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Abstract

Groundwater sources in certain regions of Ukraine are characterized by elevated concentrations
of fluoride, which may reach up to 14 or even 18 mg/dm3. The intake of excessive amounts of fluoride
ions through drinking water can seriously harm human health. Adsorption technology is a promising
method for water defluoridation due to its simplicity, efficiency, and cost-effectiveness. However, the
use of adsorption for fluoride removal from water faces several challenges, one of which is the
reduced removal efficiency in the presence of foreign (competing) ions. Therefore, the effect of
foreign ions on fluoride removal was investigated using iron-based adsorbent samples. Foreign ions
compete with fluoride ions for adsorption sites on the surface of the adsorbent material, thereby
reducing the overall efficiency of fluoride removal. The results obtained indicate that all studied ions
adversely affect the process efficiency to varying degrees. The phosphate ion exhibited the most
significant negative impact, as it is specifically adsorbed onto high-valent metal oxides and
hydroxides via inner-sphere complexation. Therefore, it can easily compete with fluoride ions, which
are also specifically adsorbed. Nitrate and chloride ions are non-specifically adsorbed (via outer-
sphere complexation) onto metal oxides and thus cannot effectively compete with fluoride ions at
equal concentrations. Sulfate ions may be adsorbed both specifically and non-specifically, and
therefore showed a greater competitive effect than chloride and nitrate, but less than phosphate. The
concentration ratios of anions in natural and wastewater vary significantly and should be taken into
account when assessing the degree of competition.

Keywords: water purification, defluorination, iron-containing sorbents, competing ions.

Fluorine is an element commonly found in the natural environment. It can be found in minerals,
ores, the Earth's crust, the atmosphere, and living organisms. The presence of fluorides in natural
waters used for domestic and drinking water supply is determined by the existence of soluble fluorine-
containing compounds in soils and rocks.

Fluorine compounds are present in both surface and groundwater, into which they enter from soils
and rocks as a result of the weathering of fluorine-containing minerals by groundwater and surface
runoff. Atmospheric precipitation is also a source of fluoride. Human activity has a significant impact
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on the migration and enrichment of fluorine in groundwater. In recent years, the development of
industrial production (such as aluminum, semiconductors, iron and steel, pesticides, and agricultural
chemical fertilizers) has greatly increased fluoride pollution [1].

Relying on the natural self-purification of water bodies from fluoride is virtually unrealistic, as
fluoride compounds are persistent constituents of industrial wastewater.

Fluorides have a high affinity for hard tissues due to their ability to chemically bind with calcium
phosphates [2]. Since fluorine imparts exceptional chemical stability to its compounds, certain
amounts are essential for the human body to ensure the optimal structure of bones and teeth.

In addition to its beneficial effects on the human body, there are also examples of fluorine’s toxic
effects. Skeletal fluorosis is one of the most severe manifestations of fluoride toxicity. Fluorine can
cause dental deformation and discoloration, osteochondrosis, joint stiffness and immobility, and
abnormal bone growth. High concentrations of fluorine extract magnesium from lymph and blood,
mobilize calcium from bones, which often leads to its deposition in the kidneys, muscles, and lungs.

According to many authors, fluoride intoxication may result in damage to the gastrointestinal
tract, kidneys, liver, endocrine and nervous systems, reproductive dysfunction, and reduced
nonspecific resistance of the body [3].

According to the latest World Health Organization guidelines, the fluoride content in drinking
water should range between 0.5-1.5 mg/dm3. Due to socio-economic and geographical factors, the
maximum allowable concentrations of fluoride in drinking water vary slightly across countries: USA
—0.6-0.9 mg/dm3, India — 1.0-1.5 mg/dm3, Ukraine — 0.7-1.5 mg/dm3 [1].

The use of groundwater for drinking water supply in more than 20 developed countries is
impossible without removing excess fluoride. The issue of defluoridation of groundwater used for
drinking purposes is also relevant for Ukraine, as fluoride concentrations in its underground sources
average 2.5-5.0 mg/dms, and in some regions, such as Poltava oblast, even higher values are recorded
(up to 12 mg/dm3) [1].

The fluoride level in drinking water can be controlled through various water treatment processes
such as adsorption, coagulation, electrocoagulation-flotation, chemical precipitation, and ion
exchange. These processes can remove excess fluoride from water or, in the case of water fluoridation,
add controlled amounts of fluoride to achieve optimal dental health benefits. Among the wide range
of technologies, adsorption has attracted considerable attention as a promising strategy for fluoride
removal. Adsorption technology has become a favorable approach to defluoridation due to its
simplicity, efficiency, and cost-effectiveness.

Over the past decade, various types of defluoridation adsorbents have been developed, including
those derived from natural minerals, industrial wastes, and biomass, as well as metal oxides,
hydroxides, and carbon-based materials.

Recently, iron-based adsorbents have gained increasing attention. The advantages of iron-
containing adsorbents include their high adsorption rate, large adsorption capacity, and low cost [4].

