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A B S T R A C T   

Phosphorus (P) removal from freshwater bodies to ultra-low concentrations is fundamental to prevent eutro-
phication, while its recovery is necessary to close the P usage cycle. Iron oxide-based adsorbents seem promising 
candidates, being abundant, cheap, and easy to synthesize compounds, with good affinity for P. Affinity is the 
key parameter when targeting ultra-low concentrations. Also, adsorbent regeneration and re-use is fundamental 
for the economic viability, hence the adsorbent stability is important. Goethite, (α-FeOOH), is one of the most 
stable iron (Fe3+) (hydr)oxide species, with higher affinity, but lower adsorption capacity (per kg) compared to 
other species. Doping could change goethite surface properties, to boost the adsorption capacity, while preser-
ving the high stability and affinity for P. In this work, pure goethite was compared to goethite doped (5%at.) with 
different elements of different preferential oxidation states: Zn2+, Mn3+, and Zr4+. Doping was successfully 
achieved for all elements, albeit Zr showed a lower Fe substitution than targeted. Zn doping increased the 
goethite point of zero charge and adsorption capacity (per mass and per surface area), preserving the high af-
finity, while Mn- and Zr- doping displayed a decrease in all the parameters. These could be explained with 
surface protonation as a charge compensation mechanism in Zn2+-for-Fe3+ substitution. The regeneration test 
showed improved P recovery for Zr- and Zn-doped goethite. All samples remained stable throughout the whole 
process. This work provides promising insights on doping as a strategy to manipulate iron oxides surface 
properties and for developing a highly performing and long-lasting goethite-based adsorbent.   

1. Introduction 

Freshwater bodies eutrophication is mainly caused by excess phos-
phorus (P) [1,2], eventually leading to algae blooms, causing several 
harmful environmental and socio-economic issues [3–5]. P ends up in 
water bodies via municipal wastewater and agricultural run-off, being a 
vital and irreplaceable nutrient, which is (over)used as a fertilizer. 
Moreover, P is a scarce and non-renewable resource extracted from 
phosphate rock mines present in a few countries, and its usage is mainly 
linear. As Europe almost completely relies on its import [6–8], the Eu-
ropean Commission listed phosphate as a Critical Raw Material, asking 
for cyclic usage and better management [6,9,10]. In this perspective, P 

removal and recovery technologies have been developed, especially for 
wastewater treatment plants (WWTP). However, WWTP effluents P 
concentration requirements (< 1–2 mg L− 1) [11] are hundred times 
higher than the threshold of eutrophication, as algae bloom in fresh-
water bodies can take place at concentrations above 10–20 μg L− 1 [2]. 
This is mainly due to the soluble P fraction, phosphate (henceforth also 
referred to as P for simplicity), which is the bioavailable form of P and 
the most challenging fraction to remove. For instance, P removal via 
chemical precipitation in WWTP faces technical and economical limi-
tations to reach such low concentrations [12]. Therefore, a polishing 
step to remove P down the so-called ultra-low concentrations (< 20 μg 
L− 1) is necessary. 

Abbreviations: WWTP, Waste Water Treatment Plant; P, Phosphorus/Phosphate; NPs, Nanoparticles; M, Metal; MQ, Milli-Q Water; DW, Demineralized Water; ICP, 
Inductively Coupled Plasma Optical Emission Spectroscopy; TEM, Transmission Electron Microscopy; SAED, Selected Area Electron Diffraction; SSA, Specific Surface 
Area; pzc, Point of Zero Charge; RMSPE, Root Mean Squared Percent Error; XRD, X-Ray Diffraction; MS, Mössbauer Spectroscopy; IS, Isomer Shift; QS, Quadrupole 
Splitting; Hf, Hyperfine Field. 
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Adsorption with iron oxide-based adsorbents looks promising for 
reaching ultra-low P concentrations, while allowing for P recovery. Iron 
oxides (including hydroxides and oxyhydroxides) are abundant, cheap, 
and easy to synthesize compounds, which display good affinity and 
selectivity for P. This is because the adsorption mechanism is based on 
chemisorption, meaning that a chemical bond is formed between the 
iron oxide surface and phosphate [13]. The process can be reversed via 
an alkaline wash, allowing to recover P and regenerate the adsorbent, 
that can be reused for further adsorption cycles[14]. Many studies have 
been performed under laboratory conditions, favouring the develop-
ment of adsorbents with high specific surface area (SSA), and thereby 
potentially increasing adsorption capacities. An example of that is the 
work performed by Wang et al. [15]. In their work, it is shown how 
ferrihydrite, an amorphous iron oxide species with very high SSA, offers 
high P-capacity and has often been preferred to other crystalline species 
such as goethite (α-FeOOH). However, goethite displays higher affinity 
for P compared to ferrihydrite [15,16]. Affinity is a parameter that 
provides information on the extent of interaction between the adsorbent 
and the adsorbate and has also been interpreted as the adsorbent ca-
pacity at low adsorbate concentrations [17]. This means that affinity 
provides an indication on how well an adsorbent is able to adsorb P, 
even at the low concentrations, making it a crucial parameter when 
targeting ultra-low concentrations. In this perspective, goethite is an 
interesting candidate for developing an adsorbent for eutrophication 
prevention. Moreover, P adsorption studies spent little attention to P 
recovery and adsorbent regeneration. Kumar et al. [12], highlighted that 
reusing an adsorbent for 50–100 times would make the process 
economically viable. Therefore, goethite, being one of the most stable 
iron oxide species, is promising in regard to reuse than the highly un-
stable ferrihydrite. 

