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Preparation of a lanthanum-modified flocculant
and its removal performance towards phosphorus

and fluoride in yellow phosphorus wastewatery
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Polysilicate-ferric-calcium-lanthanum (PSFCL) was synthesized through a co-polymerization method in
order to treat the yellow phosphorus wastewater. Its morphology, composition and functional group
were analyzed by X-ray Diffraction (XRD), Fourier Transform-Infrared Spectroscopy (FTIR), Scanning

Electron Microscopic (SEM) and X-ray Photoelectron Spectroscopy (XPS), respectively. The optimization

of the flocculant was also investigated, including La/Si molar ratio, pH, agitation time, dosage and
sedimentation time. Results showed that PSFCL has reached an excellent removal efficiency of 95% and
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97% towards phosphorus and fluoride, respectively. It could be inferred that charge neutralization,

bridging effect and ligand exchange were the main coagulation mechanisms. As a whole, after the
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1. Introduction

In the past few decades, with the development of the chemical
industry, a tremendous amount of phosphorus and fluoride
have been produced and released into natural waterbodies via
sewage discharge. The untreated wastewater can cause severe
environmental issues. Excessive amounts of phosphorus can
cause eutrophication problems which subsequently exacerbates
the problem of algal bloom.! Moreover, excessive intake of
fluoride by humans could be harmful to the oral system, skel-
eton, digestive systems, and other health issues.” Based on that,
the aforementioned pollution problems have attracted much
attention and become a worldwide environmental issue.
Commonly used technologies towards phosphorus and fluoride
removal include chemical precipitation,® coagulation,* adsorp-
tion,> advanced oxidation,® biological treatment,” membrane
filtration,® etc. Among these treatment technologies, coagula-
tion has been well adopted due to its cost-effective,’ easy oper-
ation" and high removal efficiency."* Zhang et al, applied
a combined process of chemical precipitation and flocculation
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introduction of lanthanum, PSFCL was found to be a promising flocculant in yellow phosphorus
wastewater treatment owing to its high removal efficiency and simple synthesis route.

for TP removal. After adding calcium chloride, cPAM and
adjusting pH value, the total removal efficiencies of TP and COD
was 99%, 80%, respectively.'> Macherzynski et al., synthesized
iron(n) sulfate(vi) and other pre-hydrolyzed coagulants for
comparative studies of phosphorus removal, results showed
that the iron coagulant (PIX-110) has reached a high phos-
phorus removal efficiency which is 99.5%." Ozairi et al., con-
ducted a comparative study by using coagulation-flocculation
process towards fluoride removal. The aluminum sulfate, poly-
aluminum chloride and ferric chloride were used for quantita-
tive elimination of fluoride from wastewater. Results showed
that the maximum removal efficiency of fluoride (83%) was
obtained at 30 mg L™ of aluminum sulfate.**

At present, the most widely used coagulants contain
conventional aluminum or iron salt, poly-aluminum chloride
(PAC),”* poly-ferric sulfate (PFS),"* and poly-ferric chloride
(PFC)."” Nevertheless, the residual coagulants are harmful to the
human nervous system, and ferric and aluminum ions can
cause secondary pollution problems which may need further
treatment processes and more capital investment.'® Based on
the above situation, polyciliate composite flocculants were
developed in order to solve these problems. Polysilicate is an
anionic flocculant which does not show great health risk. A
polysilicate composite flocculant combines the stability of pol-
ysilicate and the high-efficiency flocculation ability of metal
salts. Compared with the low molecular weight and traditional
high molecular weight inorganic flocculants, polysilicate
composite metal salt flocculants show excellent removal
performance, including higher average molecular weight and
enhanced effect in charge neutralization, adsorption and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bridging effect.”® Liu et al. synthesized a high molecular poly-
silicate composite flocculant by adding metal magnesium salt
and silicate into the traditional PAC, the results showed that its
decolourization efficiency is more than 90% which is better
than other traditional coagulants.*® Liu et al. investigated an
alginate grafted polysilicate aluminum calcium in drinking
water treatment, the introduction of alginate and calcium has
greatly enhanced the turbidity removal efficiency and color
removal efficiency to 97% and 98%, respectively.” Wu et al.
synthesized a polysilicate aluminum ferric (PSAF) for oil
wastewater treating. The results indicated that when the (Al +
Fe)/Si ratio was 6 : 4 and Al/Fe ratio was 5 : 5, the PSAF reached
a prefect turbidity removal rate and oil removal rate of 99%,
88%, respectively.*” All of the above results have shown the great
potential of polysilicate composite metal salts in practical
application.

