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ferric hydroxides
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ABSTRACT
Phosphonates are widely used in various industries. It is desirable to remove them before
discharging phosphonate-containing wastewater. This study describes a large number of batch
experiments with adsorbents that are likely suitable for the removal of phosphonates. For this,
adsorption isotherms for four different granular ferric hydroxide (GFH) adsorbents were determined
at different pH values in order to identify the best performing material. Additionally, the inﬂuence of
temperature was studied for this GFH. A maximum loading for nitrilotrimethylphosphonic acid
(NTMP) was found to be ∼12 mg P/g with an initial concentration of 1 mg/L NTMP-P and a contact
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time of 7 days at room temperature. Then, the adsorption of six different phosphonates was
investigated as a function of pH. It was shown that GFH could be used to remove all investigated
phosphonates from water and, with an increasing pH, the adsorption capacity decreased for all six
phosphonates. Finally, ﬁve adsorption–desorption cycles were carried out to check the suitability of
the material for multiple re-use. Even after ﬁve cycles, the adsorption process still performed well.
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INTRODUCTION
The worldwide limits for the discharge of phosphorus into
water bodies are becoming increasingly stringent. With
regard to phosphorus emission, in addition to orthophosphate, other quantitatively relevant P-containing
compounds such as phosphonates should be considered
(Figure 1). Phosphonates are complexing agents that are
used in domestic detergents, but also in various industries,
such as in the textile industry as bleach stabilizers, in drinking
water puriﬁcation as antiscalants, and in industrial detergents
(Nowack & Stone a; Boels et al. ). In only 14 years
(1998–2012), the global phosphonate consumption grew by
more than 67% from 56,000 t/a to 94,000 t/a (Davenport
et al.  (cited by Nowack ); EPA ).
Phosphonates are suspected of contributing to the eutrophication of water bodies, as UV radiation can promote their
degradation to readily available ortho-phosphate (Matthijs
et al. ; Lesueur et al. ; Kuhn et al. ; Rott et al.
a). Only recent developments in phosphonate analytics
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have shown that phosphonates accumulate signiﬁcantly in
sediments and suspended solids and, therefore, could lead
to long-term environmental impacts (Armbruster et al. ).
With regard to the removal of phosphonates from wastewater, the use of UV lamps is often limited due to high
energy costs and an inability to treat the incoming large
volumes of wastewater. During the Fenton and ﬂocculation
process, large quantities of sludge are produced, which then
must be separated and disposed of expensively. In addition,
a very high ﬂocculant concentration is often required to
form a sufﬁcient amount of ﬂocs, as phosphonates are
very strong complexing agents (Rott et al. a, b).
A possible alternative for the removal of phosphonates
is to use iron-containing ﬁlter materials as this utilizes
their high adsorption afﬁnity towards metal-containing surfaces. Possible adsorbents range from iron-coated sand
(Boels et al. ) and commercially available granular
ferric hydroxides (GFH) (Boels et al. ; Chen et al. )
to engineered composite particles (Rott et al. b) and
minerals such as goethite (Nowack & Stone a). These
adsorbents must have both a high adsorption capacity and
an effective regenerability for them to be applicable in
large-scale wastewater treatment applications.
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Chemical structures of considered phosphonates.

So far, however, hardly any studies have been published
on these properties with regard to iron-containing adsorbents and phosphonates. Furthermore, only one
phosphonate is investigated in these studies, although various phosphonates with different properties are used in
industrial processes. For instance, an intensive literature
search has not revealed any previous investigations on the
removal of HPAA. Therefore, in order to close the knowledge gaps mentioned above, this study describes a large
number of batch experiments with four different GFH adsorbents likely suitable for the removal of phosphonates.

technical solution (50%, CUBLEN P 50), as well as EDTMP
(5.3% water of crystallization) and DTPMP (16% water of
crystallization), both as solids, were obtained from Zschimmer
& Schwarz Mohsdorf (Burgstädt, Germany). HPAA, as a technical solution (50%), was purchased from Connect Chemicals
(Ratingen, Germany).
Adsorbents

MATERIALS AND METHODS

A total of four different GFH adsorbents were investigated,
with their properties shown in Table 1 and macro photographs depicted in Figure 2. Each adsorbent was rinsed
once with distilled water over a sieve until the water was
clear and then air-dried under a fume hood.

