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CONTROLLED SYNTHESIS OF IRON OXIDE NANOPARTICLES
USED AS AN EFFICIENT HEAVY METAL IONS ADSORBENT

KONTROLOWANA SYNTEZA NANOCZ ASTEK TLENKOW ZELAZA
STOSOWANYCH JAKO EFEKTYWNY ADSORBENT JONOW
METALI Cl EZKICH

Abstract: In this paper a few attempts of iron oxide nandpled synthesis via chemical co-precipitation are
presented. Iron(ll) and (lll) salts were used gsrecursors and agueous ammonia as a precipitatezium.

In the literature it was proved that there are sdawntors, like reaction temperature, base amount ¢p the
reaction mixture) or the concentration of iron salthich affects characteristics of formed nanaglag such as
their size distribution. The aim of presented reseavas to select such reaction parameters whialdaead to
the production of the most effective sorbent faw feeavy metal ions, such as: Cr(VI), Pb(ll), ClICu(ll),
Zn(11), Ni(ll) and Cd(ll). The synthesis of nanoparticles were carried outhi@e temperatures (30, 60, 90°C) and
three ammonia volumes (8, 10, 15%or each temperature. Furthermore the influerfdeoa salts molar ratio
Fe(ll) : Fe(lll) in the reaction mixture on resalg sorbent was examined. Because the synthesedeaeré the
oxidizing environment, in order to compensate phrtixidation of Fe(ll) to Fe(lll), a few molar rat
Fe(ll) : Fe(lll) beyond the stoichiometric value Hieh is 1 : 2 for magnetite E®,;) were investigated.
Additionally for the magnetite synthesized in thelested conditions the effect of pH on the sorption
of heavy metal ions were examined. The pH conditimere estimated to not exceed 7 in order to anwithl
precipitation.
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Introduction

Heavy metals are used by human beings from thogsarfidyears. Despite the
awareness about their toxicity and negative impacte living organisms the exposure to
heavy metals is still significant, especially i ttheveloping countries.

Most of heavy metals in the environment have imndistorigin. The serious
environmental problems constitute the industriabnpd which discharge effluents
containing such heavy metals as Cd, Cr, Cu, NioP&n. These heavy metals tend to
accumulate in the living organisms, causing margithadisorders like organs and nervous
system damages, tumours, reduced growth and deweldpof children and in some cases,
even death [1, 2].

In the last years intensification of research om tbconomical and efficient
technologies in order to reduce quantities and awprqualities of wastewater discharged
into environment is noticeable. There are many eativnal technologies for heavy metal
removal such as ion exchange, chemical precipitaflotation, chemical decomposition or
adsorption [1]. Considerable attention is paid ba tievelopment of applicable and cost
effective adsorbents. Among various researchesdsorbents, many works confirm that
iron oxides are those which can be used for effideavy metal removal [3-6]. Iron oxides
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in form of magnetite, maghemite or goethite arerthtiral minerals which occur in earth
crust. They are characterized by very reactiveaserf Active sites and large surface area
made them able to bound contaminants in the forrmatibns and anions as well [7]. Iron
oxides application in wastewater treatment areaspgecially attractive when their size is
limited to nanoscale. As nanoparticles they providgh efficiency, fast reaction kinetics
and high reactivity with respect to the separatets.i These properties are caused by the
extremely small particles size and a large spesiiitace area. Besides, those nanoparticles
have also another important feature - magnetisnis Tdature is especially important in
water and wastewater treatment systems as it peadyreat convenience in the process of
separation of the nanoparticles from the water aftisorption process. Separation can be
carried out using a small magnetic field or evendieeld magnet [8, 9].

One of the simplest and the most economical metbbdise magnetite nanoparticles
production is chemical co-precipitation. The methedounded on co-precipitation from
Fe(ll) and Fe(lll) salts by addition of a base [1The stoichiometric reaction can be
written as follows:

Fe* + 2Fé" + 80OH — Fe0,(magnetite) + 4D (1)

The properties of nanopatrticles produced duringrita@ co-precipitation, such as
their size, chemical composition or morphologyostly depend on the synthesis reaction
parameters. Among them one can point out such dessas reaction temperature, pH
and type of base, mixing rate, ionic strength ofdimen, presence of the coating agent
(eg surfactant), reaction mixture deoxidization by #tample nitrogen gas bubbling or
Fe(ll) : Fe(lll) molar ratio value [11, 12]. Forgtance, it was proved that the size of the
nanoparticles increase with the temperature ofgtmthesis reaction and decrease with the
increasing amount of base [12, 13].