In this study, a polysilicate composite flocculant was synthe-
sized via co-polymerization to measure its performance towards
yellow phosphorus wastewater. After the polysilicate was
prepared, the polysilicate doped with ferric (PSF), ferric-calcium
(PSFC) and ferric-calcium-lanthanum (PSFCL) were added to
the wastewater to remove the phosphorus and fluoride, respec-
tively. Besides, its removal performance was also optimized by
adjusting pH and SiO, content of polysilicate, La/Si molar ratio,
agitation time, pH, dose and sedimentation time. This study
could provide a new perspective for the removal of phosphorus
and fluoride from wastewater by coagulation and optimization of
the reaction conditions for further practical application.

2. Material and methods
2.1 Materials

Sodium silicate (Na,SiO;-9H,0), lanthanum nitrate hexahy-
drate (La(NOj),-6H,0), and ferric chloride hexahydrate (FeCl;-
-6H,0) were purchased from Zhiyuan Chemical Reagent Co.,
Ltd (Tianjin, China), calcium nitrate tetrahydrate (Ca(NOs),-
4H,0) was purchased from Shanghai Aladdin Chemistry Co.,
Ltd (Shanghai, China). Hydrochloric acid (36%) was provided by
Kelong Chemical Co., Ltd (Chengdu, China). Ultrapure water (R
= 18.3 MQ cm ') was used for all the experiments. Yellow
phosphorus wastewater was collected from a local yellow
phosphorus chemical plant in Kunming, the characteristics
were shown in Table 1. All of these reagents were analytical
reagent without further purification.

2.2 Preparation of flocculants

Flocculants were prepared as the following procedure at room
temperature. Firstly, sodium silicate solution was dropwise
added to the hydrochloric acid to polymerize and form

Table 1 Characteristics of yellow phosphorus wastewater
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polysilicic acid solution (PSI). To ensure an ideal degree of PSI
polymerization, several pre-experiments were carried out, the
pH was adjusted with 36 wt% (1 + 1) hydrochloric acid. As
shown in Fig. S1 and S2,7the pH and silica content can signif-
icantly affect the polymerization time, an extremely short
polymerization time could inhibit the metal salts bonding with
PSI. However, when the polymerization time is too long, the PSI
preparation process will be prolonged and consequently affect
the degree of polymerization. In a word, the optimal pH of
synthesized PSI and silica content was determined to be 2 and
2%, respectively. The obtained solution was then agitated for
two hours to form PSI. A certain amount of ferric chloride
hexahydrate FeCl;-6H,0, calcium nitrate tetrahydrate
Ca(NO3),-4H,0 and lanthanum nitrate hexahydrate La(NO;),-
-6H,0 solution were slowly added into the PSI independently
under constant magnetic stirring for 1 hour to form PSF, PSFC
and PSFCL. The polysilicate-ferric-calcium-lanthanum (PSFCL)
flocculant was obtained by agitating for another 12 h. PSF and
PSFC could be obtained via adding ferric salt, calcium
lanthanum salt, respectively. After 12 h continuously agitation,
the formation of solid-state flocculants was achieved.

2.3 Coagulation experiments

The coagulation experiments were carried out in several plex-
iglass beakers using a magnetic stirrer via a 3-step procedure, i.e.,
high rate stirring, coagulation and sedimentation. The waste-
water was diluted 20 times before the experiments were con-
ducted. In the high rate stirring step, the stirring rate was set in
200 rpm, the dose of each experiment was 6 m1/200 ml, and the
pH of each solution was maintained at 5 by using hydrochloric
acid and sodium hydroxide. The aliquots were extracted by
syringes and then filtered through a 0.45 um filter. In the end, the
zeta potential of each flocs was measured. In the coagulation
step, the stirring rate was decreased to 60 rpm for 5 min before
the sedimentation step. All of aliquots were taken below 2-3 cm
of the surface after 30 min sedimentation for phosphorus, fluo-
ride, and turbidity test. The removal percent (R%) for turbidity,
phosphorus and fluoride was calculated by eqn (1).