Reagents and chemicals

Experimental procedure

All solutions were prepared with deionized water produced
from drinking water using an ion exchanger (Seradest SD
2000) and a ﬁlter unit (Seralpur PRO 90 CN). Acetic acid
(AcOH) (100%, Ph. Eur.) and hydrochloric acid (32%,
AnalaR NORMAPUR) were obtained from VWR Chemicals
(Fontenay-sous-Bois, France) and NaOH (99%, Ph. Eur.)
from Merck (Darmstadt, Germany); 2-(N-morpholino)ethanesulfonic acid (MES) (99%), 3-(N-morpholino)propanesulfonic acid (MOPS) (99.5%), 4-(2-hydroxyethyl)1-piperazinepropanesulfonic acid (EPPS) (99.5%), 3-(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid (CAPSO)
(99.5%),
3-(cyclohexylamino)-1-propanesulfonic
acid
(CAPS) (98%), HEDP·H2O (95%), and NTMP (97%) originated from SigmaAldrich (St Louis, MO, USA). PBTC, as a

Buffered solutions containing 1 mg/L P for the six phosphonates in Figure 1 were prepared as follows (pH target value
(pHstart) with buffer concentration in brackets): pH 4
(0.01 M AcOH), pH 5 (0.01 M AcOH), pH 6 (0.01 M
MES), pH 7 (0.01 M MOPS), pH 8 (0.01 M EPPS), pH 9
(0.01 M CAPSO), pH 10 (0.01 M CAPS), and pH 12
(0.01 M CAPS). The pH was set using HCl or NaOH. The
required amount of adsorbent was weighed into a 50 mL
centrifuge tube, which was then ﬁlled with the buffered
P-containing solution to the 50 mL mark, immediately
closed, and clamped in the overhead rotator running at
20 rpm (LLG-uniROTATOR 2). After the predeﬁned contact
time, the centrifuge tube was promptly removed and a
volume of approximately 20 mL of the supernatant was

Table 1

|

Granular ferric hydroxides investigated in this study

#

Adsorbent material

Supplier

Grain size after rinsing [mm]

Point of zero charge [pHPZC]

Speciﬁc surface [m²/g]

GFH1

FerroSorp RW

HeGo Biotec

0.5–2.5

8.6

210

GFH2

FerroSorp Plus

HeGo Biotec

0.5–2.5

8.7

230

GFH3

Double P þ S

BwF Brauchwasserﬁlter

1.25–2.5

8.5

242

GFH4

K24 Phosphatbinder

Teichpoint

2.24–8.0

8.3

279

Downloaded from http://iwaponline.com/wst/article-pdf/81/1/10/676706/wst081010010.pdf
by guest

12

Figure 2

T. Reinhardt et al.

|

|

Batch studies of phosphonate adsorption on granular ferric hydroxides

Water Science & Technology

|

81.1

|

2020

Macro photographs of the different GFH adsorbents.

