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ABSTRACT

In this study, the efficiency of electrocoagulation (EC) with iron electrodes was applied to remove two phos-
phonates, 1-hydroxyethylidene-1, 1-diphosphonic acid (HEDP) and nitrilotris(methylene) triphosphonic acid
(NTMP) from concentrates. This work provides a detailed description of the experimental procedure and results
on phosphonate removal and recovery from different electrolytes, including synthetic and real reverse osmosis
(RO) membrane concentrates. This research showed high selectivity of EC, removing 100% and 80% of the
NTMP and the HEDP respectively, confirming no competition with sulfates, nitrates, or silica. When exper-
imenting with other electrolytes, calcium showed to be critical in enhancing the flocculation process, while
calcium carbonate precipitation contributed to capturing the phosphonates from the concentrate. The produced
iron oxide (sludge) was confirmed as goethite and akaganéite, and finally transformed into hematite, indicating
the oxidation from Fe?* to Fe3* during the EC process. After the iron precipitate collection, an alkaline wash of
the sludge was enough to recover 100% of the initial phosphorus from the NTMP phosphonate. However, further
research is needed to optimize the recovery procedure and to improve the results with the HEDP. 70 and 140
A-m~2 current densities were optimal to bring HEDP and NTMP concentrations down to 32 pM (1 mg-L 1) in only
30 and 10 min respectively. In these conditions, the operational costs, 1.10 and 0.03 €-m~> of treated concen-
trate, were estimated for HEDP and NTMP respectively. Even when EC has been widely studied for phosphate
removal, this technique has been barely applied to treat concentrates containing phosphonate-based antiscalants.
EC opens new possibilities for phosphonates and phosphorus to be removed and recovered respectively from
membrane and other concentrates.

1. Introduction

high solubility in water and stability at high temperatures make them
highly suitable as antiscalants in cooling waters, corrosion inhibitors,

Scaling, also known as inorganic or crystalline fouling, occurs when
high supersaturation of sparingly soluble salts appears on top of reverse
osmosis (RO) membranes [1]. If not treated, scaling negatively affects
the operational functioning of the installation by temporally or perma-
nently decreasing permeate quantity and quality. Thus, scaling devel-
opment makes the process more energy-intensive and costly
(operational costs increase 10-15%), requiring cleaning chemicals or
the eventual replacement of the membrane [2]. Phosphonates, and other
phosphorus compounds, have been proven to delay scaling in membrane
filtration processes efficiently [3,4]. Phosphonates are complexing
agents that inhibit scaling at low stoichiometric concentrations. Their

additives in cleaning agents, and bleach stabilizers in the textile and
paper industry [3,4]. However, the activity of the phosphonates adds
complexity to downstream precipitation/softening procedures in RO
facilities [5].

Additionally, the presence of (wasted) phosphonates has been re-
ported to have an environmental impact when membrane concentrates
are disposed of in surface waters. Recently, researchers claimed that
phosphonates had contributed significantly to eutrophication and
changes in coral physiology and bacterial behavior in aquatic ecosys-
tems [6,7]. This negative impact of phosphonates on the environment
acquires relevance considering the growth of the desalinated water
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production between 2016 and 2020, going from 96.5 x 10® m3.day ! to
114.9 x 10° m3~day_1 [8]. The progressive reduction of the capital ex-
penditures (CAPEX) for RO desalination predicts a continuous expansion
in the market for the coming years, particularly in developing countries
with pressing water scarcity issues [9]. This also means more significant
amounts of membrane concentrates containing phosphonates affecting
natural aqueous media. Hence, there is a need to develop a feasible,
effective, and efficient approach for phosphonate removal from mem-
brane concentrates.

Iron-based adsorbents have been proposed to remove phosphonates
from synthetic and real wastewater [10-17]. Even though adsorption
results were satisfactory, this technique involves long contact times and
harsh/alkaline conditions for adsorbent regeneration. Chemical coagu-
lation (CC) [18,19] and electrochemical approaches [20-22] have been
studied to remove and degrade phosphonates from wastewater. Usually,
the CC procedure requires the coagulant concentration to be adjusted
depending on the wastewater’s pollutant load. Furthermore, chemical
coagulation produces a relatively high amount of sludge, which must be
appropriately handled, processed, and disposed of as a hazardous
material.

EC forces the precipitation/flotation of pollutants by producing the
coagulant agent in situ [23]. The coagulant, formed by using an electric
current between two electrodes immersed in an electrolyte, destabilizes
the electrostatic charge of molecules in suspension, promoting their
agglomeration and subsequent precipitation/flotation. Iron and
aluminum are the most used coagulants in water treatment and, there-
fore, the most used materials for electrodes in EC [24]. When using iron,
the final products of the reaction are highly insoluble (hydro)oxides and
hydroxides, following specific reactions (S1) to (S7) which can be found
in the supporting materials [25-27]. The insoluble iron compounds form
flocs or sludge (both terminologies will be used indistinctly from now
on), providing the active area for the dissolved phosphonates to be
adsorbed.

EC has attracted the attention of researchers in recent years due to its
high efficiency in reducing the content of chemical oxygen demand
(COD) and biological oxygen demand (BOD) [23,25,28-30], TOC [31],
nitrates [30,32,33], phosphates [33], arsenic [34], heavy metals [35], or
dyes [36] from drinking several types of wastewaters. In addition, EC
has several advantages compared to other technologies: (i) it is consid-
ered an easy-to-control process; (ii) it reduces the use of chemicals, (iii)
it produces less sludge than chemical flocculation/coagulation, (iv)
reduced operating costs, and (v) it has the potential of being coupled to
renewable energy sources [28,37].

EC has been studied for phosphate removal from concentrates
showing good removal results [38,39]. In addition, EC could offer a
suitable alternative to adsorption for phosphonate removal from con-
centrates. Recently, Zhang et al. [40] proved that electrocoagulation
(EC) with iron electrodes consumed two-fold less iron than CC to effi-
ciently remove phosphonate-based antiscalants from water. However,
they treated a synthetic electrolyte, and their research does not mention
the applied current density, nor detailed information about the elec-
trodes. Therefore, it is difficult to compare the study with others and
evaluate the efficiency of the process. Apart from Zhang et al., to the best
knowledge of the authors, there have been limited detailed studies of
phosphonate removal from membrane concentrates using EC. Addi-
tionally, this study is augmented by not only EC as the removal tech-
nique but for the first time coupled with an estimation of the optimal
applied current density and the composition of the precipitated flocs.
Furthermore, attempts were addressed for recovering the initial phos-
phorous from the sludge, opening their potential for being valorized and
reused.