G — C

R% = ¢ % 100% (1)

0
in the equation above, C, stands for initial concentration of
phosphorus or fluoride, C. stands for the concentration of
phosphorus or fluoride at equilibrium and R% stands for
removal efficiency.

2.4 Characterizations of flocculants

The residue concentration of phosphorus present in the solu-
tion was measured by molybdenum blue spectrophotometric

COD (mg L) TSS (mg L) Turbidity (NTU)

TF (mg L)

TP (mg L) pH Zeta potential (mV)

61 545 10
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method via a UV spectrophotometer (723PC, China). The
concentration of fluoride was determined by a fluorine ion
meter (DWS-51, China). The solid samples of the flocculants
were analyzed by Fourier transform infrared spectroscopy (FT-
IR) with the Thermos Scientific Nicolet Is-50 spectrometer in
the range of 4000-400 cm '. X-ray diffraction (XRD) was
measured by XRDynamic 500 (Anton Paar, Austria) for the
determination of crystalline with Cu Kalpha radiation in the 26
range of 20-80° at a scan rate of 4° min"". The microstructure of
flocculants and elemental compositions was examined by
a Scanning Electron Microscope (SEM) (Zeiss Sigma 300, Ger-
many). The XPS spectra were analyzed using X-ray photoelec-
tron spectroscopy (Thermos Scientific K-Alpha, USA) with Al Ko
radiation (v = 1486.6 eV). Zeta potential for wastewater
samples and flocculants was obtained by a nanoparticle size
and zeta potential analyzer (Anton Paar Litesizer 500, Austria).
The pH values and turbidity of solutions were measured by a pH
meter (PHS-3C, China) and a turbidimeter (WGZ-200BS, China).
Data processing was conducted via Origin 2021 software.

2.5 Statistical analysis

One-way analysis of variance (ANOVA) with Fisher's least signifi-
cant difference (LSD) post hoc (« - 0.05) tests was used to deter-
mine the significant differences in investigated pollutants
removal from phosphorus and fluoride using different molar
ratio; pH values; dosages; agitation time and sedimentation time.
All calculations were carried out using Origin 2021 software.

3. Results and discussion

3.1 Morphology and structure

3.1.1 SEM-EDS analysis. The SEM photographs of PSF,
PSFC and PSFCL were conducted in Fig. 1. Fig. 1a showed that
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PSF had a relatively smooth surface and scattered particles,
indicating that its bridge ability is inferior. PSFC had a rough
brick-shaped structure, as shown in Fig. 1b, demonstrating this
sample has a trend of agglomeration. Fig. 1c exhibited
a dispersed and porous skeleton structure of PSFCL since the
introduction of several metal salts roughens the surface and
enriches the multi-branch system compared with PSF and PSFC
to form a dense polymer composite.>* The SEM image of PSFCL
indicated that it possesses a relatively high specific surface area
and dense structure, which significantly enhance the ability of
adsorption, complexation and bridging. In the end, SEM
photograph of PSFCL after coagulation was shown in Fig. 1d.
The flocs exhibited a rough surface covered with irregular
branched chain structure, implying the occurrence of adsorp-
tion and flocculation process. The branched chain structure
promoted the charge neutralization, adsorption and bridging,
which was conducive to the colloidal particle formation and
subsequent settlement.**

The distribution of PSFCL elements after coagulation was
determined by EDS, and specific atomic percentage and corre-
sponding elements distribution were shown in Fig. S3.1 The
result showed that each element was uniformly dispersed, and
phosphorus and fluoride were successfully loaded after coagu-
lation process.