Doping could help manipulating goethite surface properties, 
increasing adsorption capacity while preserving its affinity and stability. 
Doping is a key technique in the semiconductor [18–20] and catalysis 
fields [21–24]. It consists in introducing an elemental impurity, for 
instance a metal (M), either via inclusion (in interstices) or through 
substitution, in a host material to alter its properties. The resulting ef-
fects depend on the properties of M, such as ionic radius, electronega-
tivity, and oxidation state, and so on [13,25]. Natural and synthetic 
goethite, both pure and M-substituted goethite, have been widely 
investigated from a crystallographic point of view, as well as for their 
adsorption properties [13,26–32]. Often, these studies have been 
focusing on a single doped goethite sample, and different syntheses 
procedures were adopted. Among the different M-substituted goethite, 
several studies have been performed on Al3+-doped goethite [27, 
33–43], mainly from a crystallographic point of view, with a few 
focusing also on P adsorption but not on P-desorption and adsorbent 
regeneration. Also, a few studies on Mn3+- and Zn2+-doped goethite [29, 
44–49] crystallographic properties are present in literature, though 
without addressing P-adsorption. To our knowledge, no mineral study 
nor attempt of synthesis has yet been conducted on Zr4+-substituted 
goethite. 

In this work, the effect of M-for-Fe substitution in goethite nano-
particles with elements of different preferential oxidation state, i.e., 
Zn2+, Mn3+, and Zr4+, on its properties and the regenerative P adsorp-
tion behavior has been investigated and compared in a systematic way. 
In particular, the effect of these dopants on the surface charge and the 
consequent P-adsorption/desorption performances have been evalu-
ated, and a regeneration of the nanoparticles has been performed. The 
aim of this study is to provide a coherent investigation and insights on 
doping as a strategy to effectively manipulate goethite properties to 
develop an efficient, regenerable and long-lasting adsorbent for P- 
recovery. 

2. Materials & methods 

2.1. Chemicals 

Potassium dihydrogen phosphate (KH2PO4), sodium chloride (NaCl), 
1 M sodium hydroxide (NaOH), 1 M hydrochloric acid, 37 % hydro-
chloric acid (HCl) and manganese nitrate hexahydrate (Mn 
(NO3)2⋅6 H2O) were purchased at VWR (The Netherlands). 3-(N-mor-
pholino) propane sulfonic acid (MOPS) and iron nitrate nonahydrate (Fe 
(NO3)3⋅9 H2O) were obtained from Sigma-Aldrich (The Netherlands), 
and zinc nitrate hexahydrate (Zn(NO3)2⋅6 H2O) and zirconyl nitrate 
(ZrO(NO3)2⋅xH2O) from Alfa Aesar (Germany). 

2.2. Nanoparticles synthesis 

The goethite NPs synthesis was adapted from Villacís-García et al. 
[50] and presented here in short. 200 mL of 2.5 M NaOH CO2-free so-
lution was added to an Fe solution of 50 g of Fe(NO3)3⋅9 H2O in 825 g of 
the CO2-free MQ water at 1 mL min− 1 with a peristaltic pump (Cole--
Palmer, Masterflex L/S), under N2 bubbling and 250 rpm stirring. After 
NaOH addition the solution was let stirring for additional 30 min. The 
suspension, consisting of ferrihydrite, was aged to goethite in an oven at 
60 ◦C for 48 h, occasionally shaking it for better homogeneity. The 
transformation from ferrihydrite to goethite caused the suspension to 
turn from dark brown to ochre. 

The doped nanoparticles were synthesized following the same pro-
cedure, with the only difference of having a mixture of Fe and 5%at. M/ 
Fe solution, for which the Zn, Mn and Zr salts were weighed accordingly. 
The color change in this process was from dark brown to orange/purple 
for Zn, to black/olive green for Mn and to a different shade of ochre for 
Zr. 

The NPs were then separated via Buchner filtration, thoroughly 
rinsed with MQ water, resuspended in Demineralized Water (DW), 
thoroughly shaking and sonicating for 10 min at 40 kHz (Bandelin, 
Sonorex RM16UH). The pH was adjusted to around 7 with HCl and 
NaOH. The NPs were let to settle while the supernatant replaced with 
DW and adjusted to pH 7, until its conductivity was below 0.1 µS cm− 1. 

The synthesized samples are referred to as G for the pure goethite, 
and G[Zn5], G[Mn5] and G[Zr5], based on the nominal doping. 

2.3. Nanoparticles characterization 

The NPs were characterized with several techniques, to retrieve as 
many information as possible. 

The pH and conductivity of the suspensions were measured with a 
SevenExcellence pH/Cond meter S470, Mettler-Toledo. 