ﬁltered into an empty glass bottle using a syringe with an
attachable nylon ﬁlter (0.45 μm pore width). From the ﬁltrate, total P and the pH (pHend) were determined. The
experiments were performed in a single approach, except
for Experiment 4 (duplicate approach, i.e. two parallel
runs), for which the results are presented as mean values
with their standard deviations.
In Experiment 1, the NTMP adsorption behavior of
four different GFH adsorbents was determined according
to the procedure described above for a contact time (tc)
of 1 h and various pH values in order to identify the best
performing material (T ¼ 20  C; pH 4, 6, 8, 10, and 12;
tc ¼ 60 min; initial concentration ¼ 1 mg/L NTMP-P; four
different GFH adsorbents). It is noteworthy that this contact time was not sufﬁcient to reach equilibrium.
However, since Experiment 1 merely served to compare
the adsorption behavior of the four different adsorbents,
it was not necessary to reach equilibrium. In Experiment
2, a thermodynamic study of NTMP adsorption on GFH1
was carried out. For this, longer contact times (up to 7 d)
were used to allow more time to reach a possible equilibrium. The inﬂuence of temperature on NTMP
adsorption was investigated in the temperature range of
5–35  C (T ¼ 5, 20, 35  C; pH 6; tc ¼ 60 min – 7 d; initial
concentration ¼ 1 mg/L NTMP-P; GFH1). Experiment 2
was carried out in rooms with different temperatures (climatic room 1 with cooling (5  C), laboratory at room
temperature (20  C), and climatic room 2 with heating
(35  C)) to keep the temperature constant during the experiment. The experiments were not started until the solution
had reached the respective room temperature. For Experiments 1 and 2, the initial NTMP concentration remained
constant while the GFH dosages varied from 0.74 to
14 g/L in Experiment 1 and from 0.02 to 14 g/L in Experiment 2. In Experiment 3, the adsorption capacity of
GFH1 for the six phosphonates and the inﬂuence of the
pH on the adsorption of these compounds were investigated (T ¼ 20  C; pH 4, 5, 6, 7, 8, 9, 10, and 12; tc ¼
60 min; initial concentration ¼ 1 mg/L HPAA-P, PBTC-P,
HEDP-P, NTMP-P, EDTMP-P, and DTPMP-P; GFH1).
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Here, a constant factor of 0.23 g GFH1/μmol of P compound was applied. Experiment 4 investigated the
regenerability of GFH1 in ﬁve cycles (T ¼ 20  C; pH 6;
tc ¼ 60 min each for adsorption and desorption; tc ¼
15 min each for three rinsing steps; initial concentration ¼
1 mg/L NTMP-P; regeneration solution ¼ 1 M NaOH;
GFH1). After performing each adsorption step as described
above, the supernatant (later to be ﬁltered and analyzed)
was decanted. For the desorption steps, the centrifuge
tube was then ﬁlled with 1 M NaOH solution up to the
50 mL mark, rotated for 60 min, and decanted again (the
decanted supernatant was analyzed as well). To remove
NaOH residues which could have unintentionally
increased the pH of the solution in the next adsorption
step, the same procedure was repeated three times in a
row with 50 mL of a buffer solution (0.01 M MES; pH 6)
before the next cycle began. For both NaOH and buffered
solution, fresh solutions were used in each cycle. The dry
weight of GFH1 was determined before and after the ﬁve
cycles to identify how much material had been lost in the
experiment.
Analytical methods
A modiﬁed method based on ISO 6878 (ISOmini, molybdenum blue method), as described by Rott et al. (c),
was used for phosphorus analysis. The applicability of
this method was conﬁrmed using various organic buffers
at 0.01 M mixed with 1 mg/L NTMP-P and 1 mg/L
KH2PO4-P standard, at different K2S2O8 (oxidizing agent)
and NaOH doses and paralleled by P determinations
according to ISO 6878 (Rott et al. c). All glass
materials that came into contact with the sample were
thoroughly rinsed with hydrochloric acid (10%) and deionized water prior to the analysis. The digestion was
carried out in a HachLange HT200S thermostat. The
absorbance was measured with the UV/VIS spectrophotometer Nanocolor UV/VIS II from Macherey-Nagel. For
the analysis of the strongly alkaline regeneration solution,
the original ISO 6878 method (molybdenum blue
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method) was used (ISO :). The pH value was determined with the WTW pH electrode SenTix 81 in
combination with the instrument WTW pH91. Scanning electron microscopy was applied using a Zeiss DSM-982 Gemini
microscope with a thermal Schottky ﬁeld emitter. For preparation, individual samples were applied to a sample carrier
and ﬁxed with conductive silver. To prevent electrical charging of the granules and to gain a clear image, the samples
were sputtered with gold using a Leica coater (EM ACE
600). Furthermore, energy-dispersive X-ray spectroscopy
(EDS) was performed with an X-ray detector from
ThermoScientiﬁc (DSM-982 UltraDRY SDD detector).
Model equations
The Freundlich isotherms were modeled using Equation (1).
The parameters KF and n were determined by non-linear
regression using the least-squares method.
q ¼ KF c1=n

(1)