For this study two commonly used phosphonates in antiscalant for-
mulations for membrane filtration, 1-hydroxyethylidene-1,1-diphos-
phonic acid (HEDP) and nitrilotris (methylene) triphosphonic acid
(NTMP) [3], were chosen. The first aim of this study is to study the
matrix effect on phosphonate removal and iron electrode dissolution
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when using synthetic and real membrane concentrates, along with other
electrolytes: sodium chloride, calcium chloride, and sodium bicarbon-
ate. It also compares the effect of different current densities in synthetic
membrane concentrate. Secondly, the study analyses for the first time
the iron precipitate and desorption of phosphorus from flocs and tests
the possibility of recovering the phosphorus from these flocs. And lastly,
the study concludes with an economic assessment based on the esti-
mated optimal current density.

2. Materials and methods
2.1. Chemicals

All chemicals were reagent-grade and used without further purifi-
cation unless otherwise specified. The phosphonates HEDP in its mon-
ohydrated form, and the NTMP, see Fig. 1, were both acquired from
Sigma-Aldrich, The Netherlands. Calcium chloride dihydrate (CaCly-2
H50), sodium bicarbonate (NaHCO3), and sodium chloride (NaCl) were
supplied by VWR, The Netherlands. The real reverse osmosis concen-
trate (RROC) was freshly collected from the Engelse Werk water treat-
ment plant (Zwolle, The Netherlands), stored at 4 °C without pre-
treatment, and used within three days in experiments. All the solu-
tions for experiments were prepared using Milli-Q Billerica demineral-
ized water with TOC < 5 ppb, resistivity no less than 18 MQ at 25 °C.

2.2. Experimental setup

The electrocoagulation reactor consisted of a 5 L borosilicate beaker
covered by a double tailored-made PVC lid that supported the electrodes
and sensors. Both lids were connected by 3 PVC screws which gave
mobility to the lower one, ensuring the complete immersion of the iron
cathode and anode at any time. The anode and the cathode consisted of
two ARMCO iron (certified 99.9% purity) round plates supplied by AK
Steel, The Netherlands. The electrodes were equal in dimension, 30 mm
diameter, 2 mm thickness, and placed 2 cm apart. The two ARMCO iron
electrodes were connected to the power supply, through a platinum
wire, model ES015-10 Programmable DC 0-15V 0-10 A from Delta
Elektronika, The Netherlands. The pH in the electrochemical reactor was
measured using an Orbisint CPS11D pH electrode, Endress and Hauser,
The Netherlands, which was calibrated before starting each experiment.
The pH data were recorded and saved in a Liquiline CM442 transmitter,
Endress and Hauser, The Netherlands. The reactor (cell) was placed on a
magnetic Heidolph MR Standard Magnetic Stirrer/Hot Plate at a spin-
ning rate of 120 rpm to ensure the homogeneity of the solution. Fig. 2
schematically depicts the complete experimental setup.

2.3. Experimental procedure

All the experiments were conducted by treating 4 L of electrolyte
solution at room temperature and in batch mode. The resulting pH from
the preparation of each solution was not modified during the experi-
ments. To maintain a constant total volume of the treated concentrate,
5 mL samples were taken during both 1- and 2-hour experiments. Thus,
the variation of the treated concentrate total volume was less than 5% in
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Fig. 1. : Molecular structures of the phosphonates (A) 1-hydroxyethylidene-

1,1-diphosphonic acid (HEDP), and (B) Aminotris (methylenephosphonic
acid) (NTMP or ATMP).
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Fig. 2. : Electro-coagulation experimental set-up for batch experiments with
iron electrodes.

both experiments (1.5%, 1 h and 3% 2 h respectively). The samples were
subsequently filtered using Millipore 0.22 ym mixed cellulose esters
membrane filters, stabilized with 1.5 mL of HNO3 4% ca., and stored at
4 °C for a maximum of 24 h before the elemental analysis. Liquid sam-
ples of 6.5 mL volume were then analyzed for the total iron and phos-
phorus concentrations using inductively coupled plasma optical
emission spectroscopy (ICP-OES) (Optima 5300DV, Perkin-Elmer). The
temperature of membrane concentrates does not deviate from 25 °C,
(optimal working temperature for RO membranes). Hence, 25 °C was
selected as the standard working temperature for all subsequent
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experiments.

2.3.1. Effect of the electrolyte

The effect of different electrolytes, NaCl, CaCly, NaHCO3, RROC, and
synthetic reverse osmosis concentrate (SROC), was studied on the iron
concentration and the phosphorus removal during the EC process.
70 A-m~2 current density was used and taken as a reference since it gave
one of the best operational conditions for HEDP and NTMP removal (see
Section 3.5). The SROC was prepared by mixing two 2 L solutions, one
containing either one of the phosphonates and dissolved NaHCOs, and
the other one only dissolved CaCl,. The final concentrations (4 L total
volume) were 14 mM NaHCO3 and 9 mM CaCl,. The rest of the elec-
trolytes were prepared by keeping the ionic strength, IS, at 41 mM, the
same as the SROC. All the solutions, including the RROC, were spiked
with the acquired phosphonates to have a 100 uM total phosphorus
concentration at the beginning of the experiments. The concentration of
dissolved phosphorus was found negligible in the RROC within the
detection range of the ICP-OES. Therefore, it was spiked with the
phosphonate solution, as described for the SROC. Therefore, it will be
assumed that the phosphorus concentrations presented in the corre-
sponding section will be due to the contribution of the phosphonates
only. Table 1 summarizes the composition of all the prepared
electrolytes.

To estimate the stability of the RROC and SROC regarding the pre-
cipitation of different species, the corresponding saturation indexes, SI
[dimensionless], for both concentrates were computed by Eq. (1) [41].
IAP is the ionic activity product for each ionic species in solution, and
Kgp is their respective thermodynamic solubility constant.