3.1.2 XRD analysis. Fig. 2a illustrated the XRD spectra of
PSF, PSFC and PSFCL, and the results showed that these XRD
patterns were similar and almost identical. It could be seen that
Fe(OH)s, Fe,03, Fe304, SiO,, Ca(OH),, CaO and other diffractive
peaks could not be observed, which indicated that the synthe-
sized flocculant was a complicated polymer including ferric,
silicon, calcium and lanthanum, rather than a simply physical
mixture of metal salts. The calcium, iron, lanthanum, silicon
and other elements in the flocculant had been polymerized in
an amorphous form without standard diffractive crystals

Fig. 1 SEM images of PSF (a); PSFC (b); PSFCL (c); PSFCL after coagulation (d).
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Fig. 2 (a) XRD spectra of PSF, PSFC and PSFCL; (b) XRD spectra of PSFCL under different La/Si molecular ratio after flocculation.

spectra. The strong diffractive peaks at 32° and 46° were
assigned to NaCl, which was a by-product formed via dehydra-
tion process of samples.**

The XRD pattern of PSFCL under different La/Si molecular
ratio after flocculation was shown in Fig. 2b. The result indi-
cated that after flocculation there was almost no crystal phase
difference between each flocculant, and the peak strength for
each flocculant with different La/Si ratio was fluctuant. More-
over, with the increase of the La/Si ratio, the crystal phases of
each flocculant seem be identical compared with PSFCL pattern
in Fig. 2a, which guarantee an excellent stability of the floccu-
lant. Polysilicate with excellent charge neutralization and
adsorption bridging abilities is a promising coagulation agent.”®
The introduction of polysilicic acid has large particle size and
molecular weight which leads to strong adsorption bridging
effect.>® In a word, polysilicate can act as skeleton materials and
form hydrophobic channels to improve wastewater coagulation
performance. If macromolecular substances were dominant in
the composition of coagulants, the coagulation efficiency
towards target pollutant was usually higher. The macromolec-
ular substances could stimulate the bridge effect which was
conductive for the formation of flocs, and these flocs could be
easily settled for the subsequent separation.””

3.2 Evaluation of coagulation performance

3.2.1 Effect of La/Si molar ratio. The La/Si molar ratio was
investigated to determine the optimal coagulation performance
and degree of polymerization, as shown in Fig. 3a. The coagulant
performance was varied by adjusting the La/Si molar ratio. When
lanthanum was absent within the flocculant, the removal effi-
ciency towards phosphorus was 90%. The removal efficiency
continuously increased to 96% as the La/Si molar ratio increased
to 0.1. When La/Si molar ratio was over 0.1, the removal efficiency
was stabilized around 98%. The trend was similar to that of
fluoride removal. With the increase of La content, the removal
efficiency towards fluoride increased from 60% to 91% when the

© 2025 The Author(s). Published by the Royal Society of Chemistry

La/Si molar ratio reached 0.3. In order to ensure an excellent
coagulation performance for both phosphorus and fluoride, the
La/Si molar ratio of 0.3 was chosen as the optimal molar ratio.
3.2.2 Effect of pH. It had been confirmed that the pH of
solution had a great influence in removal efficiency of phos-
phorus.?® In this study, the residual phosphorus and fluoride
content was tested at pH = 1-10 as shown in Fig. 3b. The
composite coagulant had its worst performance when the
solution was in extreme acidic or alkaline condition. In extreme
acid condition, H" ions would compete with positively charged
metal ions to bond with anionic colloids and subsequently
weakened the effect of charge neutralization. Moreover, excess
H' ions in the solution would consume the OH™ and inhibited
the hydrolysis process during the coagulation.”” When the pH
increased, the removal efficiency of phosphorus continuously
enhanced and reached to the plateau of 97% at pH = 5. The
flocculant hydrolyzed to produce a large number of high valence
polynuclear hydroxyl complex ions. These ions were adsorbed
on the surface of negatively charged particles, leading to
amplify the charge neutralization process.*® In alkaline condi-
tion, the hydrolysis process of metal ions was accelerated via
reaction with excess OH™ in the solution which leaded to
occurrence of precipitation. When pH was in the range of 7-11,
the net-shaped structure of polysilicic acid was partially
destroyed due to the breakage of Si-O-Si bond, subsequently
weakening the bridging effect of the coagulant towards phos-
phorus and fluoride. Compared with the removal efficiency of
phosphorus, that of fluoride could maintain a good perfor-
mance in both acidic and neutral condition. When pH was 3,
the maximum fluoride removal efficiency reached 98%. When
pH was over 7, the negatively charged fluorine atoms could
bond with positively charged hydrogen atoms to form hydro-
fluoric acid which could dissolve in alkali environment, leading
to unsatisfied removal efficiency. Therefore, in order to achieve
an optimal removal performance for phosphorus and fluoride,
the solution pH was set to 5 for all the coagulation experiments.

