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Abstract

Inthis study, boron removal from boron-containing wastewaters prepared synthetically was investigated. The experiments in which Amberlite
IRA 743, boron specific resin was used were carried out in a column reactor. The bed volume of resin, boron concentration, flow rate and
temperature were selected as experimental parameters.

The experimental results showed that percent of boron removal increased with increasing amount of resin and with decreasing boron
concentration in the solution. Boron removal decreased with increasing of flow rate and the effect of temperature on the percent of total boron
removal increased the boron removal rate. As a result, it was seen that about 99% of boron in the wastewater could be removed at optimum
conditions.
© 2004 Published by Elsevier B.V.
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1. Introduction such as Pb, Cd, Cu, Ni, etc. and these complexes are more
toxic than heavy metals forming them. Although little amount

Boron has a number of minerals, in nature, mostly cal- of boron is a nutrient for some plants, its excessive amount
cium and/or sodium borates, such as colemanite (28B40 affects badly the growth of many agricultural products. Also,
03-5H,0), ulexite (Na0-2Ca05B,03-16H,0) and tinkal the maximum boron level in drinking water for human health
(Nap0-2B,03-10H,0), etc. There is a variety of application is given as 0.3 mg/L in WHO standarf8.
including various boron fertilizers, insecticides, corrosion in- Because inorganic boron compounds are antiseptics, con-
hibitors in anti-freeze formulations for motor vehicle and ventional biological treatment methods cannot be used
other cooling system, buffers in pharmaceutical and dyestuff for boron removal from wastewaters. Also, coagulation—
production, and the use of boron compounds for moderator precipitation methods are not effective and not feasible for
in nuclear reactor, where anthropogenic water-soluble boronthis purpose. So, ion exchange methods are applied in boron
compounds are discharged to aqueous environfiezit removal from wastewater as an advanced mefids].

Boron is normally in very low amounts in soil and irri- Numerous researchers studied boron removal and/or re-
gation waters, but it accumulates very fast in soils irrigated covery from wastewaters. Amberlite IRA 743, a boron spe-
with boron-containing wastewaters because of difficulty of cific resin, was used in boron removal from geothermal wa-
washing it. Boron compounds passing to soil, surface watersters containing 19 mg/L boron and it was found that 99% of
and ground waters form many complexes with heavy metals, boron from geothermal water could be remoj@ld Also, the

effects of pH on boron removal from industrial wastewaters

* Corresponding author. Tel.: +90 442 2314812; fax: +90 442 2360992, Were investigated with this resin and it was found that 99% of

E-mail addressaerdemy@atauni.edu.tr (A.E. Yilmaz). boron from industrial wastewaters could be removed at pH

0304-3894/$ — see front matter © 2004 Published by Elsevier B.V.
doi:10.1016/j.jhazmat.2004.09.012



222 A.E. Yilmaz et al. / Journal of Hazardous Materials B117 (2005) 221-226

9.50[7]. Amberlite XE 243 was used in boron removal in Table 1
wastewaters from borax and boric acid factories and it was Experimental parameters

found that 95% of boron in wastewater can be remdégd Parameters Range
Amberlite IRN-78 LC in OH form, a strong basic anion  The bed volume of resin (i 71.6,107.5 and 143.2
exchange resin, also, was used to remove boron from wa-Flow rate (mL/min) 10, 20 and 30

ter containing boron up to 1500 mg/L and characteristics of Boron concentration (mg/L) 250, 500 and 1000

boron adsorption on it was determini&]. Temperature (K) 283, 293, 303 and 313
In a study carried out to obtain a specific boron resin by

which boron is removed from irrigated waters, chloro mety- Table2 _ _

lated styrene-divinyl benzene copolymer was aminated by Sharacteristics of Amberiite IRA-743 resin

1-deoxy-1-(methyl amino)-glucitfd0]. WOFATIT MK 51, Properties Value
which is characterized by a methyl aminoglucitol group, was Exchange capacity (mequiv./mL) 0.60
used to remove boric acid from brines containing high con- Particle size (mm) 0.40-0.60
centrations of alkali and alkali earth sa1s]. ,'\Eﬂf;?scttg’ri i'gstért"('z/o | %‘E‘?Z

