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ARTICLE INFO ABSTRACT
Keywords: In this study, the performance of N-methyl-p-glucamine (NMDG) type functional group attached a novel boron
Boron selective chelating fiber adsorbent, Chelest Fiber GRY-HW, was investigated for boron removal from geothermal
Chelest fiber brine containing 10-11 mg B/L through a packed bed column. The effect of feed flow rate (Space Velocity, SV)
Geothermal brine on breakthrough capacity of Chelest Fiber GRY-HW was studied using various SV values (15, 20 and 30h™ ).
PaCk_e d bed column The effect of SV on breakthrough capacity was particularly apparent when SV was decreased from 30 to 15h ™.
Modified dose response (MDR) model . A .
Thomas model Yoon-Nelson, Thomas and Modified Dose Response (MDR) models were applied to the experimental data to
Yoon-Nelson model estimate the breakthrough curves and model parameters such as rate constants and breakthrough times. The
obtained results showed that the breakthrough curves were better described by Modified Dose Response (MDR)
model than those described by Yoon-Nelson and Thomas models in each case. Also, the model estimations for
adsorption capacity obtained by MDR model agreed well with the experimental results.
1. Introduction post-treated product water for irrigation coming from a seawater re-
verse osmosis (SWRO) plant established in FEilat, Israel, in 1997, de-
Although boron toxicity issue was first noticed by the farmers using boronation of aqueous mediums containing high boron concentration is
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still a hot topic due to the harmful effects of boron to plants which have
been clearly stated in the literature [1-6]. Consequently, strict standard
values on the concentration of boron, such as 2.4 mg/L for drinking
water and 1 mg/L for irrigation water, have been enforced by the en-
vironmental authorities [7]. There is not any unique method exists for
boron removal from water. One or more methods can be applied based
on the boron concentration in the medium. Adsorption onto fly ash [8],
chemical precipitation [9], nanofiltration, reverse osmosis [10-16],
electrodialysis [17], ion exchange-microfiltration [1,18,19], as well as
ion exchange-ultrafiltration hybrid processes [2,20-22], electro-
deionization [23] are some of the separation methods for boron.

The most extensively used technology for the removal of boron from
aqueous solutions is the ion exchange using boron selective chelating
resin [3,6,24-34]. The earlier studies on boron removal began with N-
glucamine-type commercial resins, Diaion CRB 02 and Purolite S 108,
using geothermal brine where Na*, K*, C1~, $0,2~, HCO3~, CO5*" are
major ionic components. Since geothermal brine has also certain salts,
the effect of salinity on boron removal by those chelating ion-exchange
resins in the presence of some salts such as sodium chloride and calcium
chloride was also investigated. The results showed some decrease in the
removal of boron from geothermal water in the presence of Ca, Na, and
Cl ions. However, it was reported that the removal of boron was not
influenced by an increase in the concentrations of these ions [24,25].

Nowadays, synthesis and advancement of new selective chelating
resins and fibers with high selectivity, large capacity and fast sorption
rate have received great attention notably for separation of boron from
water [31-33,35,36]. However, adsorbents based on a natural polymer
could be more preferable from the viewpoints of being eco-friendly
materials. The branched-saccharide-chitosan resins to obtain a novel
adsorbent derived from a natural polymer has been evolved and tested
for boron removal [37]. Commercially available Chelest Fiber GRY-HW
is one of a cellulose-based natural polymer which contains N-methyl-D-
glucamine group. It has also been developed recently that this fibrous
adsorbent found to possess a faster adsorption kinetic for boron than
that of boron selective chelating ion exchange resins [35]. So far, we
have compared the performance of Chelest Fiber with ion exchange
resins, Diaion CRB 02 and CRB 05, by batch and column mode tests for
removal of boron from geothermal brine [38]. Moreover, Ting et al.
[39] evaluated the adsorption of boron from model solutions on new
radiation grafted fibrous adsorbent containing N-methyl-p-glucamine
[39]. Recently, a novel type poly (amic acid) (PAA) electrospun nano-
fiber membranes grafted with hyperbranched polyols were synthesized
and used for the removal of boron from aqueous solutions [40].