Additionally, the model by Langmuir (Equation (2)) was
applied to the experimental data. The parameters qmax and
KL were determined by non-linear regression using the
least-squares method.
q ¼ qmax

KL c
1 þ KL c

(2)

All model parameters can be found in Table S1 (Supplementary Material). The Freundlich model led to the
best r 2 values, and therefore, only Freundlich isotherms
are shown in this study.
For the thermodynamic calculations, Equations (3) and
(4) were used. By determining thermodynamic parameters
such as the change in enthalpy (ΔH 0), entropy (ΔS 0), and
free Gibbs energy (ΔG 0), it was possible to assess whether
the sorption process is endothermic or exothermic as well
as the strength and spontaneous nature of adsorption (Yan
et al. ).
ΔG0 ¼ RT ln Kd
ln Kd ¼

ΔS0 ΔH0

R
RT

(3)
(4)

In Equations (3) and (4), R is the universal gas constant
(8.314459 J/(mol K)), T is the temperature (K), and Kd is
the dimensionless form of the Freundlich constant. To
make the temperature-dependent Freundlich constant KF
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dimensionless, it was corrected by a factor of 1,000 g/L (density of water), as according to Milonjić ().
The enthalpy and entropy change was determined from
the slope and intercept of the plot of ln Kd vs 1/T, also
known as the van ’t Hoff plot. A positive value of ΔH 0 indicates endothermic adsorption, i.e. the adsorption process
consumes energy. An exothermic adsorption is described
by a negative value, which means that energy is released.
Negative values of ΔG 0 describe an exergonic (spontaneous)
adsorption, while positive values of ΔS 0 indicate that the
randomness at the solid–solution interface increases
during adsorption (Yan et al. ; Wasielewski et al. ).
The curves in Figure 6, plotting the adsorption capacity as
a function of pH, were modeled by the logistic function model
(Equation (5)). The parameters a, b, and d were determined by
non-linear regression using the least-squares method.
cads (pH) ¼ 1

mg
d

L
(1 þ aeb×pH )

(5)

The coefﬁcient of determination r 2 was calculated as
according to Rott et al. (b). For the species distribution
in Figure 6, the pK values from Rott et al. (b) were
used. Additionally, pK values of 1.12, 3.48, 8.00, and 13.48
for HPAA were applied as calculated for 0 M ionic strength,
as according to CA ().
To test the signiﬁcance of the experimental and modeled
data, a Student’s t-test was performed. Calculated p-values
can be found in Table S1 and Table S2 (Supplementary
Material).

RESULTS AND DISCUSSION
Experiment 1 – effect of adsorbent nature on NTMP
adsorption
Figure 3 enables a comparison of the adsorption behavior of
the four GFH adsorbents examined at a 1 h contact time and
different pH values. Since the pH of the solution shifted in
the direction of the pHPZC of the GFH during adsorption,
the indicated pH ranges describe the ranges between pHstart
and pHend. All materials generally achieved higher loadings
at lower pH values. The adsorbents show a positive net surface charge at pH values below the pHPZC, which increases
with increasing deviation from the pHPZC. NTMP is negatively charged over the entire pH range tested so that
adsorptive and adsorbent experience a stronger electrostatic
attraction at lower pH values (Nowack & Stone a).
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Effect of adsorbent nature on NTMP adsorption with 1 mg/L NTMP-P depending on the pH (buffer: 0.01 M AcOH, 0.01 M MES, 0.01 M EPPS, 0.01 M CAPS) at room temperature
(20  C) (20 rpm, tc ¼ 1 h). Freundlich models are shown (model constants in Table S1, Supplementary Material).

GFH1 was the material with clearly the best performance. For instance, GFH1 achieved a loading of 0.55 mg
NTMP-P/g at a pH of 4.0–6.0. In contrast, the second-best
GFH (GFH2) had a maximum loading of only 0.23 mg
NTMP-P/g. This loading was achieved by GFH1 even at
the pH range of 9.4–10.0. Interestingly, GFH4 performed
poorly in comparison despite the largest speciﬁc surface
area (Table 1). Considering the pHPZC of all investigated
adsorbents was in a similar range, the choice of grain size
plays a more important role in adsorption.

