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Abstract

This paper is devoted to the features of the synthesis and applications of suspension iron(l11)-based
sorbents in water treatment. The problems of toxic impurities of the drinking water, especially
soluble arsenic compounds or different organic disinfection by-products, are very acute not only for
Ukraine, but for many other countries too. So, it is very important to find simple and effective
method to treat polluted natural waters to the required quality. The comparison of different
treatment methods for removal of arsenic compounds and humates was made, as a result of which it
was determined that the usage of adsorbents, especially fine particle iron-based sorbents, is very
effective in natural organic matter removal and some other pollutants. Fine particle iron-based
adsorbents are effective for arsenic removal due to its chemical structure. These materials removed
arsenic compounds by chemisorption processes and immobilization of arsenate and arsenite ions in
the insoluble form of ferric arsenate. Thus, the aim of the work was to develop the adsorbent for
effective removal of arsenic compounds and humates from natural waters. We synthesized 7
suspension iron(l11)-based sorbents by homogeneous precipitation from FeCls solution by thermal
hydrolysis of urea. The efficiency of synthesized samples was checked by adsorption tests (humates
and arsenite removal) and capillary suction time test. lron(l11) oxyhydroxide was the main phase of
the most effective fine particle adsorbents. Applications on natural water showed that the
synthesized iron(l11) oxyhydroxide effectively removed arsenic compounds not only from model

waters, but also from natural water with reaching of regulatory requirements.
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Introduction

Global Warming and irrational usage of water resources cause negative changes in water
compositions of surface and groundwater sources. Increased water demand causes depletion of
some aquifers, admixture of pure water and water from polluted aquifers and increasing of different
toxic components (for example arsenic) leaching from rocks and minerals. Global Warming and
high nutrients content provoke increasing of populations of water plants, algae, plankton, etc.
During cold period decomposition of this biomass takes place. It results in high content of humic
compounds in water bodies.

Incomplete natural organic matter (NOM) removal leads to the formation of disinfection by-
products, which are often harmful and smelly, during chlorination (Villanueva et al., 2015).

There are some modern approaches for colour removal, especially ballasted coagulation on the
lamellas (Capodaglio et al., 2011), ballasted flotation (Jarvis et al., 2011), nanofiltration (Vergel et
al., 2017), combination of coagulation and microfiltration (Jdegaard et al., 2010), biofiltration with
pre-oxidation (Pharand et al., 2015), adsorption (Bhatnagar & Sillanpd4, 2017), ion exchange
(Levchuk, Maérquez & Sillanpédd, 2018), electrochemical methods (Sarkkd, Vepsaldinen &
Sillanpad, 2015), etc.

Perspective solution of NOM problem is the application of membrane technology. According to
(Plourde-Lescelleur et al., 2015) nanofiltration is significantly more effective in NOM removal than
coagulation by aluminium or iron compounds. But using of this method is limited by fouling
problem (Shan et al., 2016). Membrane fouling by NOM can’t be restored only through physical
scrub like backwash and air cleaning, so pretreatment process are important for long-term stable
operation of a membrane (Sun et al., 2013). Combination of coagulation and microfiltration also has
some disadvantages, especially clogging of membrane pores by amorphous flocs (Kim, Deng &
Benjamin, 2008). Thus, in case of natural water with high organic content usage of these methods
leads to significant decreasing of work resource of membranes and high consumption of chemicals
for treatment.

Adsorption is very popular for the removal of organic compounds. Modified activated carbons
(Park et al., 2015) and zeolites (Mahvi et al., 2016) are often used for this purpose. Conventional
adsorption filters have high physical footprint due to low filtration velocities.

Fine particle adsorbent is one of the novel methods of NOM removal. According to the previous
studies system adsorbent/membrane demonstrates high NOM removal and fouling prevention
efficiency (Litynska et al., 2019). Thus, fine particle iron oxyhydroxide demonstrates higher

efficiency in organic removal than powdered activated carbon.
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Other important problem is increasing of content of toxic elements and heavy metals in natural
waters due to changes of groundwater level and acidic rains. Arsenic is one of the most dangerous
elements in world. Now the maximum allowable concentration of arsenic in drinking water is
10 pg/l (European Commission, 1998). High arsenic level in natural water are typical for India,
Bangladesh, Taiwan, Vietnam, USA, Mexico, Argentina, Hungary, Ghana, China, Chile, Iran, etc.
(Litynska, Tolstopalova & Astrelin, 2017). Chronic arsenic exposure provokes different health
problems, such as skin lesions, hyperkeratosis, melanosis, skin cancer and cancer of internal organs
(Mandal & Suzuki, 2002).

