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a b s t r a c t
Adsorption method using boron-specific resins is known to be effective for the selective removal from 
desalinated seawater. This article analyses the performance of high-depth fixed-bed columns for the 
removal of boron from aqueous solutions. First, the effects of three kinds of resins, flow rates (3, 5, 7, 
and 10 L/h), bed depths (80, 120, and 160 cm), flow directions (upward and downward), and influent 
boron concentrations (2.5 and 5 mg/L) on breakthrough curves were investigated. The breakthrough 
curves obtained in high-depth fixed-bed columns were dependent on the parameters tested. Second, 
the experimental data were validated by some empirical column adsorption models, such as the 
Thomas, Yoon–Nelson, Adams–Bohart, and bed-depth service-time models. The breakthrough curves 
obtained from high-depth column experiments were in good agreement with model predictions. The 
contact time between adsorbent and adsorbate is an important factor for adsorptive removal. Flow 
rate and bed depth, affecting the pressure drop, were two critical control parameters for adjusting the 
contact time. Finally, sensitivity analysis revealed how boron influent concentration, bed mass, flow 
discharge, rate constant, and adsorption capacity influenced the shape of the breakthrough curve.
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1. Introduction

The global average boron concentration is reportedly 
13 ppb in fresh river water and 5 ppm (mg/L) in seawater 
[1,2]. Although boron is a very necessary nutrient for plant 
growth, it can have a harmful or damaging effect when 
its concentration exceeds certain limits in irrigation water 
[3,4]. Accordingly, boron is of special concern in irrigation 
water. However, the influence of boron on human health 
is still the subject of discussion and some countries have 
not yet established drinking water levels [3–7]. In 2011, the 
Drinking-Water Quality Committee of the World Health 
Organization (WHO) revised the boron guideline value to 
2.4 mg/L [4,6–8]. This requirement has affected the design of 
seawater reverse osmosis desalination plants. Nevertheless, 
many utilities still set product water limits from seawater 

desalination plants as low as 0.5  mg/L, reflecting agricul-
tural issues [1,3].

The membranes available presently for seawater desali-
nation remove only 60%–80% of boron in a single reverse 
osmosis (RO) pass [3,9], so the permeate of a single pass con-
tains 1–2 mg/L of boron [3,4,9,10]. Thus, seawater should be 
desalinated in a two-pass RO process [3,4,9,10]. A proportion 
of the permeate (rear side) of the first pass is treated again in 
a second pass. However, the second-pass RO consumes addi-
tional energy [3,4,9]. Furthermore, among several conven-
tional treatment processes, such as precipitation–coagulation, 
RO, electrodialysis, solvent extraction, membrane filtration, 
and adsorption with selective ion exchange resins for boron 
removal, the adsorption method is widely considered to be 
the most promising and robust process to purify aqueous 
solutions due to its ease of implementation, low cost, and 
high efficiency [4,6,8,9].

In recent years, boron-selective resins (BSRs), based on 
chelation, have attracted much interest due to their selectivity 
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and high capacity [4–6,8,9,11–15]. The use of BSRs based on 
macroporous polystyrene matrices with active N-methyl-d-
glucamine (NMDG) groups seems to be the most promising 
way to remove boron from aqueous solutions [4,8,13–16]. The 
presence of two vicinal hydroxyls in the NMDG group allows 
boric acid and borates to form stable complexes with the 
resin via a covalent bond [2,4,8,12,14,15,17,18]. The adsorp-
tion process with BSRs is advantageous over second-pass RO 
(i.e., BWRO) because it is not greatly affected by operating con-
ditions, such as salinity, temperature, or pH [4]. In particular, 
the adsorptive resin bed requires much less pumping energy 
than BWRO [9,10]. Additionally, water recovery from the BSR 
bed column is nearly 100%, whereas that of second-pass RO is 
80%–90% [10]. Thus, if low total dissolved solids (TDS) is not 
a requirement, adsorption with BSRs can be used for boron 
removal from the permeate from first-pass RO.