The aim of this study was to investigate how thetlsgsis conditions influence the
resulting magnetite efficiency as a heavy metabesot. Thus syntheses reactions were led
at different combinations of temperatures and k@weunts. The properties of the iron
oxides were examined on the basis of following isegaration efficiencies - Cu(ll), Ni(ll),
Zn(ll), Cd(11), Pb(l), Cr(lll) and Cr(VI). After boosing the reaction conditions which
seemed to be most reasonable for the efficienteswrproduction, the pH effect of the
sorption process on its efficiency regarding torfiams,ie Zn(ll), Cu(ll), Cd(Il) and Pb(ll),
was investigated.

Experimental
Chemicals and methods

The syntheses of magnetite nanoparticles were aeduusing iron salts -
FeCk-6H,0 (Warchem), RS0, 7H,0 (Stanlab) and base solution - NH,O 25%
(Stanlab).

Heavy metal solutions at a concentration of 20 BMang/dni were prepared based on
the following, mainly nitrate, salts - Cr(NRR-9H,O, Ni(NGs),- 6H,0, Cd(NQ),-4H,0,
Cu(NGs),- 3H,0, Pb(NQ),, Zn(NGs),-9H,0 (POCH S.A)), KCr,0; (Merck). For pH
correction base - NaOH (0.1M) and acid - HNQ.1M) solutions were used (POCH S.A.).
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Atomic absorption spectrometer SepctrAA 880 (Variamith atomization in

acetylene-air flame was used to determine the nuatatentration of the solution after
sorption process.

Magnetite nanoparticles preparation

Nanoparticles syntheses were conducted followinglifieal Liu et al method [5].

General procedure of all syntheses includes suaugsteps:

dissolution of appropriate FebH,0O and FeSQ 7H,0O salts amounts in 100 érof
distilled water,

placing the mixture in the water bath followed bgating in order to reach required
temperature,

starting the mechanical stirring of the mixture,

rapid addition of 50 cfhdistilled water and appropriate volume of the basitiate
magnetite precipitation,

vigorous stirring for 30 minutes whilst keeping thexture in the same temperature
conditions,

cooling the mixture to the room temperature (oplgoH measurements of mixtures
after synthesis),

washing of black precipitate of magnetite by distil water with the help of
a neodymium magnet in order to separate sorbemh fumreacted residues of
chemicals,

preparation of approximately 5 g/dsuspension of magnetite nanoparticles.

The synthesis at different temperature and pH conditions

In first part of the research the influence of temgpure and volume of precipitating

medium, which affected pH of reaction mixture, @sulting adsorbent efficiency were

examined.
Table 1
Magnetite synthesis conditions at different tempeeibase volumes
Number of Temperature Ammonia | Molar ratios of chemicals| Final pH after
syntheses/combinations water volume Fe?*: Fe*": NHzH,0 synthesis
[°C] [cm? []
1 30 7.31
2 60 8 1:15:38 5.81
3 90 531
4 30 8.84
5 60 10 1:15:47 8.53
6 90 6.95
7 30 9.37
8 60 15 1:15:7.1 9.16
9 90 7.92

The molar ratio of iron salts was according to ktual [1] maintained stable, equal

Fe(ll) : Fe(ll)=1:1.5 (4.2 g Fegl6H,0 and 6.1 g ESO,- 7TH,0O) whereas temperature of
syntheses was settled at 30, 60 or 90°C and baseduaed in volume of 8, 10 or 15tm
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Summarizing, nine syntheses combinations at diffteréemperature/base volumes
conditions were carried out. The amounts of chelmiessed in each combination in
comparison to the stoichiometric synthesis reactiamich for pure magnetite is
F&': F€*: NHyH,0 = 1 : 2 : 8, and final pH of a mixtures after leaynthesis were
collected in Table 1.

The synthesis at different Fe(l1)/Fe(I11) molar ratio conditions

The aim of second part of the research was to figate how the molar ratio of iron
salts effects the resulting adsorbent efficiencgcdise of the fact that syntheses were
conducted with an oxygen access, the partial oxidaif Fe(ll) to Fe(lll) were predicted.
Therefore a few syntheses with different Fe(ll) &®qlll) salts amounts were conducted.
Four Fe(ll) : Fe(lll) ratios below stoichiometrim® were chosen, that is 1 : 1, 1 : 1.25,
1:1.5,1:1.75, one equal to the pure magnstitichiometry - 1 : 2 and one ratio above -
1:2.25. The molar ratios and corresponding irdtssamounts were collected in Table 2.