IAP
SI = log Ko (@D)]

The Eq. (1) was implemented in the speciation software PHREEQC
v3.5.1 (2017) [42], models: Wateq4f and Pitzer for both concentrates
RROC and SROC, and the results are shown in Table S1 and Table S2,
respectively in the supporting materials. The results obtained for the
RROC revealed a SI far below 1 for CaSO4, CaFy, BaSOy4, SrSOy4, and iron
carbonates. However, it showed supersaturation indexes slightly higher
than 1 for calcium carbonate, CaCOg (calcite and aragonite), and cal-
cium and magnesium carbonates (antigorite, dolomite, huntite, and
talc). In the case of the SROC, only calcite and aragonite obtained SI
slightly higher than 1. Therefore, RROC and SROC consisted of meta-
stable solutions where the eventual spontaneous precipitation of cal-
cium carbonates and calcium-magnesium carbonates precipitation may
occur.

Table 1

Composition of the different electrolytes at fixed 70 A-m~2 current density experiments.
Parameter Units Electrolyte

Real RO membrane concentrate (RROC) Synthetic membrane concentrate (SROC) NaCl CaCl, NaHCO3

Ca** [mM] 9.9 9 - 13.7 -
Mgt [mM] 2.4 - - - -
Na® [mM] 12.1 14 41 - 41
K" [mM] 0.7 - - - -
NHj [mM] 0.0 - - - -
Ba** [mM] 0.0 - - - -
St [mM] 0.0 - - - -
co% [mM] 0.0 - - - -
HCO3 [mM] 14.8 14 - - 41
Koy [mM] 3.1 - - - -
clr [mM] 13.4 18 41 27.3 -
F [mM] 0.0 - - — —
NO3 [mM] 0.4 - _ _ _
SiO3 [mM] 0.6 - - - -
1S (model: Pitzer) [mM] 51.55 41.27 41.00 41.00 41.00
TDS [mg-L~1] 2504.9 - - - -
pH [-] 7.86 7.82 4.77 with HEDP 4.20 with HEDP 8.2

5.87 with NTMP 4.28 with NTMP
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2.3.2. Experiments at different current densities

Blank experiments with agitation and without current were per-
formed to observe the extent of the spontaneous electrode oxidation and
the phosphorus removal. Subsequently, EC experiments at different
current densities, 7, 35, 52, 70, and 140 A-m 2 (applied currents: 10, 50,
75, 100, and 200 mA) were carried out also with agitation for 1 and 2 h.
Samples were taken every 5 min for iron and phosphorus concentration
analysis. All the experiments were performed with the SROC only since
the iron dissolution and phosphorus removal turned out to be similar for
RROC and SROC.

Typically, current densities between 10 and 100 A-m™2, [39,43-46]
and exceptionally, up to 400 A-m 2 [33] are applied for phosphate
removal with EC using aluminum and iron electrodes. Most experiments
are performed with several plate electrodes placed in parallel. This
electrode layout allows the reactor to operate at low current densities.
However, in this study, the electrode area is relatively small which leads
to higher applied current densities. Preliminary experiments confirmed
that a minimum current of 10 mA (7 A-m’z) was required, and subse-
quent well-spaced currents (e.g., 10, 50, 75, 100, and 200 mA), to obtain
the desired phosphonate removal rates in the shortest times and at
optimal operational point (see Section 3.5).

2.3.3. Sludge characterization

The sludge produced with synthetic concentrate (70 A-m~2) was
collected and dried at 60 °C in a vacuum oven for a week. The surface
appearance and the elemental composition of the dried sludge were both
characterized by Raman spectroscopy (WITec Apyron), Scanning Elec-
tron Microscopy (SEM), and Energy Dispersive X-Ray Spectroscopy (EDS
or EDX) (JEOL JSM-6480 LV). Table 2 summarizes all the experiments
carried out during this research.

3. Results and discussion

The following subsections present the results from the experimental
work on phosphonate removal by electrocoagulation. The effects of the
electrolyte composition and the current density on the anode dissolution
and phosphonate removal are discussed. Then, the characterization of
the sludge and the attempts to recover the phosphorus from it are pre-
sented. Finally, the study concludes with an economic evaluation of
electrocoagulation for phosphonate removal.

Table 2
Summary of the experimental work performed in this research.

Journal of Environmental Chemical Engineering 10 (2022) 109031
3.1. The influence of the electrolyte

Experiments with different electrolytes were performed to evaluate
the effectiveness of EC for phosphonate removal. Since this technique
has a practical application, we started the experimental set with the
RROC and the SROC. First, the blank experiment was performed by
introducing the iron electrodes in SROC, containing either HEDP or
NTMP, and the reaction was followed by tracking the iron and phos-
phorus concentrations for one hour. No current was applied during this
time. The results revealed spontaneous dissolution of the iron electrodes
due to the high concentration of chloride ions in the solution (Fig. 3A).
The phenomenon was more remarkable for the HEDP. The phosphorus
concentration remained constant when HEDP was present (Fig. 3B). At
the same time, it decreased by 20% within the first thirty minutes of the
experiment and stayed stable for one hour. Fang et al. [47] reported
better anti-corrosion properties of NTMP than HEDP. Their research
claimed NTMP formed a passivation layer that efficiently avoided steel
corrosion in an oxidant solution for 20 min. The passivation layer
formed via a coordination reaction with Fe2™, leading toa [Fe(NTMP)z]O
coordinated compound. The better anticorrosion properties of the NTMP
explain the slower dissolution of the anode compared to the solution
containing the HEDP. Therefore, the 20% decrease in phosphorus con-
centration (Fig. 3B) is mainly due to the formation of the passivation
layer on the electrode’s surface. As well as to a lesser extent, the po-
tential adsorption on the formed flocs.

Similar iron and phosphorus concentration profiles were obtained
using the EC technique with the two concentrates, RROC and SROC, at
70 A-m~2 current density. The dissolution of the anode leads to a rapid
increase in the iron concentration until it reaches a maximum (Fig. 4A
and Fig. 4B). After that point, it subsequently decreases due to a fast
formation of the iron oxide flocs and the progressive passivation of the
anode [48]. Finally, at the last stages of the experiment, the iron con-
centration decrease becomes less steep, which suggests similar rates of
anode dissolution and iron oxide precipitation. Higher residual iron
concentration was found in the case of the RROC, which was due to the
composition of the commercial antiscalant used in the desalination
plant. Its formulation includes complexing agents to delay the precipi-
tation of iron carbonates. These compounds avoided iron from precipi-
tating as oxides/hydroxides and remained in the solution during the rest
of the experiment.