To our knowledge, most previous studies on boron 
elimination by BSRs have been performed in glass jars and 
small-scale columns [5,6,12,13,15,17,19,20]. Breakthrough 
data using large-scale columns are rare because of the long 
breakthrough times and high analytical costs. Bench-scale 
experiments are better suited for the study of BSRs, rather 
than for the study of the adsorption process and its optimi-
sation. Generally, batch experiments in glass jars are used 
to determine equilibrium isotherms and the kinetics of 
boron removal on to resin particles. Also, predictions based 
on a rapid, small-scale column test would overestimate 
adsorption capacity. The results obtained from small-scale 
columns are radically different from those of a large-scale 
column due to different flow stream conditions as well 
[2,14]. Additionally, bench-scale experiments do not pro-
vide reasonable information about several hydrodynamic 
parameters of fixed-bed columns. Thus, a careful approach 
must be taken regarding adsorption processes when apply-
ing test data obtained from laboratory-scale experiments 
to large-scale processes. Because the breakthrough curve 
obtained in high-depth columns carries information about 
the dynamic behaviour of the fixed-bed columns, large-scale 
tests are strongly recommended when designing full-scale 
adsorption processes.

The objectives of the present study were to: (a) augment 
the database of boron breakthrough curves based on high-
depth fixed-bed columns; (b) investigate the effects of three 
kinds of resins, flow rates, bed depths, flow directions, and 
influent boron concentrations on boron breakthrough curves; 
(c) validate the experimental data obtained in high-depth 
columns using empirical models, such as the Thomas, Yoon–
Nelson, Adams–Bohart, and bed-depth service-time (BDST) 
models; (d) analyse the effects of flow rates and bed depths 
on the pressure drop and the corresponding specific energy 
consumption in the high-depth columns; and (e) perform 

sensitivity analyses to confirm the effects of model parame-
ters on breakthrough curve shapes.

2. Experimental

2.1. Adsorbent and adsorbate

Commercially available BSRs as adsorbents are based 
on copolymers of styrene and divinylbenzene [4,8,13,14,16]. 
Although these resins come from different companies, they 
are crosslinked macroporous polystyrene resins, with the 
active group NMDG. For this study, three commercial resins 
from different manufacturers were selected: PWA10 (Dow, 
USA), S108 (Purolite, USA), and MK51 (Lanxess, Germany). 
Because these BSRs should be fully hydrated prior to packing 
into the column, the resin beads were immersed in deionised 
water for 24 h before being packed into the column [21]. Table 1 
lists the specifications of these resins [22–25]. According to 
the specifications provided by the manufacturer, the total 
exchange capacities of the PWA10, S108, and MK51 resins in 
equivalents were 0.7, 0.6, and 0.8 eq/L, respectively.

For adsorbate, boric acid solutions were prepared by 
dissolving the appropriate amount of boric acid in tap water 
because boron exists in the form of boric acid in environmen-
tal water [3,4,8]. Two synthetic solutions containing 2.5 and 
5 mg/L of boron in tap water were used as feed solutions.

2.2. Column mode experiments

Fig. 1 presents a schematic diagram of the column setup 
used for the fixed-bed studies. Because columns with a diam-
eter greater than 2 cm can usually be scaled up linearly [21], 
the experimental setup was composed of nine columns with 
inner diameters of 2 cm and heights of 160 cm. For upflow 
operation, six columns, whose height was the same as the 
bed depth, were also used. Depending on the objective of 
the experiments, three, six, and nine columns were operated 
simultaneously for each experiment. Rotameters and differ-
ential pressure gauges were installed for the flow and dif-
ferential pressure measurement in each column, respectively.

The adsorption experiments using fixed-bed columns 
were performed with different resins, flow rates, bed depths, 
influent boron concentrations, and flow directions. The col-
umn experiments were continued until complete saturation 
of the resins was achieved. Adsorption is a time-dependent 
process and the optimal specific flow rates are from 10 to 40 
BV/h [21,22,24]. Here, BV means the dimensionless bed vol-
ume (i.e., volume of fluid per volume of resin). Accordingly, 
we used feed flow rates to the column between 11.95 and 
39.84 BV/h. For experiments using nine columns with 80 cm 
bed depths, three flow rates (3, 5, and 7 L/h) were applied, 