Table 2
Magnetite synthesis conditions at different Fef)ill) molar ratios
Iron salts molar ratio Iron salts amount
Number of syntheses Fe(ll) Fe(lll) FeSO,- 7THO | FeClh. 6H,0
[a] [l
1 1 1 4.20 4.08
2 1 1.25 4.20 5.10
3 1 15 4.20 6.13
4 1 1.75 4.20 7.15
5 1 2 4.20 8.17
6 1 2.25 4.20 9.19

All syntheses with different iron salts amounts evesonducted under the most
appropriate temperature/base volume conditionsirdddarom the first part of the research
- that is at 30°C and with 15 émf ammonia solution.

Batch sorption tests

In order to examine how the synthesis conditionsafjnetiteje the temperature, base
volume and molar ratio of iron salts added to tkaction mixture, effect resulting
adsorbent the batch adsorption tests were condudtegvery heavy metal removal
procedure 5 cfof magnetite particles suspension (5 gidwas placed in plastic container
and poured over with 20 émf metal solution (Cu(ll), Zn(ll), Ni(ll), Cd(I)Cr(V1), Cr(Ill)
or Pb(ll)) at concentration of 20 mg/dnffor temperature/base volume testing) and
50 mg/dni (for molar ratio testing). Every sorption experithevas performed in triplicate
without pH correction. Then the reactors were pdage mechanical shaker and shaken for
8 hours at room temperature. In the next day trsordents were separated via external
magnetic field and supernatants were collectednital concentration measurement.

Moreover, following the procedure of sorption désed above, the influence of pH
during the separation process on its efficiency @emmined for four metal iong Cu(ll),
Zn(ll), Cd(I) and Pb(ll). The sorbent was preparatl 30°C, 15 crhof base and
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Fe(ll) : Fe(lll) molar ratio equal to 1 : 1.5, hgawmetal solutions were used in
concentration of 50 mg/dinThe pH conditions during sorption process waalgished at
different values for each test, namely 3, 4, %,.6,

Results and discussion
The separation process efficiengyas evaluated according to the following equation:
n = (G -Cy)/C] [100% 2)
where C; and C; are metal ion concentrations before and aftertsorg(initial and final
concentration), respectively.

Theresults for synthesis at different temperature and base volume conditions

Results of each ion separation effectiveness avenshat Figures 1-7. Analysed ions
can be divided into two groups. The first group u(IQ, Zn(ll), Cd(Il) and Ni(ll) ions,
which removal is substantially smaller than sepanadf the second group - Pb(ll), Cr(lll)
and Cr(VI) ions.
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Fig. 1. Removal efficiency of Cu(ll) ions by irorxides synthesised at different ammonia volume/teaipee
conditions

While analysing the first group of ions it can Heserved that the maximum separation
efficiencies amounted to more than 50% for Cu(hyl &n(ll), over 30% for Ni(ll) and
about 20% for Cd(ll). Concerning the effect of tieese volume added during syntheses, it
can be said that the smallest removal of these fionthe whole range of temperatures,
were achieved using 8 énof ammonia solution. It is related to the too lp of the
reactions environments and thus to insufficient amt® of -OH groups required for proper
synthesis of iron oxides. The pH values measuradediately after syntheses was in the
range from 5 to over 7 (Table 1). Especially ladjeersity in separation results was
obtained for Zn(ll) ions. Their removal using matijee synthesised at 30 and 60°C
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increased from 20% while using 8 tof base to over 50% while using 15%aof ammonia
solution. Similar trend can be observed for Ni{di)s.
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Fig. 2. Removal efficiency of Zn(ll) ions by irorxides synthesised at different ammonia volume/teatpee
conditions
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Fig. 3. Removal efficiency of Cd(ll) ions by irorxides synthesised at different ammonia volume/teaipee
conditions