Experiment Electrolyte Current Phosphonate Experimental time [min] Agitation [rpm] Sludge surface analysis
density [A-m~?]
Blank SROC - HEDP 60 120
NTMP 60 120
SROC 70 HEDP 60 -
NTMP 60
1 RROC 70 HEDP 60 120
NTMP 60 120
2 SROC 7 HEDP 60 120 Yes
35 NTMP 60 120 Yes
52 HEDP 60 120
70 NTMP 60 120
140 HEDP 60 120
NTMP 60 120
HEDP 60 120
NTMP 60 120
HEDP 120 120
NTMP 120 120
HEDP 60 120
NTMP 60 120
3 NacCl 70 HEDP 60 120
NTMP 60 120
4 CaCl, 70 HEDP 60 120
NTMP 60 120
5 NaHCO3; 70 HEDP 60 120
NTMP 60 120
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Fig. 3. : Blank experiments exposed the ARMCO iron electrodes to the SROC without applying any current. (A) The iron concentration profiles revealed that there is
spontaneous dissolution due to the high concentration of chloride. The dissolution phenomenon is more remarkable in the presence of HEDP phosphonate than with
NTMP. (B) The phosphorus removal was almost negligible for HEDP, while it decreased by 20% for NTMP. CaCl, concentration: 9 mM, NaHCO3 concentration:

14 mM. Initial phosphorus concentration: 100 pM, IS: 41.27 mM, initial pH: 7.82.
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Fig. 4. : Iron and phosphorus concentrations as a function of time in the presence of (A), (C) HEDP, and (B) (D) NTMP phosphonates. Matrix: SROC and RROC, IS:
41.27 and 51.55 mM (Pitzer model), respectively. Initial Phosphorus concentration: 100 uM. Applied current density: 70 A-m~2. The pH of SROC and RROC

remained constant throughout the experiments at 7.82 and 7.86, respectively.

Regarding the phosphorus removal, Fig. 4C and Fig. 4D show that
80% of the HEDP was removed from SROC and RROC when 70 A-m ™2
current density was applied for one hour. On the contrary, only 20 min
were necessary to remove almost 100% of the NTMP. This means that
mono and multivalent ions (K, Na*, Mg?*, SO%, NO3) or silica do not
interfere or compete with the phosphonates for being adsorbed. These
results also show that synthetic concentrate is appropriate in future
studies on phosphonate removal from concentrates by electro-
coagulation.

When testing EC with NaCl solution as the electrolyte, the dissolved
iron reached a higher maximum concentration than in other experi-
ments, as shown in Fig. 5A. This is due to the high chloride concentra-
tion, which will be further discussed later [49]. The iron concentration
profile also indicates relatively faster iron dissolution than hydroxide
precipitation. With the CaCly-based electrolyte, in Fig. 5B, the iron
dissolution and precipitation speeds were closer to each other, leaving a
residual iron concentration of less than 50 pM. Fig. 5C shows almost no
iron dissolution with the NaHCOj electrolyte. Al-Raad et al. [50]
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NaHCOs (41 mM). Phosphorus initial concentration: 100 uM. Applied current density: 70 A-m~2. IS: 41 mM.

showed that oxygen could be produced at the anode, (2), at alkaline pH
and high enough potential. The oxygen production enhances the for-
mation of a double passivation layer, which protects the anode from
being dissolved [51], hence no phosphorus removal was found in this
case, Fig. SF.

2H,0—0, +4H" +4e” (2)

Fig. 5D shows that only about 20% of the initial phosphorus was

80

removed when the electrolyte only contained NaCl after 50 min. This
result is interesting since the iron reached the highest concentration in
the solution and the flocs precipitation was abundant in this experiment.
On the other hand, the phosphorus removal was comparable to that with
SROC and RROC when using CaCly-based electrolyte. Even the HEDP
removal was improved with the CaCl; (see Fig. 5E). This suggests that
not only dissolved iron is determinant for effective phosphorus removal.
Calcium plays a double role by stabilizing the iron precipitates and
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Fig. 6. : Variation of iron and phosphorus concentrations in SROC along time with HEDP (A) and (C), and NTMP (B) and (D) phosphonates. CaCl, concentration:
9 mM, NaHCOj3 concentration: 14 mM. Initial phosphorus concentration 100 pM. Applied current densities: 7, 35, 52, 70, and 140 A-m 2, IS: 41.27 mM (Pitzer

model), initial pH: 7.82.
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enhancing the adsorption of the phosphonates on the ferrous surfaces.
The formation of the complex Fe-Ca-P during electrocoagulation with
iron electrodes promotes the attractive electrostatic interactions be-
tween floc clusters close to each other. So, calcium would facilitate the
coalescence of the flocs, as recently reported by Mishima et al. [52].
Nowak [11] and Boels [15] also proved a better performance of an
iron-based adsorbent for NTMP phosphonate adsorption. Similar results
were obtained by Liao et al. [53] when treating cooling tower blowdown
(CTB) waters by electrocoagulation to remove silica, calcium, and
magnesium. They observed faster calcium and phosphonate removal
when both were present in the CTB. This phenomenon can be explained
by the calcium being weakly physisorbed on the deprotonated sites of
the surface. This first adsorption would increase the number of positive
charges, enhancing the subsequent adsorption of the phosphonates.

3.2. Effect of the applied current density

EC experiments comparing RROC and SROC showed similar out-
comes regarding phosphorus removal in Fig. 4C and Fig. 4D. Therefore,
SROC was chosen to further study the effect of the current density on the
iron and phosphorus concentration profiles. For higher current densities
(52 - 140 A~m’2), the iron concentration reached a maximum and
subsequently decreased, as shown in the previous section. When using
HEDP, the dissolution kinetics, dn /dt, during the experiment’s first
seven to ten minutes were faster than with NTMP (Fig. 6A and Fig. 6B).
Furthermore, the remaining iron concentration at the last stages of the
experiments was also higher for HEDP than for NTMP. Combined, these
two phenomena suggest that HEDP could have better dispersant activity
than NTMP in these conditions. Dispersant and coagulant properties are
counter effects, and both phosphonates have been previously reported as
anionic dispersant agents [4]. The HEDP has slightly better dispersant
properties than NTMP [54], keeping the iron in solution for longer
times, which explains higher concentrations of iron than with NTMP. At
lower current densities (7-35 A-m™2), iron dissolution and phosphorus
adsorption became slower than the rest. For HEDP, applied 7 A-m 2
were not enough for the iron to reach the maximum concentration in the
one-hour reaction. For NTMP, detecting such maximum and subsequent
slow decrease in concentration was possible.