Table 1
Physical and chemical properties of three kinds of boron specific resins used in this study

Product  
name

Company Effective  
diameter (μm)

Median  
diameter (μm)

Bulk  
density (g/L)

Total  
capacity (eq/L)

1 PWA10 Dow (Rohm and Haas) 550–600 575 700 0.7
2 S108 Purolite 425–630 527.5 700 0.6
3 MK51 Lanxess 440–540 490 710 0.8
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while for experiments using six and three columns with three 
bed depths, flow rates of 10 and 7 L/h were used, respectively. 
To change bed depth, these columns were filled with resin 
up to 80, 120, and 160 cm, corresponding to bed volumes of 
251, 377, and 502 cm3, respectively. To assess the effect of flow 
direction, the boron solution was passed through the resin 
bed in upflow or downflow mode. All experiments were con-
ducted at room temperature.

The effluent solution sample was collected from the outlet 
of the column at regular time intervals of 1 h, but the boron 
concentration of the effluent was analysed only at the selected 
time interval of 7 or 8 h. This time interval was sufficient to 
obtain a breakthrough curve that ultimately determined the 
operation and dynamic response of the adsorption column. 
When the boron concentration in the effluent (Ct) became 
equal to the initial concentration in the influent (C0), the flow 
was stopped. The threshold value, called the breakpoint 
concentration, was set as an effluent boron concentration of 
0.5 mg/L.

2.3. Analysis of boron

Boron in aqueous samples can be analysed by spectro-
photometric methods, based on colourimetric reactions of 
boron with specific reagents, such as curcumine, carmine, 
and azomethine-H [3,15,16]. In the present study, the boron 
concentration was measured with a Hach DR-6000 spectro-
photometer by an azomethine-H method, which is known to 
be a convenient and a relatively accurate method. The mea-
surement wavelength was 414 nm.

2.4. Kinetic models

In the design of a fixed-bed column adsorption process, 
the concentration-time profiles for the effluent are most 
important [21,26-28]. Thus, some empirical breakthrough 

curve models are used to describe the dynamic behaviour 
of the fixed-bed column. Here, three empirical models, 
based on non-linear regression analysis, the Thomas (T) 
[5,26,28,29], Yoon–Nelson (YN) [5,26,28,29], and Adams–
Bohart (AB) [26,29] models, were applied to the experimental 
data to predict the breakthrough curves while a BDST model 
[26,28], based on linear regression, was used to predict the 
time needed for breakthrough under other conditions. 
Table  2 shows the non-linear mathematical expression, lin-
earised form, linear dependence, and model parameters for 
each model. Model parameters can be determined from the 
linear dependence.

The characteristics of each model are as follows. The 
Thomas (T) model is one of the most widely used kinetic 
models to study column performance, assuming the adsorp-
tion obeys second-order reversible reaction kinetics and it 
is not limited by the chemical reaction but controlled by the 
mass transfer at the interface [5,26,28,29]. The Yoon–Nelson 
(YN) model is a relative simple model because it requires no 
detailed data concerning the characteristics of adsorbate, the 
type of adsorbent, or the physical properties of the adsorp-
tion bed [5,26,28,29]. This Yoon–Nelson model is based on 
the assumption that the rate of decrease in the probability of 
adsorption for each adsorbate molecule is directly propor-
tional to the probability of the adsorbate molecule adsorp-
tion and the adsorbate breakthrough on the adsorbent. 
The initial region of the breakthrough curve can be well 
described by the Adams–Bohart (AB) model which assumes 
that the adsorption rate is related to both the residual capac-
ity of the adsorbent and the concentration of the adsorbate, 
determined mainly by surface reactions on the adsorbent 
surface sites [26,29]. The BDST model is used to predict the 
time needed for breakthrough under other conditions with-
out further experimental runs [26,28]. In this model, the 
adsorption rate is assumed to be regulated by the surface 
reaction between the adsorbate and the unused adsorbent.