Even though conducting those materials by batch adsorption is
more appropriate for treatment of small volumes, it becomes an in-
convenient method if there is a large volume to be treated due to
overestimation of sorption capacities. Thus, utilization of them in a
fixed bed column is more favorable in order to obtain more realistic
laboratory results which has a great resemblance to the flow conditions
in full scale constructed packed bed columns. In addition, a packed bed
column dynamic study is important to anticipate the column break-
through, which determines the functional life span of the column bed
[41]. In this context, some models such as Yoon-Nelson model, Thomas
model [41-44] and Modified Dose Response (MDR) model [41] were
established to describe the dynamic behavior of adsorptive materials
when packed into a column.

In this study, a novel chelating cellulose based fiber was used as
adsorbent for the column-mode removal of boron from geothermal
brine. The aim of the present investigation was to describe the packed
bed column dynamic behavior of Chelest Fiber GRY-HW for sorption of
boron from geothermal brine having certain salinity by applying three
different mathematical models as a function of feed flow rate.
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Table 1
Properties of Chelest Fiber GRY-HW.

Support material Cellulose based fiber

True specific gravity 1.5
Water content (%) < 45
Length of fiber (mm, approx.) 0.5
Diameter of fiber (um, approx.) 100
Chelate amount (mmol/g) 1.3
Functional group CHs

[
CHz -N-CHz-(CH(OH))4-CH0H

(N-methyl-p-glucamine)

2. Experimental
2.1. Materials

Boron selective chelating ion exchange fiber, Chelest Fiber GRY-
HW, was provided from Chelest Co., Japan. The properties of fiber
adsorbent containing N-methyl-p-glucamine type functional group
based on catalogue values are given in Table 1.

Geothermal brine obtained from Izmir Geothermal Co., Turkey was
used in the experimental studies. The characteristics of geothermal
brine sampled at different time periods were listed in Table 2.

2.2. Methods

A column of 0.7 cm diameter and 10 cm height packed with Chelest
Fiber GRY-HW (wet wolume 0.5 mL) was used in chromatographic se-
paration of boron from geothermal brine. The schematic view of ex-
perimental set up was given in Fig. 1. The geothermal brine was fed
downward through the column at different space velocities (SV 15, 20
and 30 h™1). A 3mL (6 BV) of fractions were collected by the help of a
peristaltic pump (ISMATEC model) and a fraction collector (both Ad-
vantec, CHF100SA and TELEDYNE ISCO). Elution was performed with
a 5% of H,SO, solution at SV 10h~?! by collecting 2mL (4 BV) of
fractions. Boron concentration of samples was determined by Curcu-
mine method at 543 nm using Jasco V-530 model uv-vis spectro-
photometer.

3. Theory

The bed volume (BV, mL geothermal brine/mL fiber) was calculated
from Eq. (1) [45]:

- &
v @

where Q is feed solution flow rate (mL/min), t is operating time (min)
and V is adsorbent wet volume (mL).

In addition, space velocity (SV, min~' or h™?) is the ratio of feed
solution flow rate and adsorbent wet volume as in Eq. (2).
Q

V= @

BV

3.1. Yoon-Nelson model

A relatively straightforward model focused on the adsorption of
gases or vapors in activated carbon was developed by Yoon-Nelson
which depends on the rate of decrease in the possibility of adsorption
for each adsorbate molecule being proportional to the possibility of
sorbate sorption and the probability of sorbate breakthrough on ad-
sorbent [44]. Yoon-Nelson equation is given as follows in Eq. (3):

C _ exp(Kywt — wKyw)
Co 1+ exp(Kynt — tKyn) 3
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Table 2
Characteristics of the geothermal brine samples.
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Parameters Value Cations Concentration (mg/L) Anions Concentration (mg/L)

pH" 7.91 = 0.66 Lite 1.18 = 0.01 HCO;™" 583.15 * 43.49

EC" (mS/cm) 1.75 + 0.16 Na*¢ 569.3 + 259.79 F~° 8.26 = 2.74

TDS" (g/L) 0.88 = 0.09 K*¢ 36.2 = 10.61 clc 311 = 31.11

Salinity® (%o) 0.89 = 0.09 NH,*¢ 22.06 = 26.80 NO; ™ ¢ 0.735 * 1.04

B (mg/L)" 10.22 + 0.03 Ca®*c 16.39 + 11.90 $0,27¢ 191.15 + 60.60
Mg2+e 24.08 = 9.02

@ Hachlange HQ14D model multimeter.

b Titrimetric method.