As happens with the iron concentration, two factors influenced the
phosphorus removal: the current density and the molecular structure of
the two different phosphonates. Fig. 6C and Fig. 6D show faster phos-
phorus removal kinetics for high current densities. NTMP was removed
from the SROC faster and more effectively than the HEDP. Only slightly
higher than 80% of the phosphorus in HEDP was adsorbed on the flocs,
which was confirmed in the 2 h experiment (Fig. 7B). This result in-
dicates that, for phosphonate removal, the stabilization of the flocs plays
a more critical role than the total dissolved iron.
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3.3. Experiment without agitation: pH measurements and precipitation

In EC, pH measurements are strongly affected by the electric field
between the electrodes and the relative position of the pH probes
regarding the cathode and anode [55]. EC experiments without agita-
tion at 70 A-m~2 with SROC containing either one of the phosphonates
were performed to see what precipitated formed when the electric
current was applied. Switching on the power supply changed the initial
pH from 7.82 to 9, close to the anode, where the oxidation of the iron
occurs (Fig. 8A). Oppositely, the pH went down to 5 near the cathode.
When the applied current was put back to zero, the pH recovered its 7.82
initial value. The cycle was repeated, and identical results were ob-
tained. Thus, the pH probe was placed away from the iron electrodes
during the rest of the EC experiments, so that changes in the current
density would not affect the measurement. On the other hand, the ox-
ygen concentration dropped significantly when applying current,
meaning that the oxidation Fe?t - Fe3+, equations (S6) and (S7) in the
supporting materials, is also enhanced by the applied potential [56]. The
pH in experiments with RROC and SROC remained constant at 7.86 and
7.82, respectively throughout the whole EC process. Contrarily, the pH
in the experiments with NaCl evolved from 4.77 to 6.87 with HEDP and
from 5.87 to 7.51 with NTMP. Furthermore, the pH of CaCl; varied from
4.20 to 6.67 with HEDP and from 4.28 to 6.67 with NTMP. The lower
initial pH in these cases was due to the presence of the HEDP and NTMP
(added in their acidic form) and the absence of the buffering effect of
bicarbonate, HCO®". Moreover, the dissolved chloride in the electrolyte
oxidizes at the anode following the reactions (3) to (5) [27,35], which
also contributes to keeping the acidic conditions at the beginning of the
experiment.

2CI™ _)CZZ(aq) +2e” (3)
Clyug) + H,O—HCIO+ CI” +H" 4)
HCIO  ClO™ + H* ®)

The protonic concentration was eventually neutralized by reactions
(S3) and (S4) in the supporting materials, increasing the pH to 7 at the
end of the experiments. However, the pH of the solution containing only
NaHCO3 showed a constant 8.2 value throughout the process due to the
buffering effect of the bicarbonate anion, HCOs.

One of the objectives of this research is to compare the performance
of EC for phosphonate removal from RROC and SROC. The pH of these
concentrates is buffered at 7.84 + 0.02 due to the high bicarbonate,
(HCO3) concentration, thus, this value was considered a constant in
most of the experiments. The pH of the electrolytes NaCl and CaCl, were
left in the acidic range and not adjusted to the buffered pH to maintain
the ionic strength like the RROC and SROC, as previously mentioned in
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Fig. 7. (A) Iron and (B) phosphorus concentration profiles in synthetic concentrate in a 2-hour electrocoagulation experiment. Electrolyte: SROC, CaCl, concen-
tration: 9 mM, NaHCOs concentration: 14 mM. Initial phosphorus concentration: 100 uM. Applied current density: 70 A-m~2, IS: 41.27 mM (Pitzer model), initial
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Fig. 8. (A) pH measurement and dissolved oxygen strongly depended on the applied current density. (B) Green rust was produced during the electrocoagulation
experiments. (C) Electrochemical reactor showing well-defined reaction areas during the electrocoagulation process. The light/pale color on top (1) is due to the
calcium carbonate precipitate. In this zone is where the electrodes are placed and the electrochemical reactions occur. (2) The area in the middle shows the flocs
aggregates coalescing together. (3) The flocs settle down at the bottom of the reactor. Electrolyte: SROC, CaCl; concentration: 9 mM, NaHCO3 concentration: 14 mM.
Initial phosphorus concentration 100 pM from NTMP. Applied current density: 70 A-m~2, IS: 41.27 mM, initial pH: 7.82.

previous sections.

The experiments without agitation also showed a green precipitate
coming off the anode (Fig. 8B). Such precipitate consists of layered
green rust, mainly iron (II) hydroxides with some Fe3" interspersed in
the lattice. The charge is compensated by Gl or CO%, anions inserted in
the structure [57]. During experiments without agitation, three zones
eventually were distinguished in the reactor. The top layer (Figs. 8C, 1)
acquired a light/pale color due mainly to calcium carbonate precipita-
tion. The produced hydroxyls in the cathode, (reaction S4 in the sup-
porting materials), make pH increase locally, which induces the
precipitation of calcium carbonate crystals. The crystals remain on top
of the reactor due to their low density and the ascending hydrogen flow.
The area in the middle (Figs. 8C, 2) shows the coagulation process where
flocs coalesce together, and the iron precipitate undergoes oxidation
from Fe?* hydroxides to Fe3" oxides. The aggregated flocs grow and
settle down at the bottom of the reactor (Fig. 8C, 3). This zone at the
bottom of the reactor is red brown, which is mainly constituted by iron
oxide (III).

3.4. Characterization of the iron oxide/hydroxides flocs and phosphorus
recovery

The flocs produced during the experiments with synthetic concen-
trate showed fast settling rates of the suspended colloidal matter. After
18 h, the remaining supernatant looked completely clear except for
some flocs and calcium carbonate crystals on the surface. 30 mL volume
of sludge was produced after the electrocoagulation experiments (see
Fig. S1 in the supplementary materials), which represented ~0.75
=+ 0.05% of the treated concentrate total volume. After drying the flocs,
their mass was reduced to less than one gram. This means that the cost of
sludge transportation, treatment, and disposal would mean a minimum
part of the process costs.