The removal of boron in the wastewater from ceramic tiles pH range 0-14
processes was studied and appropriate results were obtainegdniformity coefficient 1.40
for solution of boron pollutiorj12]. Diaion San-1, a strong-  Maximum operation temperature (K) 373
base anion exchange resin, was used to investigate the eflonic form OH"

fects of temperature on the boron adsorption and reported e density (wet gleh 0.68

that boron is adsorbed on the resin in forms of monoborate,

tetraborate and pentaborate i¢h8]. methylglucamine functional groups are attached as seen in
Since boric acid and borates dissolve in water to form gig 1 |tis commonly known that boron is retained according

various borate ions, the composition of borate ions should betg the following reaction scheme; borate ion is complexed by

found out to understand the solution behavior, which dependssorpitol groups and a part of it is retained by a tertiary amine

on a number of factors, including the concentration of boric gjte that behaves as a weakly basic anion exchiirjeThe

acid, the temperature and pH. reactions can be expressed as follows
H:BO3;+H0 ===B(OH)s + H' (Boric acid dissociation) (1)
-CH-Q O-CH.
R =
_ - . === B :
B(OH)¢ +2-CHOH-CHOH 4HO + BT (Boren complexatior)  (2)
-CH,-N(CH,)-CH,- + H* — = -CH,-N*H(CH,)-CH,- (Amine protonation)  (3)

A continuous systerwas used for removing of boron
2. Experimental by the exchange reaction from wastewater. The tempera-
ture of the reactor was controlled with a HAAKE D8 ther-

In this study, boron concentration was chosen high be- mostat connected to reactor. Experimental set-up is seen in
cause boron concentration from boron industry wastewater Fig. 2 The ranges of experimental parameters were 250,
was quite high. The boric acid employed in this study was 500 and 1000 mg/L for boron concentration, 71.6, 107.5 and
99.99%. Wastewater samples used in the experiments werél43.2 cnt for the bed volume of resin, 283, 293, 303 and
prepared synthetically. The solution with boron concentra- 313K for temperature and 10, 20 and 30 mL/min for flow
tion of 250 mg/L was prepared by dissolving 1429 m@s; rate, respectively. In the experiments, a weighted amount of
dried at 105C in distilled water. The same operations were the resin was put into the reactor. The desired temperature
repeated for the solutions with boron concentrations of 500 Was maintained within-0.5°C. The solution was given at
and 1000 mg/L at different weights. In the run employed Am- desired flow rate. The samples were accepted in desired vol-
berlite IRA 743 resin, optimum pH was observed at 9.5 al- Umes. The amount of boron adsorbed on the resin was cal-
though initial pH of solution was about 6.20]. Therefore, culated from the solution-phase concentration of boron. The
in this study, pH was adjusted desired value by used 0.1 N
NaOH. The samples were used for the ion exchange experi- -(CH-CH, |n-
ments. The parameters chosen in the experiments were tem-
perature, boron concentration, the bed volume of resin and
flow rate and their ranges were givenTiable 1 .

Amberlite IRA 743, which is a weak-base anion ex- ﬁ”-‘
change resin, was used as an anion-exchanger throughout CH, -N-CH, - [CHOH],- CH,OH
the experiments; its characteristics are listedable 2 This
resin has a macroporous polystyrene matrix, on wheh Fig. 1. Chemical structure of the Amberlite IRA 743 resin.
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Fig. 4. Linear plot oft vs. In[C/(Co — C)] for various flow rates with
Sample 500 mg/L initial boron concentration.
stocks
Fig. 2. Schematic view of the experimental system. liquid phase to the solid (resin) phase. The increase in the ini-

tial boron concentration also significantly shortens the time to
analytical determination of boric acid was done spectropho- reach adsorption equilibriun@g) in this figure. For example,
tometrically by means of carmine, which forms a complex these times are 25 min for 1000 mg/L, 50 min for 500 mg/L
compound with boric acid15]. Boron analyses were per- and a longer time for 250 mg/L. The results obtained were
formed at 585 nm of wavelength using a SHIMADZU 160 shown graphically irfFigs. 3 and 4
Model spectrophotometer. In the literature, various resins were used for boron re-
moval from wastewater and geothermal water. It was seen
that Amberlite IRA 743 employed in this study could be re-
3. Results and discussion moved, about 99% of boron in the wastewater under optimum
conditions.
3.1. Equilibrium adsorption of boron
3.2. The effects of parameters
Fig. 3 demonstrates the amount of boron adsorbed by
the Amberlite IRA-743 resin@) as a function of adsorp- In the runs, the effects of parameters such as the bed vol-
tion time ). The amount of boron adsorptidd increases  ume of resin, boron concentration, temperature and flow rate
with an increase in the initial boron concentration. This is in the same reaction time were investigated and summarized
due to the increased concentration gradient of boron acrossas follows:
the liquid—solid interface at higher initial boron concentra-