The NPs mass concentration of each suspension was assessed by dry 
weight, drying NPs suspension aliquots in the oven at 60 ◦C. 

The M-for-Fe %at. was verified by dissolving the NPs (upon centri-
fugation) in HCl 37 % acid solution and analyzing the elemental 
composition with a Perkin Elmer Optima 5300 DV Inductively Coupled 
Plasma Optical Emission Spectroscopy (henceforth referred to as ICP). 

The size and shape of the pure and doped NPs were retrieved with a 
JOEL JEM1400-plus Transmission Electron Microscopy (TEM) with a 
TVIPS F416 camera operating at 120 kV. Over 200 NPs per sample were 
analyzed with ImageJ software to estimate the NPs size distribution. The 
NPs crystallinity was also qualitatively investigated with Selected Area 
Electron Diffraction (SAED). 

Qualitative crystallinity and crystallite size estimation, and precise 
phase identification were obtained with X-Ray Diffraction (XRD) mea-
surements. The diffractometer was a PANalytical X′Pert pro X-Ray 
mounted in the Bragg-Brentano configuration with a Cu anode 
(0.4 mm × 12 mm line focus, 45 KV, 40 mA). X-Ray scattered intensities 
were measured with a real-time multi strip (RTMS) detector 
(X′Celerator). The sample holder was a spinner, and the angle range for 
data collection was 10◦ < 2θ < 100◦ with a step size of 0.008◦ (2θ) and 
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measuring time of 1 h. XRD patterns were analyzed in fingerprinting 
mode using the PANalytical X′Pert software. 

Mössbauer spectroscopy (MS) was employed to thoroughly identify 
the iron oxide phases of the pure and doped samples, investigating the 
effect of the dopants on the goethite properties. MS was also used to 
assess the sample stability after regeneration. Measurements were per-
formed at three different temperatures, 300 K, 120 K (set-up thermali-
zation with liquid N2) and 4.2 K (liquid He temperature), as the low 
temperatures promote the Zeeman splitting, helping to better identify 
the different species. Transmission 57Fe MS spectra were collected with 
conventional constant acceleration or sinusoidal velocity spectrometers 
using a 57Co (Rh) source and calibrated to α-Fe. The MS spectra were 
analyzed with MossWinn 4.0 software [51] to obtain some fundamental 
parameters for the phase identification: the isomer shift (IS) [mm s− 1], 
the quadrupole splitting (QS) [mm s− 1], the hyperfine magnetic field 
(Hf) [mm s− 1], as well as the peaks line-width (Γ) [mm s− 1] and the 
spectral phase contribution [%]. 

The surface charge of the pure and doped NPs was estimated in terms 
of point of zero charge (pzc), i.e., the pH at which the net surface charge 
of the adsorbent is neutral. The pzc was estimated adapting the salt 
addition method from Mahmood et al. [52], and Tan et al. [53]. The 
whole procedure was performed in a glovebox, with all solutions being 
bubbled with N2 gas to prevent pH fluctuations, and all NPs suspensions 
were sonicated for 10 min before use. Shortly, 50 mL centrifuge tubes 
with 10 mL of 5 g L− 1 NPs suspensions were prepared (in duplicates) 
with different initial pH between 5 and 10 using HCl and NaOH. The 
samples were placed in a shaking incubator at 150 rpm and 25 ◦C for 5 
days, to let the solution equilibrate. The initial pH, pHin, were then 
measured, and 0.526 of 2 M NaCl solution was consequently added to 
the samples, obtaining a final NaCl concentration of 0.1 M. The samples 
were placed in the shaking incubator for at least a week for equilibra-
tion. The final pH, pHfin, was then measured and recorded for each NP 
sample, the pH differences, ΔpH = pHfin - pHin, were plotted against the 
pHin values. The data were then interpolated with two approaches: a 
polynomial curve applied to the whole data range; a linear function 
applied to the data for which ΔpH approaches zero. The pzc is the pH 
value at which ΔpH = 0, which is the value at which the plotted curve 
crosses the x axis (pHin). The error assigned to the pzc was ± 0.15, which 
is an excess approximation of the root mean squared sum of the single 
contributions being: ± 0.10 for pHin, ± 0.05 for pHfin, and ± 0.02 of the 
pH meter (handheld PH 20, VWR, with GE 114 WD electrode). 

The specific surface area (SSA) of the NPs was estimate using 
Micromeritics Tristar 3000 via Brunauer-Emmett-Teller analysis. Sam-
ples of 100 mg of dried NPs were degassed overnight under Ar atmo-
sphere at 70 ◦C, followed by N2 adsorption-desorption cycles for SSA 
estimation. The data were analyzed with the non-local density func-
tional theory model in the built-in software. 

The NPs samples for MB, XRD and SSA measurements were centri-
fuged, oven-dried at 40–60 ◦C and grinded before being placed in the 
respective sample holders. 