Calculations with the speciation software PHREECQ v3.5.1 were
performed to understand the iron fate in the process. These results
predicted the precipitation of different iron (II) and (III) compounds
from RROC and SROC during the electrocoagulation experiments (see
the results in Table S3 and Table S4 in the supporting materials,
respectively). According to the calculations, the flocs would be formed
mainly by precipitation of magnetite (Fe3O4, Fe (II) and Fe (III)) and
hematite (Fe;Os, Fe (III)), containing a minor amount of maghemite
(Fex03, Fe (IID), goethite (Fe-OOH, Fe (III)), and akaganéite (Fe
(OH), 7Cly 3, Fe (II1)). Therefore, the proportion of iron (III) in the sludge
would be more significant than the corresponding iron (II). This points

out that iron (II), produced during electro-oxidation, undergoes fast
oxidation into iron (III) according to equations (S6) and (S7) in the
supporting materials. The precipitation of crystalline magnetite and
hematite and, to a lesser extent, other amorphous iron (oxy)hydroxides
have been found in electro-coagulation processes for heavy metals and
arsenic removal [58,59]. According to the color of the precipitate
(Fig. 8C) and the result from the simulations with the PHREECQ v3.5.1
software, the presence of akaganéite and goethite during the EC can be
confirmed [60]. Magnetite was also noticed on the agitation bar, under a
precipitate protection layer (see Fig. S3 in the supporting materials).
Once the flocs sample were collected and filtered, even before the drying
step, they dehydrated and transformed into a more thermodynamically
stable hematite iron oxide [61] as confirmed by Raman Spectroscopy.
Goethite and akaganéite have been confirmed already as good
iron-based adsorbents for phosphonates [12,15], which explains the
good performance of EC in this case.

The examination of the dry flocs in the scanning electronic micro-
scope, SEM (Fig. 9), showed a homogeneous microporous structure like
those described by Kobya et al. [62] under the same experimental
conditions. In their work, they confirmed the presence of hydroxyl
(-OH) and metal-oxygen-phosphorus (Me-O-P) groups by Fourier
transform Infrared Spectroscopy (FTIR), at frequencies 3000-3500 and
1300 cm ™! respectively. Back to this work, calcium carbonate (cubic
calcite) was found as well-formed crystals (Fig. 9D and Fig. 9F) and also
with imperfections (Fig. 9C) showing the integration of the phospho-
nates in the crystalline lattice. The obtained Raman spectra (lp =
532 nm, 5 mW) of our dry flocs (Fig. 10B and Fig. 10C) showed the
characteristic peaks of hematite at 220, 280, 386, 490, 590, and
1282 nm, as compared with other iron oxides and (hydro)oxides in
Table 3 [63,64]. As mentioned before, the pics in the low range of the
Raman shift could also indicate small residual crystals of goethite,
akaganéite, and magnetite. The applied positive potential between the
electrodes (5.88 V with HEDP and 10.4 V with NTMP) and the pH of the
electrolyte (7.82) both place the system within the iron (III) oxide area
in the Pourbaix diagram for iron [65]. Therefore, the presence of iron
(II) oxides or hydroxides was negligible, confirming magnetite, goethite,
akaganéite, and finally hematite as the primary iron (III) compounds in
the flocs.

SEM micrographs (Fig. 9C) and Raman spectroscopy (Fig. 11) also
confirmed the presence of calcium carbonate crystals, consisting of
cubic calcite and round aragonite. Some calcite crystals showed deep
and superficial imperfections due to the integration of the phosphonates
in the crystalline lattice (Fig. 9C). No evidence of phosphate crystals was
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Fig. 9. : SEM images of the dried flocs from electro-coagulation experiments with SROC containing (A), (B), and (C) HEDP and (D), (E), and (F) NTMP. Applied

current density: 70 A-m~2, Initial phosphorus concentration: 100 uM.

found in this analysis, as they all can be compared in Table 4 [66]. When
analyzing the flocs and crystals, an intensity peak was found at a fre-
quency of 490 cm ™. This vibration is due to the bending motion of the P
— O bond, pointing out the presence of free phosphate groups [67].
Phosphonates can be degraded into phosphates by the action of the
applied potential [21,40]. Therefore, the presence of P — O groups is due
to those in the phosphonate molecules and the phosphates produced
from the phosphonate degradation, both adsorbed onto the surface of
the flocs and identified by Raman spectroscopy. The performance of EC
with iron electrodes has been proven successful for phosphate removal
[38], therefore, there is expected competence between phosphates and
phosphonates for the adsorption on active sites. Even when comparing
such competence is not the objective of this work, further research is
needed to elucidate the extent of phosphonate hydrolysis into (ortho)
phosphate and will be conducted in future investigations.

Lakshmi Kruthika et al. [31] found CaCl; scaling on the aluminum
electrodes during the EC stage to reduce the total organic carbon (TOC)
content in wastewater from a gelatin production plant. In their case, the
precipitate affected the performance of the electrodes, so they added
carbonate, HCOg3, to force the calcium carbonate, CaCOs, precipitation
before the EC stage. Our study found no precipitate on the electrodes
after applying the electrical potential (see Fig. S3 in the supporting
materials) and the EC performance was not affected by the CaCOg pre-
cipitation regarding the phosphonate removal.

Boels et al. [15] used alkaline washing to regenerate granular ferric
hydroxide adsorbent (akaganéite, hematite and ferrihydrite [15,73])
once it was saturated with NTMP phosphonate. In this research, we
performed preliminary attempts, following the same procedure, to
desorb the NTMP and HEDP phosphonates from the sludge produced
with SROC. As a result, 100% of the phosphorus was recovered from the
NTMP in 2 h, while approximately 63% was recovered from the HEDP
after a few days (see Fig. S6A and Fig. S6B in the supporting materials).
Therefore, EC is well-suitable for the NTMP since the phosphorus can be
adsorbed and desorbed quickly in the complete process. The reason for
such a difference is not known yet, hence, the desorption procedure
needs further investigation as the presence of calcium carbonate may
play an important role in phosphonate recovery. An additional washing
step with an acidic solution would dissolve the precipitate, thus accel-
erating the process [73]. These experimental results can shed new light

and offer new possibilities for the use of recovered phosphorus over a
broad range of applications.