Figure 4

|

Scanning electron microscope images of GFH1 at a magniﬁcation of 20,000×.

Downloaded from http://iwaponline.com/wst/article-pdf/81/1/10/676706/wst081010010.pdf
by guest

Two images depicting different sites of GFH1 at 20,000×
magniﬁcation show that the material has a crystalline structure formed by crystals of different sizes, corroborating a
high porosity (Figure 4). The EDS detected mainly Fe, O,
and Ca (H is not detected by the EDS technique). The Ca
has its origin in the production process in which calcium-containing compounds are used. Ca has been found to have a
positive effect on the adsorption of phosphonates (Nowack
& Stone b; Boels et al. ), which could explain why
GFH1 had a notably higher loading when compared with
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the other GFH adsorbents (12–19% CaCO3 content in
GFH1, for comparison in GFH2 only 5–10%).
Previous experiments (Figure S1, Supplementary Material)
on the stability of the material with respect to the pH had
shown that GFH1 was chemically unstable at pH <6,
suggesting poor long-term applicability. Thus, the treatment
of phosphonate-containing solutions with GFH1 is recommended to be performed at pH values close to 6, despite
its remarkably higher short-term efﬁciency at pH <6. Since
GFH1 proved to be the most efﬁcient of the four GFH adsorbents, it alone was tested in the following experiments (2–4).
Experiment 2 – thermodynamics study of NTMP
adsorption on GFH1
Additional isotherms with GFH1, the best-performing phosphonate in Experiment 1, were prepared at pH 6.0–7.8 and
contact times of 1, 3, and 7 d (Figure 5 left). Except for the
isotherm after 3 d (r² ¼ 0.713), all could be well described
with the Freundlich model (r 2  0.847; Table S1).
Since it is known from previous studies that the kinetics
increase up to a certain limit with increasing mixing speed, it
is likely that a higher agitation would allow faster achievement of equilibrium. Rout et al. () showed that the
percentage removal of phosphate by adsorption on red soil
increased from 88.4% to about 96% when the rotational
speed was increased from 100 rpm to 175 rpm. That said,
it is not clear whether these experiments at low mixing
speed were already in equilibrium after the contact time of
90 minutes. Lin et al. () found that although agitation
(varying from 0 to 200 rpm) had a considerable inﬂuence
on the kinetics before equilibrium was reached, it had no

Figure 5
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noticeable inﬂuence on the adsorption of ammonium on
zeolite at a 24-hour contact time. However, the inﬂuence
of mixing speed was not investigated in this study, as the
low speed of 20 rpm, chosen in analogy with the experiments of Laiti et al. () at 30 rpm, was intended to
avoid abrasion of the particles. The adsorbent should be
kept as undamaged as possible in order to allow a better
comparison with future column experiments, since it is
known that the achievable adsorbent load for a given concentration depends on the particle radius of the adsorbent.
Thus, isotherms determined with ground material may not
accurately reﬂect the adsorption behavior of the original
particles (Worch ). Therefore, even after 3 d, equilibrium
was not reached. Isotherms not in equilibrium are empirical
and any conclusions about a speciﬁc adsorption mechanism
should be considered with care (Chen et al. ). However,
it can be expected that isotherms gained at 7 d contact time
were very close to equilibrium.
At an initial concentration of 1 mg/L NTMP-P, the
maximum loading after 7 d was ∼12 mg P/g. Experiments
with an initial concentration of 5 mg/L NTMP-P and a
pH of 6.0–8.0 resulted in a higher maximum loading of
about 18 mg P/g (58 mg NTMP/g) due to the stronger
gradient between NTMP and GFH1 (Figure S2, Supplementary Material). In similar investigations, but with a
signiﬁcantly higher initial concentration of 9.3 mg/L NTMPP and a slightly higher pH of 7.85, Boels et al. () found
a maximum loading on GFH of ∼22 mg NTMP-P/g. On the
other hand, in similar conditions (9 mg/L NTMP-P, pH 8.3),
Chen et al. () found a much lower equilibrium loading
of ∼9 mg NTMP-P/g after 24 hours (not in equilibrium).
Unfortunately, in these studies, the experiments were