2.4. Phosphate adsorption experiments 

For the P adsorption experiments, a stock solution of 500 mg L− 1 of P 
in DW was prepared from KH2PO4 salt. Different dilutions were pre-
pared, to obtain P concentrations of 0.1, 0.5, 0.75, 1, 2.5, 5, 7.5 and 
10 mg L− 1, each with 20 mM MOPS as a pH buffer, and pH adjusted to 
around 7.2 with NaOH/HCl. This pH value was chosen as it is one of the 
buffering points of MOPS, which lies within the usual pH range 6–8 of 
WWTP effluents and surface waters. The NPs suspensions of 1 g L− 1 

were prepared and sonicated for 10 min before addition. The addition 
consisted of 100 mL of P diluted solutions, from which 10 mL were 
removed for ICP analysis, and 10 mL of NPs suspensions, for the 
adsorption duplicates (adsorbent concentration of 0.1 g L− 1), or 10 mL 
of DW, for the blanks, were added. The samples were then placed in a 
shaking incubator at 25 ◦C and 150 rpm for 2 days, as previous tests 

showed this time was more than enough to reach the adsorption equi-
librium. Nevertheless, a few samples were kept running for one more 
week and then analyzed for control, without showing any relevant 
difference. 

2.5. Desorption/regeneration experiments 

The regeneration test was performed following an adsorption 
experiment similar to that performed for the adsorption equilibrium 
experiment. In this case, after equilibrium was reached, the pH was 
increased in the same solution via NaOH addition. This procedure was 
chosen to avoid NPs separation via centrifugation, which can cause 
irreversible NPs agglomeration, and long sonication to redisperse them, 
which can structurally affect the NPs. For these reasons it was opted for a 
single regeneration run and not multiple adsorption-desorption cycles. 
Moreover, the idea of this test is to verify whether regeneration would 
require more effort with doped goethite in case doping would promote a 
stronger NPs-to-P bond or other P removal mechanism such as surface 
precipitation. 

The adsorption experiment preceding the regeneration step was 
performed preparing 100 mL solutions with P concentrations of 
25 mg L− 1 and 20 mM MOPS at pH 7.2, from which 10 mL were 
removed for ICP analysis, replaced by 10 mL of 3 g L− 1 NPs suspension 
for the adsorption duplicates, and 10 mL of DW for the blanks. The 
samples were placed in a shaking incubator at 25 ◦C and 150 rpm for 5 
days. Then, 5 mL were collected for ICP analysis while 5 mL of 1 M 
NaOH solution was added, increasing the pH to about 12.6. The samples 
were shaken at 25 ◦C and 150 rpm for 1 day. The solution was then 
analyzed with ICP and the NPs with MS. The regeneration pH was 
deliberately at a lower value compared to the usual pH 13–14 (0.1–1 M 
NaOH) to enhance the desorption differences. In fact, the main goal is to 
investigate whether a different P uptake mechanism (e.g., surface pre-
cipitation, stronger bond, etc.) due to doping would require higher effort 
for desorption. Moreover, for a single run, desorbing at pH 13–14, where 
usually all the P is desorbed, would not highlight any difference, and 
would not show any relevant information on possible NPs (synthesized 
at pH > 12) deterioration. 

2.6. Samples analysis 

All the P-based solutions were analyzed with ICP, to determine the 
initial concentrations, C0 [mg L− 1] of the blanks and the equilibrium 
concentrations, Ceq [mg L− 1] of the adsorption samples. The latter were 
always filtered with a 25 nm pore size filter (MF-Millipore Membrane 
Filter, 0.025 μm pore size, Merck), with the help of a six channel NE- 
1600 syringe pump (New Era Pump Systems, Inc.) prior ICP samples 
preparation. No appreciable difference in P concentrations was observed 
between the filtered and unfiltered blank samples, assuming filtration to 
have a negligible influence on the P concentrations at these ranges. The 
amount of P adsorbed per mass of adsorbent, q [mg g− 1], was calculated 
with: 

q =
C0 − Ceq

mNPs
V (1)  

where mNPs [g] is the mass of adsorbent and V [L] is the volume of the 
sample. 

2.7. Data analysis 

The adsorption isotherms were obtained by plotting q against Ceq 
(with duplicate data) and fitting them with two adsorption isotherm 
models, the Langmuir [54] and the Freundlich [55] isotherm models. 

The Langmuir isotherm assumes a monolayer-like adsorption with 
homogeneous adsorption sites and without interaction between the 
adsorbed adsorbate molecules. Hence, this is an ideal model, and it was 
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developed for gas adsorption on solid phase. The Langmuir isotherm 
equation is: 

q =
qmaxKLCeq

1 + KLCeq
(2)  

where qmax [mg g− 1], is the capacity, identified by the height of the 
isotherm plateau, and KL [L mg− 1] is the Langmuir constant which is 
related to the affinity between the adsorbate and the adsorbent binding 
sites, identified by the steepness of the ascending part of the isotherm. 

The Freundlich isotherm is an empirical model, i.e., its constants do 
not have a physical meaning, and it assumes adsorption to happen on a 
heterogeneity of sites. The Freundlich isotherm equation is: 

q = KFCeq
n (3)  

where KF [(mg g− 1)(mg L− 1)-n] is the Freundlich constant, also called 
adsorption strength, which is related to the capacity of the adsorbent, 
and n is a dimensionless constant related to the surface sites’ 
heterogeneity. 