¢ Shimadzu model ion chromatography (Prominence HIC-SP model).

4 Spectrophotometric method (Shimadzu UV-1800 uv-vis spectrophotometer).

where Kyy is the rate constant (min~1); and 7 is, the time required for
50% sorbate breakthrough (min) when concentration at any time (C,
mg/L) is one-half of initial concentration (C,, mg/L). In order to de-
termine Kyy and 7, linearized form of Yoon-Nelson equation described
in Eq. (4) can be plotted as In(C/(C,-C)) vs. t in which slope and in-
tercept are used, respectively.

C
C-C

In

= Kynt — 7K,
YN TEyN @
After all, adsorption capacity (q,, mg/g) can be evaluated by using
Eq. (5):
1(G,Q27) _ (G,Qr)

Q=75

2 m m

(5)

where m is the adsorbent amount (g) additionally. According to the
model, the amount of boron adsorbed by the fiber is one half of initial
boron concentration passed through the packed-bed column within the
2t period.

3.2. Thomas model

The adsorption rate constant and the maximum solid phase con-
centration of solute on the adsorbent for an adsorption column can be
estimated by using Thomas model. The model assumes Langmuir ki-
netics of adsorption—desorption and no axial dispersion so that the
driving force for adsorption obeys reversible second-order reaction ki-
netics. The main constraint of this model is that sorption is controlled
by the mass transfer at the interface but it is not limited by the chemical
reaction [44]. Thomas model can be expressed as in the following Eq.

6):

C 1
Co 1+ exp(Kr(g,m — Co9)/Q)

(6)

where Ky is the Thomas rate constant (mL/(min mg)) and 9 is the total
solution volume passed through the column at any time as well as other
parameters defined before. The linearized form of the Thomas model
can be written as in Eq. (7) where values of Kt and adsorption capacity,

!

Fraction Collector

L 4

g, can be found from the slope and the intercept of the plot between In
((Co/0)-1) vs. time (9/Q), respectively.

I (Co )= Krg,m KTCOS

nl— —1
C Q Q 7

3.3. Modified dose response model (MDR)

Another simplified numerical model used to evaluate dynamic be-
havior of a packed bed column adsorption data is the Modified Dose
Response model [41,42]. This model mainly lowers the error resulting
from the use of the Thomas model, particularly at lower or higher time
periods of the breakthrough curve. The mathematical model is written
in Eq. (8):

C:1 1

G o1+ (8)

‘ 1+(3) ®
where a and b are Modified Dose Response model constants. The
parameter b denotes the throughput volume that produces a half-
maximum response and a decides the slope of the regression function

[42]. From the value of b, the value of the maximum solid phase con-
centration of the solute (g,,) can be anticipated by using Eq. (9):

_ G
Qn = m 9

Nonlinear regression method was followed to fit the experimentally
obtained data into the Modified Dose Response model as given in Eq.
(8).

In order to find the best fit model, error analysis was performed by
considering the sum of the squares of the differences between the ex-
perimental data and the theoretical data (by calculating from models).
Sum of the Squares of Error (SSE) [41] can be obtained as in the fol-
lowing Eq. (10):

2((9),..-(9)..)

SSE =
N 10)
Geothermal
Water
Peristaltic Pump

—
~—1

Fig. 1. Experimental set up of the column mode study.
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Fig. 2. Breaktrough profiles of boron by Chelest Fiber at different SV.

where (C/Cy)meo is the ratio of effluent and initial boron concentration
obtained from the model calculation, (C/C,)exp is the ratio of effluent
and influent boron concentration obtained from the experiment and N
is the total number of experimental point.

