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Abstract

In this study, iron hydroxide was in-situ generafesim iron chloride in the jar test
reactors and used for boron removal from both sgtthsolutions and colemanite mine
wastewater. A time span of 32.5 minutes was enéarghquilibrium between boron
and iron hydroxide. In the synthetic boron solnsipthe variations of boron adsorption
capacity of iron hydroxide were investigated by ¢éxperimental parameters chosen as
pH (7-10), concentration (50-250 mg/L), iron chbi amount (2.5-10 g) and
temperature (22.5-48C). The optimum pH value for boron removal wagdeined as
7. Because the higher boron concentrations suppotd the boron uptake of iron
hydroxide, the optimum boron concentration was 2fflL.. The boron uptake capacity
of iron hydroxide increased with decreasing ironlotile dosage. The boron
adsorption onto the iron hydroxide was an exotherrprocess. The optimum
conditions obtained from the synthetic solution esipents were applied to the
colemanite mine wastewater b¥ f2ill factorial experimental design of factors whic
were dilution (1 and 10 fold) and iron chloride anmd (5 and 10 g). The optimization
of boron removal by iron hydroxide was realizedabglyzing Pareto chart. Maximum
capacity was calculated as 23.80 mg/g.
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hydroxide.
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Demir hidroksitle kolemanit madeni atiksuyundan bor
gideriminin full faktériyel deney tasarimi

Ozet

Bu calsmada, jar testi reaktorlerinde demir klortr kulldamak demir hidroksit Uretildi
ve bor iceren sentetik ¢ozeltiler ile Kolemanit madatik suyundan bor gideriminde
kullanildi.  Bor ve demir hidroksit arasindaki denguresi 32.5 dakika olarak
belirlendi. Sentetik cotzeltilerde demir hidroksitbor adsorpsiyon kapasitesindeki
degsisim; pH (7-10), konsantrasyon (50-250 mg/L), denharlir miktar1 (2.5-10 g) ve
sicaklik (22.5-40°C) olarak belirlenen parametre araliklarinda ataildi. Bor
giderimi icin optimum pH 7 olarak elde edildi. B&onsantrasyonundaki astibor
adsorpsiyonunu artirgitndan, optimum bor konsantrasyonu 250 mg/L olaride e
edildi. Demir hidroksitin bor adsorpsiyon kapasit@zalan demir hidroksit dozaji ile
artti.  Demir hidroksit Uzerine bor adsorpsiyonunekzotermik oldgu belirlendi.
Sentetik ¢ozeltilerden elde edilen verilérfall faktériyel deney tasarimi kullanilarak
kolemanit madeni atik suyuna uygulandi ve faktGéreltme (1 ve 10 kat) ve dozaj (5
ve 10 g) olarak alindi. Demir hidroksit ile bordgiriminin optimizasyonu Pareto karti
ile yapildi. Maksimum kapasite 23.80 mg/g olarakdplandi.

Anahtar kelimeler: Bor giderimi, kolemanit madeni atiksuyu, full fakyel tasarim,
demir hidroksit.

1. Introduction

Today, the usage field of boron is increasing irafd@ with the industrial development
due to the unique properties of boron such as harde neutron capture, semi-
conductive and anti microbial [1]. The healthywnmag of animals, plants, and humans
needs to intake boron at a useful concentratioarvat. Boron is a component of
sedimentary rocks, coal, shale, and some soilsgeatets into the environment by the
weathering of boron containing rocks, the risingpofon from oceans by aerosols to the
atmosphere, distribution of volcanic eruptions amtharge of boron to the receiving
environment by wastewaters [2]. Boron is a reqlirecroelements for plants. When
boron deficiency is encountered in the plant atm@oss degree, the growth of plant
reduces, losses of yield occur and even the pl&st[@]. In humans, the boron takes
part a role in calcium utilization and metabolidiaty in addition to its role in the
development of brain function; however, its advexBects at high amounts are nausea,
vomiting, diarrhoea, dermatitis, and lethargy [4]he permissible boron concentration
in drinking waters has been reported as 2.4 mgAl taerefore the boron containing
wastewaters should be treated with appropriate odeffh]. Boron is used in a variety
of industrial applications such as in the manufectof glass and porcelain, the
production of leather, carpets, cosmetics and mguafhic chemicals, fireproofing
fabrics, weather proofing wood, certain fertilizerbactericide and fungicide,
disinfectant, food preservative, weed control aiways, in timber yards, welding and
brazing of metals, hand cleansing, high-energysfaed catalysts [6].