Arsenic compounds can be removed from water by different methods, especially, coagulation
(Elyahyaoui et al., 2016), reverse osmosis (Abejon, Garea & Irabien, 2015), biotreatment (Rahman
et al., 2014), ion exchange (Lee et al., 2017), lime softening (Odell, 2016), adsorption (Lim & Avris,
2014), etc. These approaches have the same disadvantages as in the case of NOM removal,
especially, large physical footprint, significant consumption of chemicals and energy, etc.

Fine particle iron-based adsorbents are effective for arsenic removal due to its chemical structure.
They remove arsenic compounds by chemisorption processes and immobilization of arsenate and
arsenite ions in the insoluble form of ferric arsenate. So, fine particle iron-containing adsorbents can
effectively remove NOM and arsenic compounds, and it also can effectively protect membranes
from colloidal fouling.

Thus, the aim of the work was to develop the adsorbent for effective removal of arsenic compounds

and humates from natural waters.
Materials and Methods

Adsorbent synthesis. Fine particle adsorbents were synthesized from FeClz solution by thermal
hydrolysis of urea. Synthesis conditions (urea:FeCls ratio and boiling duration) were varied for
different samples of sorbent materials (Table 1).

Table 1. Synthesis conditions

Sorbent Urea:FeCls ratio | Boiling duration, min
SFU (15/30) 15:1 30
SFU (10/30) 10:1 30
SFU (8/30) 8:1 30
SFU (5/30) 51 30
SFU (10/15) 10:1 15
SFU (10/60) 10:1 60
SFU (8/60) 8:1 60
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150 g of urea was dissolved in 200 ml of distilled water and FeClz solution (with concentration
0.6 M) was added to the urea solution. The mixture was heated to the temperature about 95 °C with
constant stirring and boiled at this temperature for 15, 30 or 60 minutes. The resulting suspension is
cooled and rinsed by decantation using distilled water. The sorbent is stored and used as a
suspension.

X-ray diffraction. X-ray diffractometer DRON-2 was used for phase determination. The
experiments were made using monochromatic Co-K, radiation with the wavelength of A = 1.7902A.
The phases were identified using PCPDFWIN database.

Microscopy. Light microscopy was made by microscope Leica DM6 B. The drop of sorbent
suspension was placed on microscope slide and covered by cover glass. Drop of oil was placed on
the chosen place on cover glass. It enhanced quality of image and protected objective. Camera
Leica DMC4500 transmited image to the computer.

CST test. The main principle of CST (Capillary Suction Time) test is filtration force generated by
the capillary action of an absorbent filter paper is applied to suspension. Sorbents were diluted to
the contentration 10 g/l. 5 ml of suspension was poured into the funnel fixed on absorbent filter
paper, which was placed between two plastic blocks. Capillary Suction Timer showed time, which
liquid need to reach the electrode. It gave information about filtration properties of suspension.
Arsenic removal. For experiment solutions with different arsenite contents (500, 2000, 4000,
10000, 12000, 15000 pg/l) were used. In Erlenmeyer flasks were poured 250 ml of arsenite solution
and were added sorbent suspension. Adsorbent dose was 50 mg/I.

Humates removal. Portions (200 ml) of model water (initial concentration of Na salt of humic acid
was 5 mg/l with colour 60 mg Pt/l and 0,530 UV-254, concentration of NaHCOs was 5 mg/l) were
placed in Erlenmeyer flasks (volume of flask was 250 ml) with screw caps. pH was adjusted to 5.8
by 1 M solution of HCI. Sorbent was dosed into flasks. Sorbent doses were: 25; 50; 60; 70; 80; 90;
100; 110 and 120 mg of solid sorbent per liter. After that flasks were placed on the orbital shaker.
Shaking duration was 5 h (equilibrium time).

Adsorbent application for natural waters. Artesian water samples from Kwasy (Western
Ukraine) were used for experiments. Mixing of raw water (0.5 I) and ferric oxyhydroxide (50; 110
and 200 mg of solid sorbent per liter) was the first stage. Second step described interaction between
adsorbent particles and impurities. Arsenites and arsenates were immobilized on the particle surface
due to formation of insoluble ferric arsenate. Separation was the third step. Adsorbent with
immobilized impurities formed protective layer on the membrane surface. Backwash was the fourth
stage. Water flow removed adsorbent with immobilized pollutants. After it membrane was as clean
as before filtration. Water was mixed with ferric oxyhydroxide suspension and separated by fixed in

filter holder membrane filter. Arsenic content was determinated in filtrate. Total arsenic
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concentration was detected photometrically in the form of blue compound of redoxing of heteropoly
acids.

Results and discussion

Iron(111) oxyhydroxide was the main phase of two chosen for X-ray diffraction analysis fine particle
adsorbents (samples SFU (8/30) and SFU (8/60)), that were synthesized from FeCls solution by
thermal hydrolysis of urea (Fig. 1).
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Fig. 1. X-ray diffraction of dried adsorbent (sample SFU (8/30)).