Given the strong limitation of the two models, the fitting parameters 
were evaluated carefully, as a mere mean of comparison, meaning that 
results were interpreted in relative terms between the different samples, 
rather than in absolute terms or with too much physical interpretation. 

Similarly, data were also analyzed in terms of P adsorption per SSA of 
the NPs. 

The fittings were performed using Microsoft Excel Solver, 

Fig. 1. The synthesized NPs suspensions (1 g L-1, pH ∼ 7), G, G[Zn5], G[Mn5], 
G[Zr5] (left to right), showing the different colors of the suspensions. 

Table 1 
Theoretical and experimental doping %at. from ICP analysis after NPs acid 
dissolution, and SSA values from BET analysis of the different synthesized NPs.  

Sample Theoretical 
Zn/Fe %at. 

Experimental 
Zn/Fe %at. 

SSA [m2 g− 1] 

G 0 0 84.7 ± 0.9 
G[Zn5] 5 5.1 ± 0.3 76.0 ± 0.8 
G[Mn5] 5 5.1 ± 0.3 74.2 ± 0.3 
G[Zr5] 5 3.9 ± 0.2 69.4 ± 0.2  

Fig. 2. TEM images of the synthesized NPs.  
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minimizing the RMSPE (Root Mean Square Percentage Error), which 
values were reported as a measure of the goodness of the fit. 

For the regeneration tests, the adsorbed P per mass and per SSA and 
the percentage of P desorbed have been reported in histogram plots, 
together with the duplicate values. 

Finally, the P surface coverage percentage after adsorption and the 
un-desorbed P fraction after regeneration have been calculated consid-
ering a phosphate ionic radius of 238 pm [56]. 

3. Results and discussion 

3.1. Characterization 

The synthesized NPs suspensions display different colors, as visible in  
Fig. 1. G and G[Zr5] display different shades of ochre, G[Zn5] an or-
ange/purple color while G[Mn5] a black/olive green color. In partic-
ular, the latter appears to be slightly attracted to strong magnets (not 
shown here). 

3.1.1. Elemental composition and SSA measurement 
The ICP elemental analysis performed on the doped samples after 

NPs dissolution, values are reported in Table 1, confirmed the desired 
5%at. M-for-Fe substitution for Zn and Mn, while a lower Zr-for-Fe 
substitution ((3.9 ± 0.2) %at.) was observed. Zr4+ has an ionic radius 
of 72 pm [57], about 12 % larger than that of Fe3+ (64.5 pm, for 
high-spin Fe3+ in sixfold coordination, as is in goethite [57]), which falls 
within the ionic radius difference range for successful isomorphous 
substitution in goethite (< 18 %, [13]). Nevertheless a different 
Zr-for-Fe substitution can be expected since the ionic charge of Zr (+4) is 
higher than that of Fe in goethite (+3) [13]. A reason for that could be a 
combination of the higher charge and bigger size compared to Fe3+ [13], 
since other higher oxidation state elements like Ti4+, which has a 
smaller radius (61 pm, [57]) than that of Fe3+, was shown to success-
fully substitute for Fe in goethite [32]. 

The BET analyses show all the samples to have SSA values of the 
same order of magnitude, following the trend: G > G[Zn5] > G[Mn5] >
G[Zr5]. SSA values are reported in Table 1. 

3.1.2. TEM and SAED 
The NPs morphology analysis performed with TEM, shown in Fig. 2, 

reveals that all the samples consist of rods, typical of goethite[13], with 
aspect ratio changing with doping, as expected [13]. G[Zn5] displays 
elongated and narrower rods, compared to G, as observed also by Kre-
hula et al. [49]. Similarly, G[Mn5] displays elongated and narrower 
rods, with also the presence of filament like rods, in agreement with 
observations by Rout et al. [45]. Conversely, G[Zr5] NPs displayed a 
shortening and widening of the rods with irregular shape and a rougher 
surface compared to the other samples, in line with what has been re-
ported for Sn4+-doped goethite [58]. The different habit could be 
explained with the different mechanism of Zr substitution in goethite, 
causing retardation in the growth of different crystal facets compared to 
the other dopants. This could perhaps be related as well to the lower Zr 
%at. observed, suggesting that Zr is over all less prone to substitute Fe in 
goethite. A precise size estimation was not possible given the agglom-
eration of the NPs during TEM sample preparation. Thus, a more 

qualitative size estimation was performed with ImageJ, supporting what 
was previously discussed on the different aspect ratios, and the corre-
sponding values are reported in Table 2. 

SAED images, shown in Figure S.1, reveal that all the samples consist 
of polycrystalline NPs of goethite, as inferable from the well-defined ring 
patterns with intense spots. 