Turkey is one of the biggest boron exporting caestand its boron mines are located

in Kirka, Bigadi¢c and Kestelek regions. In theeroanite open pit plant located in
Bigadic region in Turkey, the excavated colemaniteerals contain clays and soils as
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gangue minerals, so the colemanite mineral is whshH&oron content of the washing
waters and the floor waters originated from theamnsbetween 50-562 mg/L [7]. The
mine water also contains about 250-1178 mg/L tedatiness [7]. The washing waters
of the colemanite mine are stored in the clay badasohs and they may cause to
underground water pollution. The effective meth@asboron removal are adsorption,
coagulation, reverse osmosis, electrocoagulatictredialysis and solvent extraction
[8]. The calcium, magnesium, iron, aluminum, ziand etc. metal hydroxides can be
used for boron removal from the wastewater, andhisr purpose a simple coagulation-
flocculation process can be applied. The in-situnfation of the metal hydroxide is one
of the coagulation processes because the biggéatswarea of the metal hydroxide can
be provided in this process due to a chain likeralination of iron hydroxide flocs. In
this study, the iron hydroxide in-situ generatedndr iron chloride was used as
coagulant, and the full factorial experimental dasivas applied. For this purpose, in
this current investigation, the iron hydroxide wassitu-generated in jar test reactors
using iron chloride and boron removal from synihetblutions and colemanite mine
wastewaters was investigated by selection apprtepp@rameters to applied method.

2. Material and methods

2.1Equipments and the used chemicals

A Jar test equipment was used for coagulation-titatmon experiments (VELP JLT6
Jar Test). The six glass jacketed reactors weesl dgr the experiments and the
temperatures of the solutions was kept constarit witemperature controlled water
circulator. A glass automatic burette and a magnstirrer were used for boron
titration. A pH meter was used for boron analysml pH adjustment of solutions.
Boron solutions were prepared by using solid badd (Merck Grade). The pH of
solutions was adjusted using 20% HCI (V/V) and MI5NaOH. NaOH and HCI
solutions with 0.1 M concentration were used forgulustment of boron solutions that
would be analyzed, and D-Mannitol (Merck Grade) wsesd in boron analysis.

2.2 Synthetic solution experiments

The results of the time experiments are given gufé 1. Boron removal was realized
in a jar test equipment connected with a tempegatantrolled water circulator and six
glass jacketed reactors were used for boron reneymriments. Boron solutions with
concentration interval of 50-250 mg/L were prepadiredn stock boron solutions with

1000 mg/L concentration. A volume of 500 mL salatiwas used through the
experiments and 500 mL solutions were put into te@ac The reactor content was
heated to the desired temperature and the desmedrd of iron chloride was added,
stirred and pH of the solutions was adjusted torsstant value. Thus, the flocs of the
in-situ generated iron hydroxide were formed indomosolutions. Boron analyses were
done in boron solution taken from the settled bosofution during one hour. The

procedure of the boron analysis was as follows:o0Aime of 5 mL supernatant boron
solution was poured in 100 mL beaker and 50 mL muater was added and pH of the
solution was adjusted to 7.6. Then mannitol wasddg to constant pH value and pH
of the solution was titrated again to 7.6 [9]. bloron analysis, 0.02 N KOH was used
and1l mL 0.02 N KOH solution is equal to 0.6964 mgDB Boron adsorption capacity

of the iron hydroxide was calculated by the follog/iequation.
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((C, xV, 11000 — (C xV, /1000)
M

Qe(mg/ g) = 1)

Qd€mg/ g),boron adsorption capacity,@s initial boron concentration (mg/L),:\Ms

the solution volume before base addition (mL), @hes boron concentration at the end
of the reaction, Yis the solution volume at the end of base additMns the mass of
iron hydroxide (g). The used pure water throughbiet experiments had 22.5+2°¢
temperature.
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Figure 1. Time effect on the boron removal.

2.3 Full factorial experiments

The colemanite mine wastewater with 356.06 mg/lobaroncentration was poured to
the six jar test reactors at appropriate dilutightend 10 fold). The iron chloride was

added to the boron solutions and then the solupbtswere adjusted to the appropriate
value to form iron hydroxide flocs. The boron rerabgxperiments were optimized by

22 full factorial design experiments and the factorsthe experimental design were

dilution (1 and 10 fold) and coagulant dosage & Hh Q).