SFU (8/60) demonstrated the same X-ray diffraction results, thus its diffraction curve was not
placed in this paper.

These adsorbents had spherical particles with almost the same size (Fig. 2), which is convenient for
use in the sorption-membrane treatment method.

The ratio of urea to iron(lll) chloride significantly affected the particle size and possibly the
synthesized phase, as samples with a ratio of 15 had a brown color, which was characteristic for the
amorphous hydroxide phase. The sample with a ratio of 5 (SFU (5/30)) is very fine (particles less

than 1 um), which is undesirable for microfiltration membranes.
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According to the capillary suction time (CST) test (Fig. 3), the most perspective were sorbents
SFU (8/30) and SFU (8/60), which differed only in the duration of boiling (30 or 60 minutes).
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Fig. 3. CST test for adsorbents suspensions.
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CST of SFU (8/30) was 63.7 s and CST of SFU (8/60) was 61.3 s. Samples with major urea:FeCls
ratio (10-15) had higher CST (88.2-98.4 s).

Whereas SFU (8/30) and SFU (8/60) demonstrated almost the same results, in order to reduce the
cost of the sorption material, it was advisable to choose boiling for only 30 minutes.

All adsorbent samples showed similar sorption properties to arsenate and arsenite ions (Fig. 4).
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Fig. 4. Removal of arsenite from solutions (SFU (8/30)).

At high arsenic content (15000 pg/l) specific As(l11) adsorption was high (67.7 mg/g), but residual
arsenic level at this sorbent dose (50 mg/l) was significantly higher (1463 ug/l) than maximum
allowable concentration for drinking water. Thus, dose 50 mg/l was not enough for effective
treatment and it was recommended to use higher adsorbent doses for water with significant arsenic
content.

Comparing the most efficient samples, we can conclude that SFU (8/30) demonstrated the best
sorption efficiency for humates (Fig. 5).
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Fig. 5. Humates removal.

According to the standard for drinking water, the maximum allowable colour was 20 mg Pt/I, but
this water had a slight yellowish tinge, which could be negatively perceived by the consumers.
Therefore, it was decided to treat water to 5 mg Pt/l of residual colour, as the colour of such water
was almost invisible. For SFU (8/30) 80 mg/l was enough for residual colour 3 mg Pt/l, but for
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effective humates removal by SFU (15/30) and SFU (10/15) were required higher doses (90 and
100 mg/l, respectively).

In Ukraine, groundwater with the highest arsenic content was located in the area of Rakhiv-Tysa
deep transverse fault due to the release of arsenic-containing rocks from deep layers.

Two samples taken near village Kwasy (Western Ukraine). These waters had very high contents of
arsenic (16733 and 13263 pg/l). It was more than in 1673 and 1326 times, respectively, exceeds the

maximum permissible concentration of arsenic in drinking water (Table 2).

Table 2. Check the synthesized adsorbent on the samples of natural water

Sample 1 Sample 2
Dose, mg/l | As content, pg/l pH Dose, mg/I As content, pg/l pH
Raw water 16733 6.46 Raw water 13263 6.02
50 3133 7.70 50 2825 7.16
110 1067 8.15 110 803 7.65
200 5> 8.42 200 5> 8.03

Low dosages (50 and 110 mg/l) demonstrated insufficient efficiency of arsenic removal. But the
dose of 200 mg/l of the sorbent SFU (8/30) could treat water to the safe quality (arsenic
concentrations after treatment were lower than 10 pg/l).

Conclusions

Studies on the sorption removal of arsenic and humate compounds by synthesized adsorbents
demonstrated that adsorbents, synthesized from FeCls solution by thermal hydrolysis of urea, were
very perspective for arsenic compounds and humates removal from water. Based on the FeOOH
phase samples had high specific adsorption of arsenate and arsenite ions (about 70 mg As/g), short
capillary suction time (61.3-63.7s) and higher than other synthesized materials, sorption efficiency
against humates. Thus, the synthesized iron(lll) oxyhydroxide effectively removed arsenic
compounds of various origins (arsenates, arsenites and humic substances).

Tests on natural water showed that the synthesized iron(l11) oxyhydroxide effectively removed
arsenic compounds not only from model waters, but also from natural water with reaching of

regulatory requirements.
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CYCHEH3IAHI COPBEHTH JIJI1 BUJAJIEHHSA CIIOJIYK APCEHY TA
I'YMATIB 3 BOAU

Y'M. I JTimuncoka, *T. A. Jonyosa

1 Kadenpa texHomnorii HeopraHiYHUX PEUOBHH, BOJOOUYHUIIECHHS Ta 3arajlbHOI XIMIYHOI TEXHOJOTII,
HamionansHuii TexHIYHUN yHIBepcUTET YKpainu «KUiBChKUI MOMITEXHIYHHUA 1HCTUTYT iMeHi [ropst

Cikopcekoro», Kuis, 03056, Ykpaina.