3.1.3. X-ray diffraction 
The analysis of the XRD patterns, shown in Fig. 3, displayed good 

agreement with the goethite phase for all samples, meaning that doping 
did not promote the formation of other iron oxide species. Differences in 
the peak intensity and broadening can be ascribed to different causes, 
such as preferential orientation, different aspect ratio, and different 
crystallinities of the NPs rods. These results are in agreement with SAED 
observations. A qualitative average crystallite size estimation for each 
sample has been obtained with the PANalytical X′Pert software (using 
peaks [110], [020], [111]). The unit cell parameters have been calcu-
lated from the XRD patterns, to highlight the distortions caused by the 
different dopants. These values are reported in Table 3. 

3.1.4. Mössbauer spectroscopy 
MS spectra are reported in Fig. 4, while Table 3 reports the fitting 

parameters values, together with the hyperfine parameters of bulk 
goethite [59]. The analyses support what was already observed with 
TEM-SAED and XRD, namely, the sample consist of goethite-like phases. 
The 300 K spectra of all samples provided IS and QS values typical of 
high-spin Fe3+ in octahedral coordination. The peaks asymmetrical 
broadening at 300 K is typical of the goethite phase with a distribution 
in particle sizes, hence a magnetic distribution fit was applied. The 
observed Hf values are lower compared to the 38.0 T typical of bulk 
goethite, and this is indeed related to the nanosized nature of the sam-
ples. Moreover, a further reduction in the Hf value was registered for the 
doped samples, suggesting a successful M-for-Fe substitution, as impu-
rities are known to reduce the magnetic coupling between the Fe atoms 
in the crystals. Sample G[Zn5] 300 K spectrum appears different from 

Table 2 
Particle size estimation of the synthesized NPs from TEM images using ImageJ 
software.  

Sample Length [nm] Width [nm] 

Min Max Mean Min Max Mean 

G 11 305 102 ± 46 3 23 11 ± 3 
G[Zn5] 12 330 115 ± 55 3 20 9 ± 3 
G[Mn5] 13 417 133 ± 61 1 33 11 ± 5 
G[Zr5] 16 196 98 ± 35 2 30 15 ± 6  

Fig. 3. XRD patterns of the synthesized NPs.  

Table 3 
Unit cell parameters and crystallite size estimation of the pure and doped 
goethite nanoparticles.  

Sample Unit cell dimensions [Å] Crystallite size 
[Å] 

a b c 

G  9.971  3.026  4.629 120 
G[Zn5]  10.096  3.019  4.613 70 
G[Mn5]  9.974  3.019  4.613 105 
G[Zr5]  9.898  3.025  4.633 140  
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the others, as its spectrum consists of a broad sextet (Γ = 0.53 mm s− 1 

compared to Γ ∼ 0.3 mm s− 1 of the other samples) and a doublet. This 
latter contribution represents a paramagnetic-like behavior, suggesting 
that either two different phases are coexisting, or the magnetic coupling 
was more reduced for Zn substitution compared to Mn and Zr. Thus, a 
measurement at 4.2 K was performed on G[Zn5], which proved the 
sample to consist of one unique phase of homogeneously Zn-doped 
goethite, as inferable from the unique sharp sextet and the retrieved 
fitting parameters. For the other samples, measurements at 120 K were 
enough to confirm that G consisted of pure goethite, while G[Mn5] and 
G[Zr5] consisted of unique Mn-doped and Zr-doped goethite phases, 
respectively. In particular, the reduction in the average Hf value of G 
[Mn5] compared to that of G suggests that Mn entered into the goethite 
structure as Mn3+, as expected, based on previous studies [29,44, 

60–63]. 

3.1.5. Point of zero charge 
The pzc of the different samples estimated with both the polynomial 

(degree 4) and linear interpolations (see Figure S.2) are reported in 
Table S.1and Fig. 5. 

Both approaches show agreement in the pzc determination, except 
for G[Zr5] with a deviation within the errors and thus does not affecting 
the overall trend, which is G[Zn5] > G > G[Mn5] > G[Zr5]. This is 
contrary to what was hypothesized, a higher oxidation state to favor a 
more positive surface charge (higher pzc) in goethite, since Zn, Mn and 

Fig. 4. MS spectra of the synthesized NPs measured at different temperatures (300, 120 and 4.2 K). Black lines represent the measured spectra, colored lines 
represent the fitted spectral contributions. 

Fig. 5. pzc values estimated from the polynomial data interpolation.  

Fig. 6. Freundlich (solid line) and Langmuir (dashed line) adsorption isotherms 
with the duplicates data of the different synthesized NPs. Results are normal-
ized with respect to the mass of adsorbent. 
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Zr Pauling’s electronegativity values are similar, (1.5–1.6 [64]), and 
lower than that of Fe (1.8). However, a similar result was obtained by 
Mohapatra et al. [31], which observed an increase in the pzc of goethite 
when doping with Cu2+, while the opposite was observed when doping 
with Ni2+. This effect could be explained by hypothesizing a higher 
surface protonation in G[Zn5], due to a charge compensation mecha-
nism in Zn2+-for-Fe3+ substitution, as proposed by Giovanoli et al. [29]. 
These results suggest G[Zn5] having a "more positive" surface charge in 
the pH range 6–8 of interest for freshwater bodies and WWTP effluents, 
while the opposite holds for G[Zr5], which would transition from 
weakly positive to weakly negative. This could be due to the opposite 
trend, in which Zr4+-doped goethite might retain more OH- surface 
groups, as a charge compensation mechanism or others, as a similar 
result was observed for Al3+-doped goethite [65]. 