RSC Adv, 2025, 15, 48-57 | 51
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Fig. 3 Effect of (a) La/Si molar ratio; (b) pH; (c) dosage; (d) agitation time; (e) sedimentation time towards the removal of phosphorous and
fluoride; (f) effect of sedimentation time towards the removal of turbidity.

3.2.3 Effect of dosage. Fig. 3c illustrated the effect of
dosage on phosphorus and fluoride removal performance.
When the dosage was 1 ml, the removal efficiency of phos-
phorus and fluoride was the lowest level which was 25% and
43%, respectively. With the increase of the dosage, the removal
efficiency significantly enhanced and reached the highest level
when the dosage was around 6 ml, subsequently maintaining
stable. Once the coagulant was released into water body, it
would hydrolyze immediately and bond with the anionic ions
via charge neutralization. However, excessive amount of coag-
ulant would cover the surface of metal particles, leading to “ion
binding” effect, which significantly reduced the aggregation of
suspended particles and coagulation performance.** Addition-
ally, the excess amount of flocculant would lead to charge
reversal of metal particles, which could also reduce the removal
performance towards phosphorus and fluoride.*

3.2.4 Effect of agitation time. An appropriate agitation time
was crucial to the degree of polymerization. In this study, we
investigated the effect of agitation time towards phosphorus
and fluoride removal, the agitation time was set to 1-96 hours as
shown in Fig. 3d. Result showed that when the agitation time
was below 24 hours, the flocculant remained high removal
efficiency which was over 93% for phosphorus and fluoride.
When the agitation time reaches 10 hours, the phosphorus and
fluoride removal efficiencies have reached to the plateau which
is 98% and 96%, respectively. Afterthe agitation time exceeded
36 hours, the removal efficiency gradually decreased, which was

52 | RSC Adv, 2025, 15, 48-57

mainly caused by the decreasing stability of composite floccu-
lant, leading to the weakening of bridging effect. As a whole, in
order to guarantee a good removal performance, the optimal
agitation time was supposed to be 10 hours.

3.2.5 Effect of sedimentation time. The effect of sedimen-
tation time towards phosphorus and fluoride removal was shown
in Fig. 3e. The optimal sedimentation time test was set to 5-
120 min. The result showed that limited sedimentation time was
not adequate for suspended particles to settle down, resulting in
poor removal efficiency. When the sedimentation time increased
from 5 to 30 min, the removal efficiency enhanced significantly,
reaching to 96% and 93%, respectively, for phosphorus and
fluoride. Due to the high molecular weight of PSFCL, it could
effectively generate large numbers of big flocs to sweep most of
the small particles via bridging effect during the coagulation
process. To ensure an excellent coagulant performance, the
sedimentation time was set to 30 min. Under the optimal
conditions, the turbidity removal test was conducted, and the
result was shown in Fig. 3f. The result indicated that the turbidity
removal rate continuously increased from 80% to almost 99%
when the sedimentation time reached 45 min. In summary,
PSFCL displayed an excellent turbidity removal efficiency.

3.3 Comparison of the removal efficiencies of various
flocculants

The removal efficiency of PSF, PSFC and PSFCL in the diluted
yellow phosphorus wastewater was investigated, as shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of removal efficiency of three flocculants under
optimized conditions (La/Si molar ratio = 0.3, pH = 5, dosage = 30 ml
L~ agitation time = 10 h, sedimentation time = 30 min).

Fig. 4. Each flocculant at identical dosages (PSF: 30 ml L7,
PSFC: 30 ml L™ ", PSFCL: 30 ml L") was added into yellow
phosphorus wastewater sample at room temperature (25 °C).
After the introduction of lanthanum, the removal efficiency of
the composite flocculant PSFCL significantly enhanced
compared with that of PSF and PSFC, with the phosphorus and
fluoride removal efficiency of 97% and 95%, respectively.
Compared with other reported flocculants in Table 2, PSFCL has
shown great performance towards simultaneously phosphorus
and fluoride removal.