Thermodynamics study of NTMP adsorption on GFH1 with 1 mg/L NTMP-P at an initial pH of 6 (buffer: 0.01 M MES) at different contact times (left) and different temperatures
(right) (20 rpm). Freundlich models are shown (model constants in Table S1, Supplementary Material).
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conducted at pH values at which GFH does not perform optimally, which is why no direct comparison is possible with the
results of the current study.
At a temperature of 5  C, the maximum loading was
only ∼7 mg P/g (Figure 5 right). Consequently, the adsorption performance was increased when thermal energy was
applied. Wang et al. () discovered the same behavior
for the adsorption of phosphate on iron-coated activated
carbon when investigating temperatures of 20, 30, and
40  C. They explained that as the temperature in the water
increases, the surface activity of the adsorbent increases as
well. As a result, the interaction forces between adsorbent
and adsorptive become stronger (Wang et al. ). That
said, no difference in the maximum loading was found
between the temperatures of 20  C and 35  C. Therefore, it
was concluded that 12 mg P/g (39 mg NTMP/g) is the maximum possible loading of GFH1 at an initial concentration of
1 mg/L NTMP-P and 20 rpm.
The strikingly poorer performance of the adsorbent at
low temperatures implies that low wastewater temperatures
should be avoided in possible technical implementations for
the adsorption of phosphonates on GFH. Therefore, the process is particularly suitable for industries that produce
excess waste heat, which can be used to raise the temperature of the wastewater.
Table 2 shows the results of the thermodynamic calculations. The positive ΔH 0 value indicates an endothermic
reaction due to pore size enlargement and/or activation of
the adsorbent surface (Yan et al. ). In addition, the magnitude of ΔH 0 indicates the type of interactions that occur
between adsorbent and adsorbate. Values for physisorption
are usually below 20 kJ/mol, electrostatic interactions are
indicated by a range of 20–80 kJ/mol, and chemisorption
bond strengths can be from 80 to 450 kJ/mol (BonillaPetriciolet et al. ). Therefore, the adsorption of NTMP
on GFH1 may be attributed to physisorption, i.e. the interactions between adsorbent and adsorbate can be dipole–
dipole, hydrogen bonds, or van der Waals (Bonilla-Petriciolet et al. ). This is in line with the ﬁndings of Boels et al.
(), who found a value of 10.5 kJ/mol for ΔG 0 and also
derived physisorption for the adsorption of NTMP on a
GFH. Using their density functional theory model, Martínez
& Farrell () found similar results. They concluded that
the adsorption of NTMP to GFH is both physisorption, promoted by hydrogen bonding between O atoms in the NTMP
and H atoms on the iron hydroxide, and chemisorption.
They expect that the initially physically adsorbed NTMP is
subsequently converted to chemically bound NTMP in a
slower process. The negative values of ΔG 0 describe an
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Thermodynamic data of NTMP adsorption on GFH1

T [K]

ΔG 0 [kJ/mol]

ΔH 0 [kJ/mol]

ΔS 0 [J/K/mol]