3.2. Adsorption experiments 

Fig. 6 shows the adsorption isotherms per unit mass for all the NPs 
samples, with the fitted Langmuir and Freundlich curves, fitting 
parameter values are reported in Table 4. Both models seem to describe 
the adsorption trends well, probably due to the low adsorbent concen-
trations involved in the experiments (maximum SSA P coverages be-
tween 20 % and 30 %) and relative homogeneity of the different NPs 
surface morphologies. Nevertheless, it is important to remind that the 
two models face several limitations, and their application and fitting 
parameter values are meant just to help with the comparison and should 
be interpreted in relative rather than absolute terms. The adsorption 
trend is the same as that observed for the pzc: G[Zn5] > G > G[Mn5] 
> G[Zr5], as reflected by the fitting parameters: qmax, KL, KF and n− 1. 
Focusing on the affinity constant KL, it is visible that goethite affinity for 
P has not been compromised by Zn-doping (actually slightly improved), 
while a reduction to a less than a third was observed with both Mn and 
Zr. This might be related to the higher pzc of G[Zn5], meaning that the 
more positive surface charge is able to attract more P. 

Fig. 7 shows the adsorption isotherms per SSA, and the fitting pa-
rameters are reported in Table 5. Also in this case, G[Zn5] shows the 
highest P adsorbed, about 50 % higher (both per mass and SSA) 
compared to the others. This suggests G[Zn5] to have a more efficient 
surface for P adsorption, with the more positive charge able to attract 
more P, and possibly a higher site density or wider functional crystal 
faces for P adsorption. Further, this shows that SSA is not directly related 
to the adsorption performances, hence not being a determining factor for 
the adsorption capacity. 

3.3. Regeneration experiments 

The regeneration tests followed an adsorption experiment that 
consistently reproduced the trends observed in the isotherm experi-
ments, both per mass and per SSA, as visible in Figure S.3 and Table S.2. 

These results translate in a higher P surface coverage of about 33 % 
for G[Zn5], while a similar coverage between 22 % and 24 % were 
observed for the other samples, further corroborating the higher 

Table 4 
MS reference values and fitting parameters of G, G[Zn5], G[Mn5] and G[Zr5] at 300 K, 120 K and 4.2 K.  

Sample T 
(K) 

IS 
(mm⋅s− 1) 

QS 
(mm⋅s− 1) 

Hf 

(T) 
Γ 
(mm⋅s− 1) 

Phase Spectral contribution (%) 

Bulk goethite 
reference values 
[59]  

300  0.37 -0.26 38.0 - - -  
4.2  0.37 -0.25 50.6 - - - 

G  300  0.38 -0.26 32.4* 0.28 α-FeOOH 100  
120  0.36 -0.24 48.9* 0.26 α-FeOOH 100 

G[Zn5]  300  0.38 
0.42 

-0.24 
0.85^ 

24.6* 
- 

0.53 
0.85 

α-(Zn,Fe)OOH Fe3+ 77 
23  

4.2  0.35 -0.21 49.6* 0.32 α-(Zn,Fe)OOH 100 
G[Mn5]  300  0.38 -0.27 29.8* 0.25 α-(Mn,Fe)OOH 100  

120  0.36 -0.25 48.4 0.29 α-(Mn,Fe)OOH 100 
G[Zr5]  300  0.38 -0.27 30.9 0.26 α-(Zr,Fe)OOH 100  

120  0.36 -0.24 46.9 0.23 α-(Zr,Fe)OOH 100 

Experimental uncertainties: Isomer shift: I.S. ± 0.01 mm s-1; Quadrupole splitting: Q.S. ± 0.01 mm s-1; Line width: Γ ± 0.01 mm s-1; Hyperfine fields: ± 0.1 T; Spectral 
contribution: ± 3 %. *Average magnetic field. ^Fixed value. 

Fig. 7. Freundlich (solid line) and Langmuir (dashed line) adsorption isotherms 
with the duplicates data of the different synthesized NPs. Results are normal-
ized with respect to the SSA of adsorbent. 

Table 5 
Langmuir and Freundlich fitting parameter of G, G[Zn5], G[Mn5] and G[Zr5] adsorption isotherms normalized to the mass of the adsorbent, with the relative RMSPE.  

Sample Langmuir Freundlich 

qmax 

[mg g− 1] 
KL 

[L mg− 1] 
RMSPE n KF 

[ (mg g− 1)(mg L− 1)-n] 
RMSPE 

G 5 47  0.34  0.06 5  0.34 
G[Zn5] 6 49  0.47  0.03 6  0.47 
G[Mn5] 4 15  0.34  0.07 4  0.34 
G[Zr5] 4 10  0.34  0.10 3  0.34  
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adsorption sites density of G[Zn5]. 
The regeneration tests, desorption percentages reported in Table 6 

and Fig. 8, show the following trend: G[Zr5] > G[Zn5] ≳ G > G[Mn5]. 
This means that samples G[Zn5] and G[Zr5] did not require more effort 
for the regeneration compared to G, suggesting that no different P 
removal mechanism, such as precipitation, was promoted by the dopant. 
Sample G[Mn5], however, displayed the lowest desorption potential, 
and it is not to be excluded that a stronger bond or other mechanisms 
like surface precipitation might have happened. We conclude from these 
results that that Zn- and Zr- doping did not affect the P bonding mech-
anism to the extent of requiring more or less effort for desorption.  
Table 7. 