. o 1. The eff f volume of resin: the eff f vol-
tion that facilitates overall mass transfer of boron from the e effect of bed volume of resin: the effects of bed vo

ume of resin were examined in the resin volume of 71.6,
107.5 and 143.2 cfn In the experiments, temperature at
293 K, boron concentration of 500 mg/L, and flow rate of
10 mL/min were kept constant and as shown graphically in
Fig. 5 boron removal increased with increasing the resin
volume.

2. The effect of boron concentration: the effect of boron
concentration was examined at 250, 500 and 1000 mg/L.
In the experiments, temperature at 293 K, bed volume of
resin of 107.5 crfy, and flow rate of 10 mL/min were kept
constant. The results obtained graphicallfig. 6 show
that boron removal decreased with increasing boron con-
centration in wastewater. Finally, boron concentrations
were decreased to 0.3mg/L for 250 mg/L, 2 mg/L for

0 40 30 120 160 500 mg/L and 9 mg/L for 1000 mg/L.

3. The effect of flow rate: the effect of flow rate on boron
removal was determined at 10, 20 and 30 mL/min. In the

Fig. 3. The amount of boron adsorbed per unit weight of resin as a function ~ EXPeriments, boron concentration of 500 mg/L, tempera-
of time with 15 g (107.5 ¢l of resin and 293 K. ture at 293 K and bed volume of resin of 143.2%cwere

—4—250mg /L.
—— 500 mg /L.
—A— 1000 mg /L.

Time, min
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Fig. 5. The effect of bed volume of resin on the removal of boron.
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Fig. 6. The breakthrough curves for boron concentrations with 10 mL/min
flow rates.

kept constant. Results given ig. 7 graphically show
that flow rate affected boron removal inversely.

4. The effect of temperature: the effect of temperature on the
boron removal was examined at 283, 298, 303 and 313 K. dA
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Fig. 7. The breakthrough curves for flow rates with 500 mg/L initial boron
concentration.
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Fig. 8. The breakthrough curves for temperatures with 250 mg/L initial
boron concentration.

The bed volume of resin of 143.2 érboron concentra-
tion of 250 mg/L and flow rate of 10 mL/min were kept
constant in the experiments. As were shown graphically
in Fig. 8 boron removal increased with increasing the
temperature up to 313 K.

3.3. Process kinetics

A theoretical model was adopted in the present study for
describing the change in the boron concentration at the col-
umn exit. In the adsorption column, the entering aqueous
solution flows through the stationary bed of Amberlite IRA
743 resin and a portion of boron in the aqueous solution is
retained within the resin bed. Let the fraction of boron ad-
sorbed isA, and the fraction of that remaining in the aqueous
solution and passing through the stationary resin b&d is
is reasonable to assume that the rate of decrease in the ad-
sorption fraction ) is proportional toA andP as represented

by

=~ x AP 4
0 & 4)
dA

— =" = kAP 5
& (5)

Itis noted in the above equation tHat 1 — A. Although Eg.
(5) is nonlinear, it can be integrated with an initial condition
of A=A att=t,.

A(l— Ay
In|———=| = k(ta — 6
N A= A) (ta—1) (6)
Noting thatP =1 — A, the above equation can be rewritten as
Py(1— P)
In|———=| = k(ta— 7
N AP (ta—1) ()

By definingt, as the adsorption time, as denotedrhyhen
P =0.5 (one-half of the adsorption capacity), E&).becomes

L ®)

b= 1+ expk(r —1)|
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t +1In
=T —_
k

P important because it allows accurate prediction of the break-
(1 _ p) ©) through point for safe boron discharge.