278

20.6

14.5

126.7

293

23.0

308

24.3

exergonic adsorption, i.e. the adsorption occurs spontaneously. The positive value of ΔS 0 indicates that the
randomness at the solid–solution interface increased during
adsorption. Furthermore, it shows the afﬁnity of NTMP
towards GFH1 (Yan et al. ; Rout et al. ).
Experiment 3 – effect of phosphonate nature and pH on
GFH1 adsorption capacity
For all six phosphonates, as for NTMP, a decreasing adsorption behavior could be seen with increasing pH (Figure 6).
In addition, a reduction of the adsorption afﬁnity was associated with an increasing number of phosphonate groups (PG)
and increasing molecular mass. PBTC deviated from this
pattern slightly as, at pH <9, PBTC-P adsorbed in a
similar ratio to HEDP-P despite a higher molecular mass
than HEDP. For example, at pH 8, for HPAA (1 PG,
156.03 g/mol), PBTC (1 PG, 270.13 g/mol), HEDP (2 PG,
206.03 g/mol), NTMP (3 PG, 299.05 g/mol), EDTMP
(4 PG, 436.12 g/mol), and DTPMP (5 PG, 573.20 g/mol),
adsorption concentrations of 0.91, 0.84, 0.81, 0.58, 0.41,
and 0.36 mg P/L and loadings of 3.92, 3.62, 3.44, 2.50,
1.74, and 1.55 μmol phosphonate/g GFH were found
(according to model functions, Table S2).
The three largest molecules investigated all had similar
functional groups in varying numbers (NTMP: one amino
group, three methylene phosphonate groups; EDTMP: two
amino groups, four methylene phosphonate groups;
DTPMP: three amino groups, ﬁve methylene phosphonate
groups), i.e. the molecular size increased in the following
order: NTMP < EDTMP < DTPMP. Thus, the observed
decrease of phosphonate adsorption with increased molecular
size could be expected since larger molecules usually occupy
more adsorption sites (Nowack & Stone a). Furthermore,
the more phosphonate groups a polyphosphonate has, the
higher its negative charge becomes. When these highly negatively charged species adsorb, the adsorption of further
phosphonate molecules is disturbed by the transfer of the
negative charge to the surface (Nowack & Stone a).
A slight variation in the pattern for PBTC was not extraordinary since this compound contains three carboxyl
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Effect of phosphonate nature and pH on GFH1 adsorption capacity with a dosage of 0.23 g GFH1/μmol phosphonate at room temperature (20  C) (20 rpm, tc ¼ 1 h). Solutions
with 1 mg/L P, buffered at a pH of 4 and 5 (0.01 M AcOH), pH 6 (0.01 M MES), pH 7 (0.01 M MOPS), pH 8 (0.01 M EPPS), pH 9 (0.01 M CAPSO), and pH 10 and 12 (0.01 M CAPS)
(model constants in Table S2, Supplementary Material).

groups (R-COOH), which are absent in the other phosphonates with the exception of HPAA (one carboxyl group).
The deviation from the pattern, however, disappeared as
soon as the fully deprotonated PBTC species became dominant at pH >9. Interestingly, there was still adsorption and
no sudden drop of adsorption at pH values higher than
the pHPZC for all investigated phosphonates, meaning that
adsorption also took place on the adsorbent with a negative
net surface charge.
Similar ﬁndings regarding the inﬂuence of an increasing
number of phosphonate groups were reported by Nowack &
Stone (a, ) for phosphonate adsorption on goethite
and by Rott et al. (a) and Klinger et al. () for precipitation/ﬂocculation experiments. It is also known that
nitrogen-free phosphonates and aminophosphonates show
a different behavior during ozonation experiments (Klinger
et al. ; Xu et al. ). Therefore, if problems arise
with the removal of phosphonates from phosphonatecontaining solutions, it may be sufﬁcient to substitute the
corresponding phosphonate in the industrial process with
another phosphonate that is easier to remove.
It is important to point out, however, that no ﬁnal conclusions can be drawn from these experiments on real
wastewater, as additional competing ions are present in a
wastewater matrix. Phosphonate contaminated industrial
wastewaters can be classiﬁed into two groups. The ﬁrst
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group mostly comprises clear concentrates with low organic
loads, high water hardness, and high anion concentrations
(e.g. membrane concentrates and cooling wastewater). The
second group consists of wastewater with high organic
load, such as wastewater from paper and textile industries
(Rott et al. a). Especially in concentrates, high concentrations of calcium and magnesium can often be found
(Sperlich et al. ; Antony et al. ; Chen et al. ). It
is known from previous studies that calcium has a positive
inﬂuence on the adsorption of phosphonates (Nowack &
Stone b; Boels et al. ). Boels et al. () showed
that anions such as carbonate and sulfate can also inﬂuence
the adsorption of NTMP. Therefore, further experimentation
with real wastewater and on the inﬂuence of other ions,
which could compete or support phosphonate adsorption,
has to be conducted to enable the transferability of the
results to future technical realizations for the adsorption of
phosphonates on GFH.
Experiment 4 – regenerability of GFH
Nowack & Stone (a) for goethite, as well as Boels et al.
() and Chen et al. () for GFH adsorbents, have
already investigated the desorption of NTMP, but only in
one, two, and three cycles, respectively. Figure 7 shows
that GFH1 could be loaded and unloaded several times
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Total P in synthetic solution (Synth-Sol) initially containing 1 mg/L NTMP-P
before and after contact with 15 g/L GFH1 initially at pH 6 (0.01 M MES) as well
as in 1 M NaOH solution (NaOH-Sol), and after regeneration of GFH1 for ﬁve
adsorption (A) and desorption (D) cycles (20  C, 20 rpm, tc ¼ 1 h, three rinsing
steps for 15 min each with 0.01 M MES solution (pH 6) after each
regeneration).