Fig. 1. Schematic diagram of a high-depth adsorptive column setup for boron removal. Rotameters and differential pressure gauges 
(DP) were installed for the flow and differential pressure measurement in each column, respectively. This setup is one example of the 
configuration just for investigating the effect of flow rates and different resins on breakthrough curves.
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3. Results and discussion

3.1. Effects of different resins on breakthrough curves

Various BSRs are available commercially and their speci-
fications can be obtained. Usually, the performance of a BSR 
depends on its polymeric support and functional groups. But 
even if BSRs have the same NMDG functional groups, they 
can exhibit different adsorption performances because of 
differing macroporous matrix structures [8]. Normally, their 
adsorption performances are not obtained in large-column 
mode but in small-batch mode experiments. Thus, a screen-
ing test for the selection of BSR adsorbents was performed 
using nine continuous flow fixed-bed columns under identi-
cal operating conditions. The bed depths of all columns were 
80 cm (i.e., freeboard of 80 cm) and the influent boron con-
centration was 2.5  mg/L. Figs. 2(a)–(c) compare the perfor-
mances of the three kinds of BSRs obtained for different flow 
rates of 3, 5, and 7 L/h, respectively. The dynamic behaviours 
of the nine fixed-bed columns were described in terms of the 
effluent concentration-time profile (i.e., the breakthrough 
curve). The value of Ct/C0 in breakthrough curves is the 
dimensionless normalised effluent concentration. After some 
time, adsorbate breakthrough occurred and the effluent con-
centration increased with time. For each flow rate, PWA10 
resin had the smallest breakthrough capacities but the slopes 
of the breakthrough curves were the sharpest.

The resin size may be one reason for this experimen-
tal results [4,15]. The three BSRs (PWA10, S108, and MK51) 
used had effective size ranges of 550–600, 425–630, and 

440–540  μm, respectively [22–25]. The median values were 
575, 527.5, and 490 μm, respectively. Adsorption performance 
is known to increase with a decrease in resin bead size. This 
may be due to the increase in total surface area of the resin 
beads with the decrease in their size. A smaller BSR has more 
places required to react with boron than a larger BSR does. 
Thus, the reaction rate of a finer BSR is faster than that of a 
coarser BSR. Another reason may be the decrease in diffu-
sion resistance in small resin beads [27,30–32]. As the bead 
size decreases, the thickness of external film around the par-
ticle decreases, and also the total length of the path inside the 
pores decreases. That is, smaller resins have a shorter diffu-
sion path, thus allowing the adsorbate ions to penetrate the 
adsorbent resin more quickly, resulting in a higher adsorp-
tion rate. Finally, intraparticle diffusion is the rate-limiting 
step and smaller beads will yield a shorter mass transfer 
zone (MTZ) length. Here, the MTZ, which is the length of the 
adsorption zone in the column, indicates efficiency in the use 
of adsorbents in the column.

3.2. Effects of flow rate on breakthrough curves

For a continuous flow fixed-bed column, contact time 
between adsorbent and adsorbate is an important factor 
[5,20,26,28,33–38]. One of the control parameters for adjust-
ing the contact time is the flow rate. To assess the effect of 
flow rate on boron adsorption, flow rates were applied at 3, 
5, and 7 L/h, with a constant bed depth of 80 cm (freeboard of 
80 cm) and an influent boron concentration of 2.5 mg/L. Fig. 3 

Table 2
Linearised forms of used models and the corresponding model parameters
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Note: C0, influent adsorbate concentration (mg/L); Ct, effluent adsorbate concentration (mg/L) at time t; kT, Thomas rate constant (L/mg h); qe, 
equilibrium boron uptake per gram of the adsorbent (mg/g); m, amount of adsorbent in the column (g); Q, volumetric flow rate (L/h); t, service 
time (h); kYN, Yoon–Nelson rate constant (h‑1); τ, time required for 50% adsorbate breakthrough (h); kAB, Adams–Bohart rate constant (L/mg h); 
N0, adsorption capacity of the bed (mg/L); H, bed depth (m); ν, linear flow velocity (m/h); and kBDST, BDST rate constant (L/mg h).
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Fig. 2. Experimental and modelled boron breakthrough curves 
of three kinds of boron specific resins (PWA10, S108, and MK51) 
for different flow rates. (a) 3 L/h, (b) 5 L/h, and (c) 7 L/h. For each 
graph, symbols represent experimental data points and curved 
lines represent model results. The horizontal dotted line rep-
resents breakpoint concentration (number of columns (NC) = 9, 
H = 80 cm, C0 = 2.5 mg/L, and downflow operation).