) ) The lower portion ofTable 3lists the model parameters
The boron fractionR) that passes through the Amberlite o agsorption column for three initial boron concentrations
IRA-743 resin column is equal tG/Co with C being the ¢ 250, 500 and 1000 mg/L and they were obtained in the

boron concentration in the aqueous solution exiting the ad- same fashion by plottingagainst Inf/(Co — C)] as shown
sorption column at timéandCo is the inlet boron concen- i, Fig. 4,

tration. According to Eq(9), a plot of adsorption timet)
versus InC/(Cy — C)] yields a straight line with the intercept
and slope of the straight line equald@nd 1k, respectively.
Alternatively, t can also be obtained at the adsorption time
when In[C/(Co — C)] =0, because of the fact that by defini-
tion, 7 is the adsorption time, whedis one-half ofCy. With
kandr determined in this fashion, E¢P) can be used to con-
struct the entire breakthrough curve. Since, only two model 1. The removal of boron increased with increasing bed vol-
parameters are involved in E§), two accurate experimental ume of resin. This is an expected result because of increas-
data points ofC as a function of adsorption tim¢) (vould ing of resin—solution contact surface.
be theoretically sufficient to establish those two parameters.2. The removal rate of boron increases with decreasing the
However, for accurate estimates of the model parameters, a boron concentration in the wastewater. But, although the
complete breakthrough curve would be necessary. total rates in the high concentrations were slower than
The derivation for Eq(9) was based on the definition those in smaller concentrations, the amounts of boron in
that 50% breakthrough of the adsorption process occuts at  higher concentrations were bigger than those in smaller
Accordingly, the resin bed should be completely saturated at  concentrations removed. Since Amberlite IRA 743 lost

2t due to the SIngId nature of the breakthrough curve. The rap|d|y ion exchange Capacity in high-boron wastewater,
amount of boron adsorbed by the resin is one-half of the total  the resin must be regenerated frequently.

4. Conclusions

The following results are determined with the evaluation
of obtained data:

boron entering the adsorption column within theggriod. 3. That the difference of boron removal between 10 and
Hence, the following equation can be written 20 mL/min is bigger than the difference between 20 and
1 30mL/min can be connected with residence time of so-
We = 5Cel(27) = Celr (10) lution. The residence time of solutions with flow rates of
The above equation establishes the relation among the ad- 10, 20 and 30 mL/min equal 14.32, 7.16 and 4.77 min,
sorption capacity of the columi\g), inlet boron concentra- respectively. Thus, this states that residence time differ-
tion (Co), liquid flow rate ) and the 50% breakthrough time ences between 10 and 20 mL/min and between 20 and
(7). 30mL/min are 7.16 and 2.39 min, respectively. As res-
Fig. 4 shows a plot of adsorption timet)(versus idence time differences decrease, corresponding curves
In[C/(Co — C)] for boron adsorption in a column for three approach each other.
flow rates. This figure reveals that for all flow rates, the 4. The removal of boron from wastewater increased with
observed data follow the linear relationship biversus increasing temperature upto 313 K. But, itwas determined
In[C/(Co — C)] reasonably well. The model parameters of that more effective results were obtained in removal of
the breakthrough curves @ndKk) obtained from this fig- boron for first 60 min.

ure are listed inlable 3for various flow rates. The break- 5. When the feeding solution of 500 mg/L initial boron con-
through curves constructed using the model parameters listed ~ centration and of 10 mL/min flow rate arrives at the end of
in Table 3(solid lines) are compared with the observed data  the A zone, the boron concentration of the solution equals
in Fig. 5. It is apparent that the model predictions are quite 10 Cq, SO it can be written as follows:

good. The excellent model fit at the Ia®Cy is particularly Co > Ca

When the solution witkT, arrives at the beginning of the B
zone, due to lower boron concentration than initial boron
concentration, removal rate within this zone decreases and

Table 3
Model parameters of the breakthrough curves

— , 5
_ k(min™)  (min) ' at the end of B zone, concentration of boron drop€gp
Flow rate (mL/min) S0 it can be written as follows:
10 0.05 14% 0.990
20 0.039 117 0.980 Ca> Cp
30 0.034 om 0.991 Adsorption rate in C zone is relatively lower due to
Initial concentration (mg/L) lower boron concentration than that of B zone. Thus,
ggg 8-823 igg 8-32; that the change in breakthrough curves between column
1000 0.038 -0 0.978 heights of 15-20 cm is lower than that of column heights

10-15cm can be attributed this behavior.
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