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Abstract

This paper is devoted to the features of the synthesis and applications of suspension iron(III)-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(III)-based sorbents by homogeneous precipitation from FeCl3 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. Iron(III) oxyhydroxide was the main phase of

the most effective fine particle adsorbents. Applications on natural water showed that the

synthesized iron(III) oxyhydroxide effectively removed arsenic compounds not only from model

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

Key words: adsorption; arsenic removal; arsenite; humates; fine particle iron(III)

oxyhydroxide; suspended sorbents.
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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 (Ødegaard et al., 2010), biofiltration with

pre-oxidation (Pharand et al., 2015), adsorption (Bhatnagar & Sillanpää, 2017), ion exchange

(Levchuk, Márquez & Sillanpää, 2018), electrochemical methods (Särkkä, Vepsäläinen &

Sillanpää, 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 μg/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 (Abejón, Garea & Irabien, 2015), biotreatment (Rahman

et al., 2014), ion exchange (Lee et al., 2017), lime softening (Odell, 2016), adsorption (Lim & Aris,

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 FeCl3 solution by thermal

hydrolysis of urea. Synthesis conditions (urea:FeCl3 ratio and boiling duration) were varied for

different samples of sorbent materials (Table 1).

Table 1. Synthesis conditions

Sorbent Urea:FeCl3 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) 5:1 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 FeCl3 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-Kα radiation with the wavelength of λ = 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 μg/l) were used. In Erlenmeyer flasks were poured 250 ml of arsenite solution

and were added sorbent suspension. Adsorbent dose was 50 mg/l.

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 NaHCO3 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 HCl. 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 l) 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(III) 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 FeCl3 solution by

thermal hydrolysis of urea (Fig. 1).

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(III) 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 μm), which is undesirable for microfiltration membranes.
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Fig. 2. Light microscopy of SFU (8/30) sample.

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).

Fig. 3. CST test for adsorbents suspensions.

CST of SFU (8/30) was 63.7 s and CST of SFU (8/60) was 61.3 s. Samples with major urea:FeCl3

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 μg/l) specific As(III) adsorption was high (67.7 mg/g), but residual

arsenic level at this sorbent dose (50 mg/l) was significantly higher (1463 μg/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).

Fig. 5. Humates removal.

According to the standard for drinking water, the maximum allowable colour was 20 mg Pt/l, 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



WATER AND WATER PURIFICATION TECHNOLOGIES. SCIENTIFIC AND TECHNICAL NEWS ISSN 2218-9300
DOI: https://doi.org/10.20535/wptstn.v28i3.218046

21
Materials and equipment for water treatment

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 μg/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, μg/l pH Dose, mg/l As content, μg/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 μg/l).

Conclusions

Studies on the sorption removal of arsenic and humate compounds by synthesized adsorbents

demonstrated that adsorbents, synthesized from FeCl3 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(III) oxyhydroxide effectively removed arsenic

compounds of various origins (arsenates, arsenites and humic substances).

Tests on natural water showed that the synthesized iron(III) oxyhydroxide effectively removed

arsenic compounds not only from model waters, but also from natural water with reaching of

regulatory requirements.
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Реферат

Дана стаття присвячена особливостям синтезу та застосування у водоочищенні суспензійних

сорбентів на основі феруму(III). Присутність у питній воді токсичних домішок, особливо

розчинних сполук арсену або різних органічних побічних продуктів дезінфекції, є значною

проблемою не лише для України, але і для багатьох інших країн. Отже, пошук простого та

ефективного методу очищення забруднених природних вод до необхідної нормативної якості

є досить важливим та актуальним завданням. В статті здійснено порівняння різних методів

водоочищення, призначених для видалення сполук арсену та гумітів з водного середовища, в

результаті чого було встановлено, що використання адсорбентів, особливо дрібнодисперсних

сорбентів на основі феруму, демонструє високі результати при очищенні вод від природних

органічних речовин та деяких інших забрудників. Дрібнодисперсні ферумвмісні адсорбенти

можуть ефективно видаляти сполуки арсену завдяки своїй хімічній структурі, тобто

відбувається хемосорбція та іммобілізація арсенат- та арсеніт-іонів у вигляді нерозчинного

ферум(ІІІ) арсенату. Таким чином, метою роботи було розробити адсорбент для ефективного
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видалення сполук арсену та гуматів з природних вод. Було синтезовано 7 суспензійних

сорбентів на основі феруму(III) шляхом гомогенного осадження з розчину FeCl3 термічним

гідролізом карбаміду. Ефективність синтезованих зразків було перевірено адсорбційними

експериментами (видалення гуматів та арсеніту) та визначенням часу капілярного

просочування для одержаних суспензій. Було встановлено, що основною фазою найбільш

перспективних суспензійних адсорбентів був ферум(ІІІ) оксигідроксид. Подальшою

перевіркою адсорбенту на зразках природних вод було доведено, що синтезований ферум(ІІІ)

оксигідроксид ефективно видаляє сполуки арсену не тільки з модельних розчинів, а й з

природних вод, дозволяючи досягнути нормативних вимог.

Ключові слова: адсорбція; арсеніти; видалення арсену; гумати; дрібнодисперсний ферум(III)

оксигідроксид; суспензійні сорбенти.