 

 

Fig. 3. Experimental and modelled boron breakthrough curves 
of different flow rates (3, 5, and 7 L/h) for three kinds of boron 
specific resins. (a) PWA10, (b) S108, and (c) MK51. For each 
graph, symbols represent experimental data points and solid 
and dotted curved lines represent Thomas and Adams–Bohart 
model results, respectively. The horizontal dotted line represents 
breakpoint concentration (NC = 9, H = 80 cm, C0 = 2.5 mg/L, and 
downflow direction).
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presents the breakthrough curves at various flow rates for 
the three BSRs tested. Basically, at a low flow rate, adsorbate 
ions have enough time to diffuse into the pores of the resin 
beads and therefore more available functional group sites can 
capture ions around or inside the adsorbent bead [6,28,33]. 
Also, a rise in linear flow velocity increases the phenomenon 
of dispersion (transverse and longitudinal) in beds [39]. The 
dispersion coefficient in the longitudinal direction is superior 
to the dispersion coefficient in the radial direction for large 
Reynolds numbers.

The adsorption data obtained from the column studies at 
different flow rates were analysed using the Thomas, Yoon–
Nelson, and Adams–Bohart models. For Yoon–Nelson model, 
model parameters were only presented in Table 3 because its 
curve is similar to Thomas curve. Because the Thomas and 
Yoon–Nelson models did not fit the experimental data well in 
the initial region, the Adams–Bohart adsorption model was 
applied to the experimental data to describe the initial region 
of the breakthrough curve [26,29]. In our results, the Adams–
Bohart model was valid for Ct/C0 < ~0.2. Large discrepancies 
between the experimental and predicted curves appeared 
above that value. The results shown in Fig. 3 demonstrate 
that there was good agreement between the experimental 
points and predicted normalised concentration for PWA10 
resin, rather than the S108 and MK51 resins. In particular, 
the MTZ length of PWA10 was the shortest among the three 

resins. In other words, the shorter MTZ signifies the sharper 
slope of the curve. When the shape of the breakthrough curve 
is as sharp as possible, the most efficient adsorption perfor-
mance is known to be obtained.

Notably, we observed that the breakthrough time was 
generally faster with higher flow rates, and higher flow rates 
resulted in shorter column exhaustion time. Generally, the 
practical capacity depends on flow rate and drops rapidly as 
flow rate increases due to mass transfer limitations. At high 
flow rate, the residence time of the adsorbate in the column 
was not long enough for adsorption equilibrium and it left 
the column before equilibrium occurred. The kinetic param-
eters of the T, YN, and AB models were determined from 
the linearised mathematical equations in Table 2. The calcu-
lated rate constants, kYN, kT, and kAB, tended to increase as the 
flow rate increased, whereas qe became smaller (Table 3). The 
breakthrough curves obtained were sharper with increasing 
flow rates due to the increasing rate constant.

The contact time between the adsorbent and adsorbate is 
called the empty bed contact time (EBCT) [28,29,33,35,37,40]. 
Table 3 lists the values of EBCT for each column. The EBCT, 
including the bed volume and flow rate, can be expressed as:

EBCT = =
⋅

=
V
Q

H A
Q

d H
Q

π 2

4
�

Table 3
Detailed experimental conditions for investigating the effect of the different flow rates and various resin types in nine columns and 
the model parameters obtained from linearised forms for three models used

Column no. 1 2 3 4 5 6 7 8 9

Resin type PWA10 S108 MK51 PWA10 S108 MK51 PWA10 S108 MK51
Bed volume (L) 0.251 0.251 0.251 0.251 0.251 0.251 0.251 0.251 0.251

Bed mass (g) 175.7 175.7 178.21 175.7 175.7 178.21 175.7 175.7 178.21

Bed depth (m) 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8

Influent concentration (mg/L) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5