4. Results and discussion

The geothermal brine has an average salinity with predominance of
chloride, sodium, sulfate, calcium and bicarbonate ions. However, due
to its high boron content, this geothermal water even with lower mi-
neralization cannot be utilized as alternative resource for the agri-
cultural and domestic sectors without further treatment.

As a continuous method for boron removal from geothermal brine
having ca. 10.5mgB/L, column studies were run with Chelest Fiber
GRY-HW at different space velocities (SV 15, 20 and 30 h™'). Flow rate
is an important parameter for determining the efficiency of adsorbents
in continuous treatment process of effluents. The effect of feed flow rate
on breakthrough point was particularly apparent when SV decreased
from 30 to 15h~! (Fig. 2). This could be referred to the increase in
speed of adsorption zone at a higher flow rate, which resulted in a
decrease in the time required to reach the specific breakthrough con-
centration [44]. Table 3 compares the capacity and elution efficiency
values obtained using Chelest Fiber GRY-HW at different flow rates.
According to the results, breakthrough and total capacities of the fiber
adsorbent were found to be 7.25 and 13.47 mg/g-fiber, respectively at
SV 15h ™!, Comparison of elution curves were shown in Fig. 3. Due to
less contact time for adsorption and diffusion limitations of sorbate on
the adsorbent in column at a higher flow rates, less boron was uptaken
from geothermal brine by Chelest Fiber. In our previous study con-
ducted using a batch mode of operation, the total adsorption capacity of

Table 3
Column sorption-elution data for boron uptake by Chelest Fiber at different SV.

SV 30h~! SV20h~! SV1s5h™!

Breakthrough capacity 0.68 2.16 2.59
(mg B/mL fiber)

Breakthrough capacity 1.90 6.05 7.25
(mg B/g fiber)

BV for breakthrough point 66 216 225
(mL solution/mL fiber)

Total ion exchange capacity 2.50 4.66 4.81
(mg B/mL fiber)

Total ion exchange capacity 7.00 13.05 13.47
(mg B/g fiber)

BV for total capacity 498 869 899
(mL solution/mL fiber)

Degree of column utilization 27 46 54
(%)

Elution efficiency 88 89 89

(%)
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Fig. 3. Elution profiles of boron.

this fiber adsorbent were found to be 18.52 mg/g-fiber due to testing it
with spiked geothermal brine having ca. 100 mgB/L as the highest
initial boron concentration [38]. So, the initial concentration has an
important effect on adsorption capacity. Elsewhere, the elution effi-
ciencies were almost around 90% for all sorption tests run at different
flow rates.

4.1. Analysis by Yoon-Nelson model

Yoon-Nelson model was used to predict column adsorption test
results. Yoon-Nelson model parameters such as Kyy and z were de-
termined for column studies performed at different flow rates. As seen
in Table 4, the rate constant Kyy increased with increasing flow rate
whereas 7 decreased due to the decrease of the contact time. This result
explained that the contact time was not enough for boron to diffuse into
the pores so that available functional group sites could not be captured
by more boron inside or around the adsorbent. Moreover, with the
increase of flow rate from SV 15h™! to 30h ™%, the total capacity of
Chelest Fiber adsorbent decreased a bit from 12.75 to 12.20 mg B/g
fiber. This result also indicated that the equilibrium capacity was
quickly reached to its maximum value at higher flow rates due to the
diffusion limitations of adsorbate on the adsorbent [44]. The calculated
t and adsorption capacity values were found to be almost similar to the
experimental results. Apparently, the estimated breakthrough curves
are consistent with the experimental ones as shown in Fig. 4 although
similarity increased with decreasing flow rates. Similar types of results
were reported by Yilmaz-ipek et al. [43] and Bilgin-Simsek et al. [44].

4.2. Analysis by Thomas model

The Thomas model was applied between the saturation time and the
breakthrough time in the column. Although Thomas rate constant, Kr,
tends to increase and g, .., decreased when the SV increased as ex-
pected, the experimental results were not satisfactorily obeyed as well
as Yoon-Nelson model as seen in Fig. 5. The highest SSE values ranging
from 0.061 to 0.128 belong to Thomas model were tabulated in Table 5.