The results from the EDS analysis of the precipitated flocs are shown
in Fig. S4 and Table S6 for HEDP and Fig. S45 and Table S8 for NTMP in
the supporting materials. The EDS spectra revealed the prominent
presence of carbon and oxygen. The minor precipitation of carbonates
predicted by PHREECQ 3.5.1 calculations cannot explain the high pro-
portion of these two elements on the surface. Thus, the main contribu-
tion must come from the polymeric filter itself. The presence of gold can
be explained by the coating of the sample previously placed in the
electron microscope. As a constituent part of the surface, a small amount
of chloride was detected, indicating the potential formation of aka-
ganéite as predicted by the PHREECQ 3.5.1 calculations [74], since no
other precipitate containing chloride was expected. The relative atomic
abundance of elements differed in terms of P/Fe and Ca/Fe ratios
depending on the phosphonates in solution. P/Fe and Ca/Fe for HEDP
were 0.25 and 0.5, respectively, while 0.6 and 1 for NTMP. The flocs
with NTMP presented more calcium and phosphorus at the surface.
These ratios for HEDP suggest the formation of mononuclear
mono-dentate between the iron and phosphorus atoms. Thus, the logical
disposition for the NTMP, on the other hand, would be mononuclear
mono-dentate. In both cases, the calcium would be facilitating the link
between the surface and the phosphonate groups. The P/Ca ratios
measured by EDS were 0.44 and 0.54 for the HEDP and NTMP,
respectively. These ratios indicate the higher potential of the NTMP to
complex calcium, which would further enhance its higher adsorption
rate on the iron oxide surface. Density Functional Theory (DFT), simu-
lations showed that the formation of bidentate complexes is energeti-
cally more favorable than mono-dentate complexes in chemisorption of
NTMP on iron hydroxide surfaces [75]. Even when these simulations
help understand intermolecular interactions between the NTMP and the
iron on the surface, some other factors must be considered. Steric hin-
drance, electrostatic interaction between chemisorbed and dissolved
phosphonates molecules, or underestimation of energy barriers for
transition states [76] should be considered in future investigations.

3.5. Economic assessment

The coulombic efficiencies (CE) at 70 A-m~2 current density, used as
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Fig. 10. (A) Sludge micrograph. The red circle corresponds to the area where
the laser for the Raman analysis was applied. (B) Raman spectra (baseline
subtracted) were acquired from the sludge (Ao = 532 nm, 5 mW). Filtered
sludge from synthetic RO membrane concentrate containing NTMP at the end of
the experiments. Initial phosphorus concentration: 100 uM, applied current
density: 70 A-m~2. A similar result was obtained under the same experimental
conditions for the HEDP phosphonate.

Table 3
Raman spectra for different iron oxides and hydroxides.

Iron oxide/hydroxide Raman shift [cm '] Reference
Magnetite (Fe304) 310, 554, 672 [63,64]
Hematite (a-Fe03) 229, 249, 295, 414, 500, 615, 1332 [63,64]
Maghemite (y-Fe,O3) 365, 511, 700 [63]
Goethite (a-FeOOH) 243, 299, 385, 479, 550 [64]
Akaganéite (B-FeOOH) 314, 380, 549, 722 [68]

a reference, were estimated for all the different electrolytes and both
phosphonates, as shown in Fig. 12A. All the CE were computed by Eq.
(6), where ney, and np are the moles of iron in solution estimated
experimentally and predicted by the Faraday’s Law of Electrolysis (7)
[77] respectively. In Eq. (7), [ is the current intensity [A] applied in a
specific time interval, t [s], 2z is the number of exchanged electrons, 2 [-]
(assuming Fe?" is formed), and F is the Faraday constant
[96485 C-mol 1.

e 1)

CE = (6)
nr
It
"= p )

As shown in Fig. 12A, CE’s higher than 100% were estimated for
HEDP in NaCl, CaCly, and synthetic concentrate. For NTMP, however,
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Fig. 11. (A) and (B) Sludge micrograph showing calcium carbonate crystals.
The red circles correspond to the area where the Raman spectra were taken. (C)
Raman spectra (baseline subtracted) were acquired from the crystals (Ag =
532 nm, 5 mW). Filtered sludge from synthetic RO membrane concentrate
containing NTMP phosphonate at the end of the experiments. Initial phos-
phorus concentration 100 pM, applied current density 70 A-m~2. A similar
result was obtained under the same experimental conditions for the HEDP
phosphonate.

Table 4

Raman spectra for different calcium carbonate polymorphs and free phosphate.
Precipitate Raman shift [cm™!] Reference
Calcite (CaCO3) 310, 554, 672 [69]
Vaterite (CaCO3) 229, 249, 295, 414, 500, 615, 1332 [69]
Aragonite (CaCO3) 365, 511, 700 [70]

Free PO} 243, 299, 385, 479, 550 [66,67,71,72]
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, 2 = 2 in Faraday’s Law.
higher experimental CE’s were found only for CaCl,. CE higher than
100% is known as superfaradaic efficiency and describes iron concen-
tration in the solution as being higher than that predicted by Faraday’s
law. This is due to electrochemical and/or chemical reasons. The first
one implies the dissolution of the cathode taking place along with
hydrogen production. In contrast, the latter includes the chemical
oxidation of the anode [78], and both contribute to the total iron con-
centration in the solution. The chemical oxidation of the anode depends,
to a certain extent, on the electrolyte composition. Hydroxyl and chlo-
ride ions are active oxidants for iron electrodes [49,79]. Chlorides in
particular, follow the reaction sequence (3) to (5), leading to pitting
corrosion and subsequent further dissolution of the anode [27,49] (see
the effects in Fig. S3 in the supporting materials). In this study, RROC
and SROC contained almost two-fold chloride concentration than
seawater, which was even higher when using NaCl and CaCl; as elec-
trolytes. Therefore, in these experimental conditions, the anode un-
dergoes oxidation because of the applied current, enhanced by the
additional effect of the high chloride concentration. This agrees with
previous research where chloride concentrations below 2 mM already
roughly gave 140% CE’s [26]. The estimated CE showed to be higher at
lower current densities, as shown in Fig. 12B.

To address the estimation of the costs of the electro-coagulation
process only the costs per cubic meter of treated concentrate [€-m 3]
and per kilogram of removed phosphorus [€-m>-kg 1], both inherent to
the process itself, will be considered to compute the total cost estima-
tion. That is, the costs of the electrodes and the energy consumption, as
shown in Egs. (8) - (10) [80,81]. Other factors which depend on the size
of the water treatment plant or the geographical location, are related to
labour, maintenance, cleaning, analytical tasks, transport and disposal
of the sludge, etc. [80]. All these mentioned factors are not considered
for computing the final cost of EC in this case.