3. Results and discussion

3.1pH effect

The solution pH is one of the significant operatiparameters for the coagulation
processes because the ionization of the ions amdttie of the coagulating salts are
based on the solution pH. The experiments wemgedaout at pH range of 7-10 and the
other parameters were concentration (250 mg/L) icbloride dosage (2.5 g) and
temperature (22.%C). The boron exists as boric acid below pH 7 andoborate starts
to form above pH 7 at concentration below 0.025 i avhat ever the pH is, the
polyborates presents at unsignificant amount farceatration below 0.025 M. The
results are given in Figure 2. The adsorption ciiga of iron hydroxide were
calculated as 21.34, 17.96, 17.70, 14.25 mg/g f@&, B, 10 pH values. The reason of
high capacity of pH 7 than other pHs was explawétl the competition of boron and
hydroxyl adsorption on the surface. The removat@atage of pH 6 is 0%.
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Figure 2. pH effect on the boron removal.

3.2Concentration effect

The fraction of boric acid, monoborate and polybesais dependent on boron
concentration and this generally affects the badsorption due to both driving force
of concentration increase and polymerized boros with more negative sites at high
concentrations. The triborates start to form abo0€25 M boron and the molar
fraction of high boron atom containing polyborateseases at above 0.1 M boron [10].
The effect of concentration was studied at 50-2pth woncentration interval and the
other parameters were pH (10), iron chloride am@2r& g) and temperature (226).
The results are given in Figure 3. The capacilyeswere 4.2, 5.59, 14.25 mg/g for
50, 100, 250 mg/L concentration. The capacityaase by increasing concentration
was attributed to the high driving force of the doorions. Only boric acid and
monoborate ions exist at boron concentration 250y pH 10 [10].

Boron Capacity (mg/qg)
el e =
o N MO

O N B O

0 50 100 150 200 250 300
Boron Concentration (mg/L)

Figure 3. Concentration effect on the boron removal

3.3Dosage effect

The optimization of coagulant dosage for polluteerhoval is important for optimum
removal yield and cost-effectiveness of the coagnelocculation process. The
experiments were carried out at the iron chlorideagie range of 2.5 and 10 g. The
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other parameters were concentration (250 mg/L),(p® and temperature (22°®).
The results are given in Figure 4. The adsorptiapacities of the iron hydroxide for
2.5, 5, 7.5 and 10 g dosage were calculated a$,18.@28, 7.99 and 5.95 mg/g. The
high value of capacity for 2.5 g dosage than 10ag wonsidered to be due to the ion
equilibrium between solid and liquid phase for swdutions with approximately equal
initial boron concentration.
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Figure 4. Dosage effect on the boron removal

3.4Temperature effect

The polymerization of borate ions is an exothermprocess and in the aqueous
solutions, the molar fraction of polyborates insesa with temperature decrease and
concentration increase [10]. The temperature dégr@rexperiments were carried out at
the temperature range of 22.5 to°@and the other parameters were concentration (250
mg/L), pH (10), iron chloride dosage (2.5 g). Tresults are given in Figure 5. The
adsorption capacity values of iron hydroxide we4e25b, 11.62, 1.98 mg/g for 22.5, 30
and 40°C. The decrease of capacity by increasing temperahowed the exothermic
nature of the adsorption.
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Figure 5. Temperature effect on removal.
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3.5 Thermodynamic of the adsorption

The thermodynamics of adsorption data show therpteo nature i.e. chemical or
physical and whether the adsorption is spontanewusot. The Gibbs free energy
change is a function of the equilibrium constanthalpy and entropy as follows.

AG = —RT(InK) (2)
InK = (AS/R) — (AH/RT) (3)
K = Qe/Ce (4)

whereAG is the free energy change (J/malH is the enthalpy change (J/molAS is
the entropy change (J/mol K). K=f@e) is the equilibrium constant (L/g). T is
absolute temperature (K) and R is the universalcgastant (8.314 J/mol K). Thudd
and AS can be determined from the slope and intercepthef linear Eq. (3),
respectively.

The enthalpy and entropy of the process were aledilas -90.81 (kj/mol) and 327
(/mol K), respectively. The Gibbs free energy @ of the adsorption process was
calculated as 0.073, 0.079 and 0.123 j/mol for 29803.2 and 313.2 Kelvin
temperatures. The positive values of Gibbs freerggn change with increasing
temperature indicated the unspontaneous natureeohdsorption. The negative value
of enthalpy indicates the exothermic nature of guisan and the positive value of
entropy showed the increasing adsorption-desorpata at the solid-solution interface
by increasing temperature.

3.6 Design of experiments

The experimental designs are generally appliedatbofs at situations in which the
effects of factors are unknown on the responsaestart of the study. The responses
are obtained from the experiments done accordingxperimental matrix determined
by an appropriate computer programme. In thisysttiee Minitab 16.0 programme was
used for design and optimization of factors. THefactorial design contains limitations
like untaken into consideration the parabolic teramsl provides an analysis in the
experimental factor space [11]. But the full fa@bexperimental design is useful in
the analysis of data of which limits are known @he method is cheap and the cost-
effective.

