaSO4),
can favor the desorption of chemically adsorbed sulfate ions and, hence, increases
the positive surface charge by favoring the adsorption of phosphates, resulting in
endothermic adsorption.

3.3. Kinetic Study at the Different Applied Temperatures

The evaluation of the effect of contact time on the uptake rate at the three different
examined temperatures (283, 293, and 308 K) was examined specifically for schwertmannite,
due to its higher positive surface charge density. The adsorption data in relation to contact
time for this material showed that at least 1 h contact time was required to reach 90%
removal of phosphates at all the examined temperatures, with the highest temperature
(308 K) showing a slightly better uptake rate (Figure 3). The respective equations derived
from the fitting of the kinetics results to a pseudo-second-order reaction at the different
temperatures examined are presented in Table 4.

Figure 3. Kinetics data for the adsorption of phosphates onto schwertmannite in NSF water at pH 7
(Co: 10 mg PO4

3−/L, schwertmannite dose 200 mg/L). In the insert diagram of this figure, the results
from the application of the parabolic diffusion law are presented.
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Table 4. Equations and fitting parameters derived from the kinetics adsorption data of schwertman-
nite oxyhydroxides.

Temperature
Pseudo-Second-Order Kinetic Parabolic Diffusion Law

Equation R2 Qe (mg/g) k2 (g/(mg·min)) Equation R2

283 K Q = 4.83t
1+5.529t 0.988 3.9 0.3171 Q = 0.397t1/2+2.988 0.863

293 K Q = 4.858t
1+6.508t 0.984 4.5 0.2503 Q = 0.366t1/2+3.184 0.921

308 K Q = 4.901t
1+6.82t 0.991 5.1 0.1912 Q = 0.368t1/2+3.244 0.904

The fitting parameters Qe and k2 were estimated to be 3.9, 4.5, and 5.1 mg/g and
0.3171, 0.2503, and 0.1912 g/(mg·min) at the three examined temperatures of 283, 293, and
308 K, respectively (Table 4). As the adsorption capacity at equilibrium (Qe) increased with
the increase of temperature, the respective pseudo-second-order adsorption constant (k2)
decreased. Since the schwertmannite sample was mainly composed of porous particles
that were vigorously agitated during the adsorption period, it is logical to assume that the
adsorption rate was not limited by the mass transfer rate from the bulk liquid to the particle
external surface. However, the phosphate ions are able to diffuse into the pore channels of
mesoporous materials, such as schwertmannite, which present a mean pore diameter of
47 Å [13].

To verify this assumption, the amount of adsorbed phosphates (Qt at time t) was also
plotted (see Figure 3, insert) according to the parabolic diffusion law.

The effect of intra-particle diffusion on the adsorption process corresponds to the
linear portion (Figure 3, insert) of the curve, and the plateau to the respective equilibrium
stage. The fact that the linear part of the curve does not pass through the origin indicates
that the intra-particle diffusion was not the only rate-controlling parameter, regarding the
adsorption of phosphates onto schwertmannite. The ki values shown in Table 4 (0.397,
0.366, and 0.368 µg mg−1min−1/2) for the kinetic study at the temperatures of 283, 293, and
308 K, respectively, were calculated from the slope of the linear portion of the respective
curves (Figure 3, insert). It is obvious from the similar ki values that the different applied
temperatures in the range of 283–308 K led to quite similar results with respect to the
adsorption kinetics of phosphates onto the FeOOH schwertmannite material. As the
adsorption process of phosphates onto schwertmannite is actually a two-step process, fast
adsorption can be mainly attributed to boundary layer diffusion or macro-pore diffusion,
and slow adsorption to the intra-particle diffusion or micro-sore diffusion [37].

4. Conclusions

The thermodynamic study of phosphate adsorption onto five different iron oxyhy-
droxides (FeOOHs) nanomaterials showed that the Freundlich model and the pseudo-
second-order kinetic model can provide the best description of the adsorption isotherm and
kinetics, respectively. The ∆H◦ values are mainly affected by the presence of chemically
adsorbed sulfates or chloride ions in the examined iron-based materials, which appear to
be actively involved in the anion exchange process with phosphates and to be differently
influence by temperature, allowing either an endothermic or an exothermic adsorption of
phosphates, due to the overall effect on the positive surface charge. Moreover, the negative
values of ∆G◦ illustrate the spontaneous nature of phosphates adsorption, whereas the
positive values of ∆S◦ suggests the increased randomness at the solid/solution interface.

This work provides evidence of the significant effect that the presence of natural water
has on the adsorption of phosphates, regarding the examination of different (but commonly
examined and, some of them, commercially available) iron-based (FeOOHs) nanomaterials
at the equilibrium pH 7. More specifically, the adsorption capacities (expressed as Q3) at
293 K and when artificial NSF was used ranged between the lowest value of 24.2 mg/kg for
Bayoxide and the optimum (highest) one of 54.5 mg/kg for AquAsZero. The fact that the
optimal positive surface charge density that was reported for schwertmannite resulted in
the best adsorption of phosphate, when using distilled water, was due to the dissolution of
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sulfates in crystalline structure, while the presence of NSF water seemed to (slightly) inhibit
the dissolution of structurally crystalline sulfates, thus lowering the positive surface charge
density, which in turn negatively influenced the adsorption of phosphates, resulting in a
slightly lower adsorption capacity of the rest of the examined materials, when compared to
AquAsZero. The presence of several ions in natural waters can enhance a weaker phosphate
uptake capacity through the physisorption mechanism, which is most probably due to the
formation of calcium phosphate soluble complexes. However, the weakly applied forces of
physisorption can also favor the regeneration of used FeOOHs nanomaterials by applying
an alkaline environment, as well as lead to the recovery and potential reuse of the removed
phosphates, explaining the results reported in a previous study.

Finally, the results of the kinetics study regarding the adsorption of phosphates onto
schwertmannite showed that the uptake rate was slightly favored by the increase of tem-
perature; in addition, it was not limited by the relevant mass transfer rate, but rather by
the intra-particle diffusion step. This study provides important data regarding the poten-
tial of FeOOHs nanomaterials as cost-effective adsorbents for the removal and potential
recovery of phosphates at a pilot or even at a large scale from contaminated waters or from
wastewater effluents after secondary treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14071163/s1, Figure S1. Phosphate adsorption isotherms at pH
value 7, fitted by the Freundlich (—) or Langmuir main adsorption models (-··-).
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