Costestimation = x| Ceiecrrode + %2 Conergy ®)
CE ItM,,
_CE 9
7100 2Ry ©
Elt
P 10)
v

Celectrode and Cenergy, are the unitary costs of the iron electrodes [4.5
€-kg1] and the average price for the electric energy in the European
Union were 0.2134 €-(kWh) ™! during the second half of 2020 [82]. The
parameters x; and X, are the iron consumed from the anode [kg‘m’g’]
and the electric power applied during the process [kWh-m ] per cubic
meter of treated concentrate, respectively. M,, in Eq. (9) is the molecular
mass of iron [kg~mol’1], v is the volume of treated solution [m3], and E is
the difference of potential measured between the reference electrodes
[V]. It is possible to estimate the time at which the operational cost

11

becomes minimum when the latter is normalized and evaluated per
cubic meter of treated concentrate and per kilogram of removed phos-
phorus, [€-m~3-kg~!]. When treating the SROC with HEDP (Fig. 13C and
Fig. 13D), EC needs to operate, at least 35 or 40 min at 70 and
140 A-m~2 respectively to reach the maximum phosphorus concentra-
tion allowed by the corresponding Environmental European Legislation
[83], which is < 32 pM (1 mg-L’l). Such conditions do not match the
minimum operation costs (Fig. 13A and Fig. 13B), which are at 15 and
10 min. Therefore, 35 min and 70 A-m~2 will be the conditions chosen
to compute the final operational costs for the HEDP. In the case of
NTMP, both 70 and 140 A-m~2 showed minimum costs at 20 and
10 min, respectively. In both cases, the phosphorus concentration was
below 32 uM; however, operating at 140 A-m~2 gave slightly less cost
than using at 70 A-m~2 for 20 min plus the operational time is reduced
in half, from 20 to 10 min. Therefore, those will be the conditions chosen
to compute the final operational cost for the NTMP. All the mentioned
operating conditions for calculations are summarized in Table 5.
Moreover, the minimum costs for all the tested current densities are
shown in Fig. S7 in the supporting materials.

The estimated costs were 1.10 €-m ™~ with HEDP and 0.03 €-m > with
NTMP. These figures agree with cost assessments made by others, using
the same methodology, for phosphate removal by electro-coagulation.
For example, Lacasa et al. [62] estimated between 0.17 and 1.13
€-m~3 for phosphate removal with iron electrodes and initial phosphate
concentrations of 0.1 mM. Nguyen et al. [84] optimized the energy
consumption per cubic meter of treated concentrate (the equivalent
value of x2 in this study) for phosphate removal with iron electrodes of
0.25 kWh-m 3. Kuokkanen et al. [43] estimated operation costs in
phosphate-containing synthetic and real wastewater in the range of 0.17
and 2.11 €-m 3. In this research, the normalized costs per cubic meter of
treated concentrate and per kilogram of removed phosphorus are 130.72
and 78.37 €-m~3 kg~ for HEDP and NTMP, respectively.

4. Conclusions

Electrocoagulation (EC) technique with pure iron electrodes was
successfully tested to remove phosphonates HEDP and NTMP from both
real (RROC) and synthetic (SROC) membrane concentrates. Identical
results obtained from both concentrates indicate that other anions and
compounds in the solution (HCO3, SO, NOg3, silica) did not influence the
phosphonate removal by EC. Differences in intrinsic properties of the
HEDP and NTMP as complexing agents and surfactants resulted in the
total and partial (80%) removal of the NTMP and HEDP, respectively
from SROC and RROC. Therefore, depending on the phosphonate in the
concentrate, the experimental conditions must be carefully evaluated
when choosing EC for phosphonate removal in future works. In this way,
more research is needed regarding the applicability of EC to remove
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Fig. 13. : Minimum costs estimation per cubic meter of treated synthetic concentrate and per kilogram of removed phosphorus as a function of the experimental time
at (A) 70 A-m 2 and (B) 140 A-m 2 current densities. Phosphorus removal as a function of the testing time at (C) 70 A-m~2 and (D) 140 A-m~2 current densities.
Electrolyte: SROC. The limit of 32 pM (1 mg-L~') marks the maximum phosphorus concentration in natural waters established by the European Commission [83].

Table 5
Set conditions for cost estimation.
Phosphonate ~ Current Time E [V] x1,Eq. (9) Xo,Eq. (10)
density [min] [kg<m’3] [kWh-m~3]
[Am~?]
HEDP 70 35 5.88 0.016 0.090
NTMP 140 10 10.4 0.004 0.090

other phosphonates. Experiments with other electrolytes, NaCl, CaCl,,
and NaHCOs revealed that coulombic efficiencies higher than 100% can
be obtained due to anodic oxidation enhanced by the chloride.
Furthermore, calcium can determine the effectiveness of EC since its
presence improves the flocculation process, and its absence may lead to
low phosphonate removal. Calcium carbonate precipitation also
contributed to phosphonate removal enhancing the adsorbing properties
of the sludge. The produced sludge represented less than 1% of the total
treated concentrate volume, which significantly may reduce costs in its
subsequent transportation, treatment, and disposal. The collected sludge
was characterized as precipitated hematite, indicating the oxidation
from iron (II) to iron (III) during the EC process. The treatment of the
precipitated flocs with an alkaline solution proved that it is possible to
recover the phosphorus from the NTMP completely after 2 h. However,
only 63% of the phosphorus from HEDP was desorbed after a few days
under the same conditions. The development of an optimized phos-
phorus recovery procedure as well as the occurrence and extent of
phosphonate hydrolysis must be further investigated. In this way, a
convenient strategy can be designed to properly valorize the recovered
phosphorus. Finally, the economic assessment estimated the optimal
operational conditions for each phosphonate: 35 min at 70 A-m~2 and
10 min at 140 A-m~2 for HEDP and NTMP, respectively. These condi-
tions were used to compute the final EC operational costs, 1.10 and 0.03
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€-m™3 of treated concentrate for HEDP and NTMP, respectively. This
study recognizes for the first time the EC process as an easy-to-control,
economically feasible, and chemical-free process for removing phos-
phonates from concentrates.
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