3.4 Flocculation mechanism

3.4.1 FTIR analysis. The FTIR spectra of PSF, PSFC and
PSFCL in Fig. 5a demonstrated the presence of the strong
absorption peak at 3000-3600 cm ™, assigned to the stretching
vibration of -OH group.*® The wide absorption peak indicated
a relatively large amount of ~OH group in the flocculant. It was
speculated that the -OH group may originate from the
stretching vibration of complexation between ferric-silica, and -
OH was from the coordinated water in polysilicic acid and
adsorbed water molecules within the samples. The absorption
peaks at 1615 cm™ " and 1618 cm ™" were relevant to the bending
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vibration of adsorbed water molecules, coordinated water and
crystal water molecules.' The peak at 1093 cm ™' was assigned
to the stretching vibration of Si-O-Fe, which may derive from
the complexation between polysilicic acid and ferric ions or Fe-
OH group.*® The peak at 668 cm ™ was attributed to the vibra-
tion of Fe-OH or Si-OH group. The peak at 457 cm ™' was owe to
the stretching vibration of Fe-O group.®” Compared with PSF
and PSFC, there were two new absorption peaks presented in
PSFCL. The absorption peak at 1446 cm™* was assigned to the
stretching vibration of La-O-La band.*® The absorption peak at
742 cm™ ' was ascribed to Si-O-La. These two peaks indicated
that lanthanum could bond with fluoride via complexation,
which was conducive to the removal of fluoride within waste-
water. The above results demonstrated that the PSFCL was not
a simple physical mixture of metal salt and polysilicate, which
was correspondent to the previous XRD result. As a whole, it
could be inferred that lanthanum, polysilicic acid, ferric and
calcium underwent a complicated chemical reaction and
formed a new inorganic polymer composite.

Fig. 5b showed the comparison of PSFCL spectra before and
after flocculation. The characteristic peaks at 1073 cm™* and
812 cm™ ' were assigned to the bending vibration of Si-O-Si and
Si-O-Fe, respectively. After coagulation, the band at 3388 cm™*
shifted to a higher frequency at 3452 cm™ ", this indicated that -
OH group interacted with fluorine ions which was conductive to
removal of fluoride and phosphorus. The broadband at 1000-
1100 cm ™' corresponded to P-O stretching vibration, which
demonstrated a successful load of phosphorus on PSFCL.
Moreover, the peaks at 1060 cm ', 668 cm™ ' and 457 cm ™"
disappeared, which indicated that La and Fe were involved in
the coagulation process. The absorption peak at 467 cm™ " and
550 cm ™' after adsorption demonstrated that the metal inter-
acted with fluorine ions via complexation to form M-F bonds
(M = La or Fe).*

3.4.2 Zeta potential. To better understand the electrostatic
interaction and coagulation mechanism during the coagulation
process, the zeta potential of raw wastewater, PSF, PSFC and
PSFCL was measured as shown in Fig. 6. The zeta potential in
PSF, PSFC and PSFCL was 20.42 mV, 4.87 mV and 5.93 mV,
respectively. This indicated that these flocculants were all
positively charged and capable of bonding with negatively
particles within raw wastewater via charge neutralization.

Table 2 Coagulation capacities of phosphorus and fluoride on metal-based flocculants®

Dose Settling time TP removal TF removal

Samples pPH (mgL ™ Stir rapidly Stir slowly (min) rate (%) rate (%) Ref.

PFASiC 5-9 50 150 rpm, 3 min 30 rpm, 10 min 30 >95 — 33

PAC 6-8 50 150 rpm, 3 min 30 rpm, 10 min 30 94 — 33

ZrCly 4-6 24 200 rpm, 1 min 40 rpm, 15 min 20 — 85 34

Al,(SO,); 8-10 16 200 rpm, 1 min 40 rpm, 15 min 20 — 63 34

FD-PSAF 2 10 120 rpm, 2 min 60 rpm, 7 min 20 99.7 — 35

PFS 2 13 120 rpm, 2 min 60 rpm, 7 min 20 98 — 35

PSFCL 5 30 (mlL™Y) 200 rpm, 2 min 60 rpm, 5 min 30 97.5 95.1 The present study

“ PFASIC, polyaluminium ferric silicate chloride; PAC, polyaluminium chloride; FD-PSAF, polysilicate aluminum ferric from foundry dust; PFS,
polymerized ferrous sulfate; PSFCL, polysilicate ferric calcium lanthanum; TP, total phosphorus; TF, total fluoride.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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According to previous studies, the ideal zeta potential value of
a flocculant during the coagulation process was zero. Under this
condition, the unstable-state particles within the water body
were more conductive to agglomerate and subsequently achieve
a good coagulation performance.* The zeta potential of PSF,
PSFC and PSFCL after coagulation process was —8.82 mV,
—8.4 mV, and 1.48 mV, respectively. Apparently, PSFCL had the
best coagulation performance due to the lowest absolute zeta
potential value, which corresponded to the results of previous
coagulation experiments.