The experimental design is used for seeing thelesieffects of more than one factor,
analyzing the interaction effects of factors, deieation of the factors affecting the
statistical confidence, to gain more informationtba factors, development of a model
that helps the process to improve product yield.[12

The full factorial design is a practical approachdnly three or four factors because the
high number of factors may require too more timel aost. The number of
experiments is calculated by rmula. At the calculation algorithm, the lowdahigh
limits of factors are determined by -1 and +1 cod&smodel is developed which
reflects the individual effects of parameters dmrtinteractions. The response change
by factor values from low to a high value can beveh by surface plots for two-factor
models; however, for three-factor models, the s@rfplots can be offered by keeping
the one factor constant and thus the other twaifazan be offered in the surface plot
[13].
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In this study, the 2full factorial experimental design for boron rembfeom the
colemanite mine wastewater was studied by the dafgn method using in-situ
formed iron hydroxide. The low and high level @rameters are given in Table 1. The
factors in design are dilution (1and 10 fold) ar@hichloride dosage (5 and 10 g)he
response used in the statistical analysis wasdlergtion capacity (mg/g) of the iron
hydroxide. The P values (probability constantsyemgesed as a control parameter to
check the reliability of the developed statisticaddel, individual and interaction effects
of the parameters. In general, the larger the madgn of t and the smaller the value of
P, the more significant is the corresponding cogffit term [14,15]. It is useful to
consider the factor and response relationshipringeof a mathematical model such as
the response function.

Fe(OH}) (Adsorption capacity, mg/g) =b+¥1+b,X>+bsX 1 X5 (5)

Here; b, b, by, b; are model constants and X1, X2 angXX are coded factors
representing coagulant dosage and dilution factspectively.

Experimental matrix and responses are given inel'abl The parameters determined
from the synthetically prepared solutions were igopto colemanite mine wastewater
with 356.06 mg/L boron concentration. The ANOVAalysis of the data is given in
Table 3. According to Anova analysis table, thafience level (p) for dilution factor
is below 0.11(89% confidence level) and the dilutiactor term should be added to the
statistical model but iron chloride dosage is abdive confidence level (p=0.11),
therefore it cannot be added to the model. Orother hand, the interaction effect of
dilution and coagulant dosage gave an error fdrfadtorial design analysis and its
confidence factor (p) is not shown in Table 3. Toafidence level for the analyzed
factors were 89% (p<0.11). Therefore, an usefutleh@ould not be developed from
the statistical analysis. The R-Sq and R-Sq(adjues were calculated from the
Minitab programme as 97.22% and 91.66 %, respagtivihe Pareto chart of the
responses is given in Figure 6. As can be seednPareto chart the statistically
important factor was only dilution.

Table 1. Low and high levels of parameters forropation.

Parameters Abbreviation Low Level High Level
Iron Chloride
Coagulant Dosage (Q) CD 5 10
Dilution (Fold) D 1 10

Table 2. Experimental matrix for optimization aegponses (pH:8,
temperature:22.5+2 °C, concentration:356.06 mg')L.

Experimental Parameters Boron Removal
Percentage
Run D CD Adsorption Capacity,
mg/g
1 1 5 23.80
2 10 5 3.55
3 1 10 16.80
4 10 10 2.54
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Table 3. Factorial fitness to boron removal fronfeamanite mine wastewater (pH:8,
temperature:22.5+2 °C, concentration:356.06 mg').

Source Seq SS Adj SS Adj MS F P
Dilution 297.735 297.735 297.735 33.19 0.109
Dosage 16.040 16.040 16.040 1.79 0.409
Error 8.970 8.970 8.970

Total 322.745

Pareto Chart of the Standardized Effects
(response is C7, Alpha = 0,11)

5,730

Dilution

Term

Dosage -

0 1 2 3 4 5 6
Standardized Effect

Figure 6. Pareto chart of factors.

4. Conclusion

Boron removal from synthetically prepared soluti@m&l colemanite mine wastewater
was studied at changing experimental conditiong. dpptimum pH was determined as 7
and high concentration increased the capacity. Adren adsorption capacity of the
produced iron hydroxide increased at low coagudemounts and the boron adsorption
onto adsorbent was an exothermic process. The @ption of boron adsorption onto
iron hydroxide from colemanite mine wastewater waslyzed by full factorial
experimental design and the dilution factor wasificant statistically but the coagulant
dosage was insignificant. Therefore, the statisticadel of the process could not be
developed. The R-Sg and R-Sq(adj) values were leddoh from the Minitab
programme as 97.22% and 91.66 %, respectively.
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