The effect of temperature conditions on resultiogbent separation efficiency was
also most noticeable for Zn(ll) ions sorption - thighest removal was obtained while using
magnetite produced at 30°C. Similar tendency wesemied for Ni(ll) ions with less
noticeable removal efficiency decrease while usiathent synthesised at 60°C and more
noticeable for iron oxides synthesised at 90°Czase of Cu(ll) ions, although the biggest
removal was obtained during sorption on the matm@tioduced at 60°C, the results was
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not so differ from those observed for material bgsised at 30°C. In turn, the noticeable
decrease of Cu(ll) ions removal was observed whiimg sorbent made at 90°C. The
smallest differences at sorption by using sorbebtsined at different temperatures was

noticed for Cd(ll) ions.
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Fig. 4. Removal efficiency of Ni(ll) ions by ironximles synthesised at different ammonia volume/teaipee

conditions
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Fig. 5. Removal efficiency of Pb(ll) ions by irorxides synthesised at different ammonia volume/teatpee
conditions

Analysing the results for second group of ions MDOr, Pb(ll) and Cr(lll), their high,
up to 100%, removal is noticeable. Despite smdfedinces in removal efficiencies while
applying sorbents synthesised in different tempeedhase amounts conditions some
tendencies also can be observed. Especially wighrdeto the amount of base addition.
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Similar as for ions from the first group, the 8%ofi ammonia was insufficient to produce
efficient sorbent. While using this amount of basgemperature increasing up to 90°C,
a clear decrease in the sorption properties of mahteras noticeable (due to increased
evaporation, pH of the reaction mixtures during $yathesis decreased). In turn, for the
majority of these metals there was no significaiffecence between sorbent synthesised
with 10 and 15 crhof base. The quite observable difference can ba sely for Cr(lll),
wherein the removal properties of the sorbent ssided at 90°C with 10 ¢rof ammonia
usage was less than with 15 %of base applied. Slight differences can also biceo

while analysing the effectiveness of the Pb(ll) osal.
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Fig. 6. Removal efficiency of Cr(lll) ions by iromxides synthesised at different ammonia volume/e¥atpre
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Fig. 7. Removal efficiency of Cr(VI) ions by irorxides synthesised at different ammonia volume/teaipee
conditions
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Given the above analyses, for further researchmthgnetite syntheses was carried out
at 30°C with the 15 chrof a base addition.

The results for synthesis with different amount of Fe(l1) and Fe(l11) salts

The results of ions separation using magnetitehggited under optimal temperature
and base volume conditions (selected in the previesearch) but with different molar
ratios of iron salts added to the reaction mixtne shown at Figure 8.
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Fig. 8. Removal efficiency of heavy metal ions tni oxides synthesised at different Fe(ll) : Fg(tholar ratios

Except Pb(ll) ions, which removal regardless of thelar ratio Fe(ll) : Fe(lll) used
during sorbent production was maintained in thegeamf 100%, the differences in
separation efficiencies for other ions can be okeskr

The least effective sorbent for most of heavy migtas (Cu(ll), Zn(ll), Ni(ll), Cd(ll),
Cr(111)) was obtained with a molar ratio Fe(ll) efll) equal to 1 : 1 and 1 : 1.5. Over this
ratio, while trivalent iron salt amount increaseg to proportion 1 : 1.75, the sorption
capacity of magnetite also increased. At Fe(ll)e(IF) ratio equal to 1 : 2, which is
stoichiometric one for pure, solid magnetite, tepagation efficiencies decrease and then
increase again at ratio 1 : 2.25. Considering maetl results, Fe(ll) : Fe(lll) molar ratios
between 1 : 1.5-1: 1.75 seem to be the most optima

Although good separation effectiveness was alsainodd for the ratio of 1 : 2.25, this
proportion of iron salts is not recommended becadighe product purity uncertainty. The
aim of the study was the usage of iron oxides @&s strbent meanwhile the product
obtained at 1 : 2.25 was characterized by slightbwnish colour and slower or incomplete
settling on a neodymium magnet that can indicatessvanagnetic proprieties. It can be the
evidence of other iron forms presence such ashiyainoxides.
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The pH of sorption process effect on Cu(ll), Zn(Il), Cd(ll) and Pb(Il) ions separation
efficiency

The results of Cu(ll) zn(ll), Cd(ll) and Pb(ll) isnseparation at different pH
conditions are shown in Figure 9.
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Fig. 9. The effect of pH on heavy metal ions sefianaeffectiveness

The sorption was carried out at the following pHues: 3, 4, 5, 6, 7 and, for
comparison, without pH adjustment after pouring shspension of nanoparticles with
a solution of heavy metal (marks filled in blackig. 9).

Analysing series of data at the graph, the closgioaship between pH of the sorption
process and separation efficiencies of each nmtatan be noticed.