3.4. Mössbauer spectroscopy on regenerated samples 

The MS measurements of the regenerated samples were performed 
only at 300 K, as this was sufficient to draw conclusions, with the 
exception of sample G[Zn5], for similar reasons as explained in Section 
3.4. The spectra are shown in Figure S.4 while the fitting parameters 
from data analysis are reported in Table S.3. G, G[Mn5], and G[Zr5] 
appeared to still consist of goethite-like phase, with slight differences 
ascribable to increased NPs size, probably due to sintering during 
centrifugation and oven drying of the samples. Conversely, G[Zn5] 
shows a slightly different spectrum compared to that of the virgin 
sample, with a significantly reduced intensity of the doublet contribu-
tion. Hence, a further measurement at 120 K was performed to exclude 
the possibility that the sample consists now of two different goethite-like 

phases, a pure one, and a Zn-doped one, or of another iron oxide phase. 
However, G[Zn5] displays a lower mean Hf = 46.5 T value compared to 
that of G, Hf = 48.9 T, at 120 K, and since no Fe and Zn dissolution was 
observed throughout the whole process, it was considered to have 
remained stable. Also in this case, NPs sintering might have taken place, 
as well as improved crystallinity, due to the observed reduction of Γ. 
From MS analysis it could be concluded that all the samples remain in 
the goethite-like phase, possibly preserving the level of doping, as no Zn, 
Mn or Zr was detected by the ICP in any solution. Further investigation 
at higher desorption pH values and multiple regeneration is needed, to 
obtain a rough estimation of the lifespan of the adsorbent. 

Finally, further consistent comparative studies on goethite doping, 
both using different elements and doping percentages, are recom-
mended to better understand the effect of the different dopant features 
on the overall goethite properties. Also, providing a support, such as ion 
exchange resins (i.e., the commercially available hybrid anion exchange 
adsorbents, HAIX), would allow to perform multiple adsorption/ 
desorption tests, better estimating the reusability and life span of the 
adsorbent, while providing application to such nanoparticles in real-life 
systems. 

4. Conclusions 

The characteristics and adsorption properties of pure and doped 
goethite NPs using elements of different preferential oxidation states 
were investigated. A successful M-for-Fe substitution was obtained for 
all the elements, i.e., Zn2+, Mn3+ and Zr4+, although Zr displayed a 
lower substitution than targeted. This latter observation was ascribed to 
a combination of substitution mechanism and size and charge differ-
ences between Zr4+ and Fe3+. It was observed that Zn2+-doping 
increased the pzc of goethite, probably as a combination of protonation, 
as a charge compensation mechanism, and preferential growth of 
goethite crystal faces with high functional site density. This effect 
resulted in improved adsorption performances in terms of capacity, both 
per mass and per SSA, and affinity. It was also highlighted that SSA is not 
a determining factor for the adsorption capacity. Conversely, Mn3+ and 
Zr4+ doping caused a decrease in pzc and P-adsorption performance. The 
desorption test showed on average improved P-desorption for Zn2+- and 
Zr4+-doped goethite, while a decrease in desorption was observed for 
Mn3+. This consistent comparative study shows the promising effects of 
Zn-doping for developing an effective and stable goethite-based adsor-
bent and provides insights on how to employ doping as a strategy to 
manipulate iron oxide surface properties. 
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Table 6 
Langmuir and Freundlich fitting parameter of G, G[Zn5], G[Mn5] and G[Zr5] adsorption isotherms normalized to the SSA of the adsorbent, with the relative RMSPE.  

Sample Langmuir Freundlich 

qmax 

[mg m− 2] 
KL 

[L mg− 1] 
RMSPE n KF 

[ (mg m− 2)(mg L− 1)-n] 
RMSPE 

G  0.06 47  0.34  0.06  0.05  0.34 
G[Zn5]  0.08 49  0.47  0.03  0.08  0.47 
G[Mn5]  0.06 15  0.34  0.07  0.05  0.34 
G[Zr5]  0.06 10  0.34  0.10  0.05  0.34  

Fig. 8. Desorbed P and relative surface hindrance of undesorbed P of samples 
G, G[Zn5], G[Mn5] and G[Zr5]. 

Table 7 
Desorbed P and relative surface hindrance of undesorbed P of samples G, G 
[Zn5], G[Mn5] and G[Zr5].  

Sample P desorbed 
% w/w 

% SSA 
still covered 

G 65 ± 1 6.8 ± 0.7 
G[Zn5] 71 ± 12 8 ± 4 
G[Mn5] 50 ± 4 10.7 ± 0.6 
G[Zr5] 86 ± 8 2.2 ± 1  
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