3.4.3 XPS analysis. X-ray photoelectron spectroscopy (XPS)
analysis was displayed to determine the chemical constitution
of synthesized flocculants surfaces before and after coagula-
tion, as shown in Fig. 7. According to the wide scan XPS
spectrum shown in Fig. 7a, the presence of La, Fe, Ca, Cl was
consistent with the results of FT-IR. In Fig. S4a and b,} the

54 | RSC Adv, 2025, 15, 48-57

Wavenumbers (cm™1)

(a) FT-IR spectra of three flocculants before coagulation; (b) FT-IR spectra of PSFCL flocculants before and after coagulation.

existence of P 2p located at 133.4 eV and F 1s located at 685 eV
demonstrated a successful coagulation process towards phos-
phorus and fluoride.** The spectrum of O 1s before and after
coagulation could be deconvoluted into three components, as
shown in Fig. 7b and c. Furthermore, three overlapped peaks
corresponded to M-O (M = Fe, Ca, La, 530.53 eV), -OH (532.33
eV), H,0 (533.72 eV), respectively.*> After coagulation, the area
ratio of -OH decreased from 62% to 47%, indicating that the
fluoride could bond with the flocculant through ligand
exchange.*® The spectrum of M-O shifted to a higher binding
energy from 530.53 eV to 531.17 eV, as shown in Fig. 7c¢, which
was possibly relevant to the generation of M—O-P and M-O-F
inner-sphere complex through ligand exchange.**** Moreover,
the spectrum of La 3d;,, and La 3ds, also shifted to a higher
binding energy after coagulation, as shown in Fig. 7d and e.
The result implied the formation of LaPO, and LaF. This
proved that the surface precipitation also participated in the
coagulation process.*®

Finally, the possible mechanism schematic diagram of floc-
culation over PSFCL was shown in Fig. 8. The yellow phos-
phorus wastewater was negative in the analysis of zeta potential.
After adding the positively charged composite flocculants
PSFCL, it could bond with the colloid particles via charge
neutralization and subsequently accelerate the formation of
small flocs. PSFCL was a macromolecular substance due to the
polymerization of polysilicic acid. This could consequently
enhance the molecular weight of the composite and generate
a strong bridging effect. PSFCL could also form a net-shaped
structure within the water body, which could effectively
capture the small flocs, leading to larger flocs and compact
aggregates. Moreover, during the coagulation process, the
loading positively charged metal ions could interact with
phosphorus and fluoride ions through complexation, ligand
exchange and co-precipitation process. As a whole, charge
neutralization, bridging effect and ligand exchange were the
main flocculation mechanisms.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematic mechanism of phosphorus and fluoride flocculation on PSFCL.

4. Conclusion method and employed to investigate its performance for

yellow phosphorus wastewater treatment. The results shown
In this study, a polysilicate-ferric-calcium-lanthanum flocculant  that PSFCL possessed a better coagulation performance, and
(PSFCL) was successfully prepared through co-polymerization the removal efficiency towards phosphorus and fluoride was
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95% and 87%, respectively, compared with PSF and PSFC. The
flocculation conditions were set up by single-factor variable
tests. The optimum conditions for removal of phosphorus and
fluoride were confirmed, namely, the dosage was 6 ml L™, the
sedimentation time was 30 min, the pH for flocculation was 5,
the agitation time was less than 24 h, and the La/Si molar ratio
was 0.3. The results from XPS and FTIR demonstrated that
charge neutralization, bridging effect, ligand exchange and
complexation existed in the flocculation process. In summary,
the current work not only provided a new design for composite
flocculants, but also exhibited an important significance in the
optimization and future practical application for wastewater
treatment.
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