The low pH values result in the small removal ofIQdZn(1l) and Cu(ll) in range of
2-3% and about 35% for Pb(ll). The gradual sepamathcrease with the rise of the
alkalinity was noticed for all ions. In case of @fifrom 3% at pH 3 to 60% at pH 7, for
Zn(ll) ions from 2 up to 87%, for Cu(ll) ions frogto 92% and finally for Pb(ll) ions from
35 to 100%.

Moreover, for Pb(ll) ions the pH of 5 was enoughathieve almost 100% separation
and more than 90% of Cu(ll) ions were removed atGpHt is an important information,
because especially in case of Pb(ll) ions, thee@msing pH values of its solutions above 6,
cause their visible precipitation. Thus the higmoeal efficiency at pH 7 could be not the
result of sorption by itself but also chemical pp@ation process.

Conclusions

It can be concluded that the sorbents synthesindérudifferent temperature/amount
of base conditions are characterized by relatifferdint separation properties with respect
to various ions. It turns out that too small amoohtammonia seems to be generally
insufficient to produce the effective sorbent. lsaproved that usage of 10 or 15°awh
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base with an indication of the latter volume is mjpsstified. It was confirmed mainly
during the Zn(ll), Ni(ll) and also Cr(lll) ions semtion analysis. Moreover, considering
the effect of synthesis temperature on the magnefficiency, it appears to be reasonable
to carry out the syntheses at the temperature @€.3Bcreasing the temperature to 60°C
and 90°C does not appreciably change the sorptiopepties of magnetite (ions Cd(ll),
Cr(VI1), Cd(ll) or worsen it more or less noticdal§Cu(ll), Zn(ll), Ni(lIl)).

Also the Fe(ll) : Fe(lll) ratio in the reaction niixe affects separation properties of the
sorbent. It comes out that the most effective surbeas synthesised while keeping Fe(ll)
and Fe(lll) in the proportion between 1 : 1.5 andl175.

During the sorption process, the important eleniend maintain pH at proper level.
For all ions considered in this part of researehCu(ll), Zn(ll), Cd(ll) and Pb(ll) the
gradual increasing tendency in their separatiors wisible while increasing pH from 3 up
to 7. In summary, it can be said that during thgtson the pH values should be maintained
at high, efficient for the process level but alsdesel low enough to prevent heavy metal
precipitation.
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KONTROLOWANA SYNTEZA NANOCZ ASTEK TLENKOW ZELAZA
STOSOWANYCH JAKO EFEKTYWNY ADSORBENT JONOW
METALI Cl EZKICH

Instytut Inzynierii Wody i Sciekéw, Politechnikslaska, Gliwice

Abstrakt: W pracy przedstawiono proby syntezy nanstek tlenkow zelaza poprzez ich chemiczne
wspoéistgcanie. Jako medium sgtrajgce zastosowano wedamoniakalp. W literaturze udowodniono wplyw
takich czynnikéw, jak temperatura reakcji, $ilo zasady czy te skzenie soli zelaza Fe(ll) i Fe(lll)
w mieszaninie reakcyjnej na charakterystykniedzy innymi wielka¢, powstagcych nanoczstek. Celem
niniejszej pracy byto dobranie takich parametréakogi, aby w efekcie uzyskanajbardziej efektywny sorbent
wzgledem jonéw kilku metali eizkich: Cr(VI1), Pb(ll), Cr(lll), Cu(ll), Zn(Il), Ni(ll) i Cd(ll). Przeprowadzono
syntez nanoczstek w kombinacji trzech temperatur: (30, 60, 90%@pz trzech objosci amoniaku:
(8, 10, 15 cr). Ponadto sprawdzono, jaki wplyw na powstgj sorbent ma stosunek molowy jonéelaza
Fe(ll) : Fe(lll) w mieszaninie reakcyjnej. Bigr pod uwag fakt, iz synteza przeprowadzana byta przy dost
tlenu, w celu kompensacji gciowego utlenienia jonowelaza Fe(ll) do Fe(lll), wyriowy stechiometryczny
stosunek tych jondw, ktéry dla magnetytu {88 wynosi 1:2, obriono do kilku wartéci poniej 1 : 2.
Dodatkowo dla magnetytu zsyntezowanego w wybranygtymalnych, warunkach przeprowadzono pgréb
wplywu pH na sorpgj jondw metali. W celu unikgtia maliwosci wytracania st osadéw maksymalne pH
ustalono na nieprzekraczeg wartgci 7.

Stowa kluczowe:adsorpcja, metalegikie, magnetyt, nanogsgtki