Table 4
Model parameters and adsorption capacities obtained by Yoon—Nelson model to estimate
breakthrough curves using Chelest Fiber GRY-HW.

SV30h~?!
(0.250 mL/min)

SV20h~!
(0.165 mL/min)

SV15h~!
(0.125 mL/min)

Kyn (min~1) 0.0023 0.0029 0.0031
Texperimental (Min)  1645.83 1368.17 440.23
Tealeulated (Min)  1662.55 1294.11 461.05
Qo, exper (Mg/8) 1275 12.20 6.34
Qo, theo (Mg/g) 12.32 12.06 6.65
SSE 0.001 0.002 0.010

Qo» exp Qo Obtained experimentally; o, tmeo: Qo calculated theoretically.
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Table 5
Model parameters and adsorption capacities obtained by Thomas model to estimate
breakthrough curves using Chelest Fiber GRY-HW.

SV30h~!
(0.250 mL/min)

SV 20h~!
(0.165 mL/min)

SV15h~!
(0.125 mL/min)

Ky (mL/ 0.131 0.128 0.202
min mg)
Qo, exp (Mg/g) 22.06 18.69 16.13
o, theor (mg/g)  23.14 19.23 16.01
SSE 0.061 0.092 0.128
1 " °® o PR
SR ML
DO o mo®
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AAﬁAm © Og ® 15 h-1 (experimental)
0.6 4 OD.E []
% Aﬁn e 015 h-1 (MDR)
04 #‘ p & = 20 h-1 (experimental)
N 020 h-1 (MDR)
L |
02 | AAA E 8 4 30 h-1 (experimental)
AAA as*® 230 h-1 (MDR)
o
0 sesad ﬁf " " -
0 200 400 600 800
BV (mL solution/mL fiber)

Fig. 6. Comparison of breakthrough curves obtained experimentally and theoretically by
MDR model.
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Table 6
Model parameters and adsorption capacities obtained by MDR model to estimate
breakthrough curves using Chelest Fiber GRY-HW.

SV30h™!
(0.250 mL/min)

SV20h~!
(0.165 mL/min)

SV15h™!
(0.125 mL/min)

a 4.420 3.416 212

b 203.57 212.74 106.33
Qm(mg/g) 12.07 12.02 6.13
SSE 0.001 0.001 0.003

4.3. Analysis by modified dose response (MDR) model

Fig. 6 shows the breakthrough curves including both experimental
and theoretically obtained one by Modified Dose Response (MDR)
model for Chelest Fiber GRY-HW at different SV. The relevant con-
stants, SSE values and parameters were presented in Table 6. As it is
noticable from Fig. 6, along with remarkably low SSE (0.001-0.003) the
estimated breakthrough curves of the MDR model demonstrated a su-
perior agreement with the experimental data at all SV values. Ad-
ditionally, the values of b increased with the increase in SV or flow rate
as well.

As interpreted the data listed in Tables 4-6, the values of SSE ob-
tained from MDR model (0.001-0.003) were quite lower than that from
Yoon-Nelson (0.001-0.010) and Thomas (0.061-0.128) models. Hence,
it can be concluded that the MDR model can represent the adsorption
behavior of Chelest Fiber GRY-HW for boron removal from geothermal
brine by a chromatographic separation much better than Yoon-Nelson
and Thomas models.

5. Conclusions

The experimental results revealed that a decrease in flow rate en-
hanced the longevity of column performance by increasing both
breakthrough time and saturation time. When the experimental data
obtained from dynamic studies were analyzed by using Yoon-Nelson,
Thomas and Modified Dose Response models, the best fitting of the
models to the experimental data followed the order of Modified Dose
Response > Yoon-Nelson > Thomas.

Consequently, novel cellulose based fiber containing NMDG group
(Chelest Fiber GRY-HW) was found to be a promising adsorbent for the
removal of boron from geothermal brine due to its applicability for a
continuous system.
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