without loss of adsorption capacity. After each adsorption
cycle, the total P concentration was 0.1 mg/L, resulting
in a removal efﬁciency of 90%.
Total P concentrations >1 mg/L were found in the
regeneration solutions, proving that GFH1 already contained phosphorus compounds which were desorbed
during the desorption phases with 1 M NaOH solution
together with the adsorbed NTMP. Interestingly, these concentrations >1 mg/L were ﬁrst found after the second
desorption (2D). After this cycle, the P concentration in
the regeneration solutions continuously decreased and
approached 0.99 mg/L P after ﬁve cycles. This may be due
to a gradual leaching effect of the phosphorus present in
the material, as fresh regeneration solution was always
used in each desorption step. The fact that after the ﬁfth
adsorption step still a very low residual concentration of
0.05 mg/L P was found in the solution (5A) and the total
P concentration in the regeneration solution was 0.99 mg/L
(5D) indicates that all phosphorus contamination of GFH1
may be washed out, at the latest, by the ﬁfth cycle.
The increase of the pH using a 1 M NaOH solution led
to NTMP desorption which can be explained by electrostatic
eﬀects (Chen et al. ). During desorption, hydroxide ions
from the NaOH solution interact with the adsorption sites
and substitute in place of the adsorbed NTMP, which results
in a signiﬁcantly higher negative net surface charge
(Zach-Maor et al. ). Additionally, the increase in pH
results in an increase in the negative charge of NTMP ions
(see Figure 6), leading to electrostatic repulsion. Future
experiments should investigate multiple re-use of the
regeneration solution.
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In addition, by weighing the dry mass of the GFH before
and after the experiment, it was determined that 38% of the
initial concentration of 15 g/L GFH1 was lost during the
ﬁve cycles. This was caused by abrasion of GFH1 into ﬁner
particles which were then removed partially with the supernatant. Although such a relatively high material loss was
recorded, the NTMP removal rates were still high in all
cycles, underlining the excellent performance of this material
in adsorbing NTMP. Assuming this loss of material occurred
linearly, and each desorption step was efﬁcient in desorbing
all NTMP, there would still be enough adsorbent (∼6 g/L)
to remove >90% P by the time the ninth cycle had been
reached (according to the adsorption isotherm in Figure 3).
However, such assumptions and calculations are unreliable,
which is why batch experiments are only indicative experiments. For a higher accuracy, column tests that typically
lead to less material loss should be carried out in the future.

CONCLUSIONS
This work showed that GFH could be used to remove all
investigated phosphonates from water. For GFH1, the
adsorption capacity decreased for all phosphonates with an
increasing pH value, and for polyphosphonates, the adsorption capacity decreased with an increasing number of
phosphonate groups. To achieve the best performance, the
treatment of phosphonate-containing solutions should be carried out at pH values close to 6. Additionally, a temperature
of 20  C is adequate for the effective adsorption of NTMP
onto GFH1. The treatment of phosphonate-containing solutions at low temperatures should be avoided, as the
performance of phosphonate adsorption decreases with
temperature. It was shown that phosphonates with different
properties (molecular size and weight, number of phosphonate groups) behave differently during adsorption.
Furthermore, ﬁve consecutive adsorption/desorption cycles
were carried out showing high adsorption and desorption
efﬁciency, indicating the possible re-usability of GFH1 for
phosphonate removal. Finally, it needs to be tested with
real wastewater to investigate the competing or supporting
inﬂuence of other ions and in column experiments.
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