“AsTop nns nuctysanns: M.litynska-2017 @kpi.ua
Pedepar

JlaHa cTaTTs MpHUCBsiY€Ha OCOOIIMBOCTAM CHHTE3Y Ta 3aCTOCYBAHHS y BOJOOUYHINEHHI CYCIIEH3IHHIX
copOenTiB Ha ocHOBi (epymy(lll). TIpucyTHICTh y MUTHIA BOAI TOKCHYHUX JOMIIIOK, OCOOJIHBO
PO3UMHHHX CHOJYK apceHy a0 pi3HHX OpPraHi4HMX MOOIYHMX MPOAYKTIB jAe3iH(ekii, € 3HaUHOIO
npobJIeMor0 He JuIe A YKpaiHy, aje i i 6aratbox iHImuMX KpaiH. OTxke, MOIIyK IpOoCTOTo Ta
e(EKTUBHOTO METO/Iy OUHILEHHS 3a0pyAHCHUX MPUPOTHUX BOJ 10 HEOOXiTHOT HOPMATHBHOI SIKOCTI
€ IOCUTh BaXJIMBUM Ta aKTyaJlbHHUM 3aBJaHHAM. B cTarTi 37ifiCHEHO MOPIBHSAHHS PI3HUX METOJIIB
BOJIOOYMIIICHHS, TPU3HAYCHUX JIJIsl BUAJICHHS CIOIYK apCeHy Ta I'yMITIB 3 BOJHOT'O CEPEOBHUINA, B
pe3yibTarti 4oro OyJo BCTaHOBIIEHO, 1110 BUKOPUCTAHHS aJCOPOCHTIB, OCOOIUBO APiOHOAMCIIEPCHUX
copOeHTIB Ha OCHOBI (epyMy, IEMOHCTPY€E BHCOKI pe3yJIbTaTy MPU OUMIIECHHI BOJ BiJl MPUPOTHUX
OpPraHIYHMX PEUOBHMH Ta JESIKUX 1HIIUX 3a0pynHUKiB. JpiOHOnucHepcHi (hepyMBMICHI aacopOeHTH
MOXYTb €(QEKTHBHO BHUAAIATH CHOJIYKM apceHy 3aBISKU CBOIM XIMIYHIM CTpyKTypi, TOOTO
BiZIOyBa€ThCS XeMOCOPOIlis Ta iMMOOLTI3allisl apceHaT- Ta apCeHIT-10HIB Y BUIJIAAI HEPO3UMHHOTO

depym(I1l) apcenaty. Takum uuHOM, METOIO poOOTH OYJI0 PO3POOUTH aACOPOSHT ISt €PEKTUBHOTO
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BUJAJICHHS CIOJYK apceHy Ta TyMariB 3 NPUPOAHUX BOA. Byno cuHTe30BaHO 7 CyCHEH31HHUX
copOenTiB Ha ocHOBI Gepymy(lll) nisixom romoreHHoro ocamkeHHs 3 po3unny FeCls Tepmiunum
rizpomnizom kapbaminy. EdekTuBHICTH CHHTE30BaHMX 3pa3kiB Oys0 MepeBipeHO aacopOIiifHMMU
ekcriepuMeHTamMu  (BUJAJICHHST TyMariB Ta apCceHiTy) Ta BH3HAYEHHSAM 4Yacy KallIipHOTO
MPOCOYYBAHHS IJI OJEPKAHUX CYCIEeH3ild. Bylio BCTaHOBIEHO, 110 OCHOBHOKO ()a30r0 HAMOIIbII
NEepPCIEeKTUBHUX ~CycleH3iiHux ancopOentiB  OyB ¢epym(Ill) okcuringpokcua. [logambiioro
MEPEBIPKOIO aJICOPOCHTY Ha 3pa3Kax MPUPOIHUX BOJ OYyJI0 J0BEACHO, 1o cuHTe3oBanuit pepym(I1l)
OKCUT1IpOKCH] €(EeKTUBHO BHJAJISAE CIONYKH apCeHy HE TUIbKH 3 MOJEIBHHUX PO3YMHIB, a H 3

MNpUpOAHUX BOM, JO3BOJIAOYH JOCATHYTHU HOPMATHUBHUX BUMOT.

Kniouosi cnosa: adcopbyis; apcenimu; euoanenus apceny; symamu; opionooucnepcruil gepym(l)

OKCURIOPOKCUO; CYCNEH3iliHI copOeHmu.
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