The aim of this study was to investigate the effect of competing ions on the efficiency of fluoride
ion adsorption using iron-containing adsorbents A03 and A06. Foreign ions may contend with
fluoride ions for adsorption sites on the surface of the adsorbent material, thereby reducing overall
fluoride removal efficiency. The degree of competition in the adsorption process depends on the
concentration and chemical characteristics of the competing ions.

Natural water contains anions such as chloride (C1°), nitrate (NOs"), sulfate (SO4+*"), bicarbonate
(HCOs"), carbonate (COs?"), and phosphate (PO4+*"). These ions can compete for adsorption sites and
form stable complexes with F~. Additionally, bicarbonate and carbonate may form complexes with
the adsorbent surface itself. This interaction reduces the number of active adsorption sites available
for fluoride adsorption [5].
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For the sorption experiments, the adsorbent samples were weighed using an analytical balance. A
NaF solution was prepared by dissolving a calculated amount of solid salt in distilled water. When
pH adjustment was required, it was achieved using 0.1 M HCI and 0.1 M KOH solutions. Potassium
salts of nitrate, chloride, carbonate, sulfate, phosphate, and bicarbonate were used as competing ions.
Various concentrations of these ions were studied: 10 mg/dms, 20 mg/dm3, and 30 mg/dm3. The
experiments were conducted using a sorbent dose of 2 g/dm? for A03 and 6 g/dm? for A06. The NaF
solution concentration was fixed at 10> M. The pH of the solution was adjusted to 4 for AO3 and 6
for AQ6.

The adsorbent samples were transferred into plastic sorption containers, followed by the addition
of 50 cm3 of sodium fluoride solution and a calculated amount of solid salt containing the competing
ion. The containers were then placed on a laboratory shaker, where the sorption process was carried
out until equilibrium was established. Upon completion of the sorption process, the adsorbent was
separated from the solution, and the residual fluoride ion concentration in the filtrate was determined.

In a 100 cm3 beaker, 50 cm3 of the test solution was added along with 10 cm? of an ionic strength
adjustment buffer. The beaker was placed on a magnetic stirrer, and the electrodes were immersed.
After 2-3 minutes, the current fluoride concentration was recorded.

The sorption capacity (mg/g) was calculated using the following formula:

Q= (Co—Ce)x0,05

mg

where Co is the initial concentration of fluoride ions (mg/dm?3), Ce is the equilibrium concentration
after sorption (mg/dm3), 0.05 is the volume of the added solution in dm3, and ms is the mass of the
adsorbent sample in grams.

The study of the effect of competing ions on fluoride ion sorption using adsorbents A03 and A06
revealed that all investigated ions had some impact on the efficiency of the process, except for nitrate
ions, which at low concentrations improved fluoride adsorption on the A03 adsorbent. The results of
the effect of competing ions on fluoride ion sorption for adsorbents A03 and A06 are shown in Figures
1 and 2, respectively.

The sequences of influence strength on the sorption capacity of AO03 for a given initial
concentration of competing ions are as follows:

- 10 mg/dm3: CO3?>S04*>HCO3>H,P0O4>CI>NO3"

- 20 mg/dm?3:; CO3?>S04>>H,P04>HCO3>CI>NO3"

- 30 mg/dm3: COz2>H,P04>S04*>HCO3>CI>NO3

Similarly, the sequences of influence strength on the sorption capacity of A06 are as follows:

- 10 mg/dm?3; H2PO4>CI>NO3>HCO3>S04>>CO3*

- 20 mg/dm3: HoPO4>HCO3>S04>>Cl- >C0O32>NO*

- 30 mg/dm?3; HoPO4 >HCO3>S04>>C0O3>>CI>NO*

The obtained results are in good agreement with the findings of other researchers. For instance,
in [6], the authors confirm that the effect of bicarbonate can be explained by the fact that conjugate
bases of weak acids produce more hydroxide ions, which compete with F~ for adsorption sites. In [7],
it is noted that the decrease in the fluoride adsorption capacity with increasing bicarbonate
concentration is due to a rise in solution pH.

According to the authors of [8], the adsorption mechanisms of phosphate result in its strong
affinity for metal oxides and high-valent hydroxides, enabling it to effectively compete with fluoride
ions. However, several authors [5] point out that, considering the typical concentration range of
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natural phosphate in groundwater (from 0 to 5 mg/dm3), its impact on fluoride adsorption is unlikely
to be a limiting factor for groundwater defluoridation.

Data from [7] indicate that HCOs~, COs?, and PO4* significantly affect F~ removal because these
ions undergo hydrolysis, leading to an increase in pH. As a result, more OH™ ions are available to
compete with F~ for active adsorption sites, thereby reducing the overall adsorption capacity.
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Figure 1. The influence of competing ions on the sorption of fluoride ions on the sorbent AO3
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Figure 2. The influence of competing ions on the sorption of fluoride ions on the sorbent A06

Thus, it was established that the presence of competing ions reduces the degree of fluoride ion
removal from binary solutions. Phosphate is strongly and specifically adsorbed onto high-valent metal
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oxides and hydroxides through inner-sphere complexation. Therefore, it can readily compete with
fluoride (F), which also exhibits specific adsorption behavior.

Nitrate and chloride ions, on the other hand, are non-specifically adsorbed (outer-sphere
complexation) onto metal oxides and thus are poor competitors with fluoride ions at equal
concentrations. Sulfate can undergo both specific and non-specific adsorption, making it a stronger
competitor with fluoride than chloride and nitrate, but weaker than phosphate.

The observed order of anion competition is similar to that reported by other researchers [5]. The
concentration ratios of anions in natural and wastewater vary significantly, and these ratios must be
taken into account when evaluating the extent of competitive adsorption.

The presented study was conducted within the framework of the research projects “Pollutants
removal of various nature from multi-component aqueous solutions by adsorption and flotation
methods” (No. 0124U002058), “Industrial Wastewater Treatment Technologies Improvement Using
of Artificial Neural Networks” (No. 0124U001966).
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AHoTanis

Jxepena mim3eMHUX BOJ y 0aratbox perioHax YKpaiHH XapaKTepHU3YIOThCS IiJIBUIICHOK KOHIICHTPAIIEID
dbTOpYy, fKa MOXKe csiraTh 14, a B OKpeMUX BHUIaAKax —HaBiTh 18 Mr/mm>. HagxomkeHHsT HaMipHOT KUTBKOCTI 10HIB
(GTOpY 3 MUTHOIO BOJIOKD MOKE CEPHO3HO 3aITKOIUTH 3I0POB't0 JIIOIUHU. TeXHOJIOTis aicopOIIii € mepCreKTHBHIM
METOJIOM Je(TOpPYBaHHS BOJM 3aBISKH CBOIM MPOCTOTi, €()eKTUBHOCTI Ta €KOHOMIiuHiH edekTuBHOCTI. OmHAK
BUKOPHUCTAHHS aJCcOpOLii Al BUJAICHHS (BTOPY 3 BOAM CTHKAETHCS 3 KUTbKOMA MPOOJIEMaMU, OIHIEIO 3 SIKHX €
3HWKEHHS ¢)EKTUBHOCTI BUAICHHS Y IPUCYTHOCTI CTOPOHHIX (KOHKYPYIOUHX ) 10HIB. 3 ypaxyBaHHIM IIbOT0, 0YJI0
JTOCITiPKEHO BIUTUB CTOPOHHIX 10HIB HA BUJAJIEHHs ()TOPY 3 BUKOPUCTAHHIM 3pa3KiB aJICOPOCHTIB Ha OCHOBI 3aJTi3a.
CTopoHHI 10HM KOHKYPYIOTh 3 10HaMH ()TOPY 3a LEHTPH aJcopOIil Ha OBEpXHi a1copOyrouoro Marepiany, THM
CaMUM 3HIKYIOUM 3arajbHy e(eKTHBHICTh BHAaneHHsA ¢ropy. OTpHMaHi pe3yiabTaTd CBi4aTh Mpo Te, IIO BCi
JIOCITI/DKYBaHI 10HW HETaTUBHO BIUIMBAIOTh Ha €(EKTHUBHICTH Tporecy pizHOW Mipow. PDocdar-ioH BHSIBHB
HaNOUTBII 3HAYHUH HETATUBHUH BILTUB, OCKUIBKH BiH CIelIU(iYHO acopOyeThesl Ha BACOKOBAICHTHUX OKCHAX Ta
TiIPOKCHIIAX METATIB IUITXOM KOMILUIEKCOYTBOPEHHS Yy BHYTpIlIHINA cdepi. Tomy BiH MOXE 3HAYHOIO MipOIO
KOHKYpYyBaTH 3 i0HaMHu (QTopy, sKi TakokK crierudiaao ancopOyroThes. [oHM HITpaTIB Ta XJIOPHIIB HeCcTe(IaHO
afcopOyroThes (IUITXOM KOMITJICKCOYTBOPESHHSI y 30BHIIIHIN cdepi) HA OKCHAAX METaliB, 1 TOMYy HE MOXKYTh
e()eKTHBHO KOHKYpPYBaTH 3 i0HaMH (TOPY 3a piBHUX KOHIICHTpAIiil. [oHH cynb(artiB MOXKYTh ancopOyBaTUCS SIK
crienudivHo, Tak 1 HecrenupivHo, 1 TOMY JeMOHCTPYIOTh OLIBIINI KOHKYPEHTHUH e()eKT, HXK XJIOPHIU Ta HITPaTH,
ane MeHmWH, HiX (ocdarn. CriBBiAHOIIEHHS KOHICHTpAIIH aHIOHIB Y TMPUPOJAHHUX Ta CTIYHHX BOJAX 3HAYHO
PI3HATBCA 1 X CITiJT BpaXOBYBATH MPH JOCIIIPKEHHI TPOLIECIB COPOIIITHOTO OYHUIIICHHS BOIH.

Karwudosi cioBa: ounteHHs Boaw, nedTopyBanHs, GepyMBMICHI cOpOEHTH, KOHKYPYIOUi 10Hi.
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