Flow direction Down Down Down Down Down Down Down Down Down

Flow rate (L/h) 3 3 3 5 5 5 7 7 7

Linear flow velocity (m/h) 9.55 9.55 9.55 15.92 15.92 15.92 22.29 22.29 22.29

Specific flow rate (BV/h) 11.95 11.95 11.95 19.92 19.92 19.92 27.89 27.89 27.89

EBCT (min) 5.02 5.02 5.02 3.01 3.01 3.01 2.15 2.15 2.15

Yoon–Nelson model

kYN (h–1) 0.111 0.076 0.066 0.122 0.082 0.084 0.135 0.105 0.057

τ (h) 119.8 151 157.7 65.8 82.5 77.5 45.1 55.8 57.6

qe (mg/g) 5.161 6.507 6.701 4.747 5.953 5.512 4.564 5.643 5.745

Thomas model

kT (L/mg h) 0.044 0.030 0.026 0.048 0.032 0.033 0.053 0.041 0.022

qe (mg/g) 5.161 6.498 6.691 4.739 5.96 5.512 4.574 5.653 5.745

Adams–Bohart model

kAB (L/mg h) 0.049 0.058 0.040 0.058 0.070 0.061 0.063 0.048 0.064

N0 (mg/L) 3,553.4 4,441.3 4,334.7 3,220.9 3,833.0 3,343.0 3,107.0 3,909.5 3,196.4

N0 (mg/g) 5.076 6.345 6.105 4.601 5.476 4.708 4.439 5.585 4.502
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where V is the adsorbent bed volume, Q is the solution flow 
rate, H is the height of the column, A is the cross-sectional 
area of the column, and d is the column diameter. 
Accordingly, changes in the bed depth, column diameter, 
and flow rate affect EBCT values. The EBCTs for the flow 
rates of 3, 5, and 7 L/h in 80 cm bed were 5.02, 3.01, and 
2.15  min, respectively. These EBCT values are important 
for scaling up a laboratory experiment. For example, when 
the column diameter increases linearly, constant EBCT 
values should be maintained with the appropriate values 
of bed depth and flow rate [26,28,29]. As expected, lon-
ger run times were achieved at larger EBCTs than smaller 
EBCTs.

3.3. Effects of bed depth and flow direction on breakthrough curves

Another control parameter for adjusting the contact 
time is bed height. For this, bed heights were varied at 80, 
120, and 160  cm, with a constant flow rate of 10  L/h and 
influent boron concentration of 2.5 mg/L. For upflow oper-
ation, no column had any freeboard. Fig. 4 presents the 
breakthrough curves at different bed depths. The figure 
clearly shows that the breakthrough times increased, from 
15.5 to 31 to 47.5 h, as did the exhaustion times, from 53 to 
76 to 106 h, with increasing bed heights, from 80 to 120 to 
160 cm, respectively. That is, the bed was saturated in less 
time for smaller bed heights. This is because the increased 
bed height allowed a longer contact time between the 
adsorbent and the adsorbate. Increased bed height led to 
increased amounts of adsorbent, resulting in the availabil-
ity of more binding sites for adsorption. Consequently, 
the higher bed column resulted in a lower effluent con-
centration in the same service time. Normally, when the 
bed depth increases, the value of qe increases whereas that 
of kT decreases as shown in Table  4 [18,26,28,29,33,35,38]. 
However, this experimental results did not precisely cor-
respond with this trend. In particular, the data obtained 
from a 160-cm bed depth were lower than those with a 
120-cm bed depth. Among the three bed depths tested, the 
best fitting of the experimental and simulated curves was 
observed for the bed depth of 120 cm.

Fig. 5 shows the effects of flow rate and bed depth on the 
pressure drop in a high-depth column. Every hydraulic sys-
tem has a certain resistance, which is dependent on the flow. 
Likewise, the flow resistance is dependent on the column 
depth. Namely, the pressure drop was a function of the flow 
rate and bed depth and increased with increasing flow rate 
and bed depth. It has been reported that linear flow velocities 
faster than 50 m/h may bring about excessive pressure drops 
across a bed [21]. Of course, linear flow velocities slower 
than 1  m/h may also give rise to channelling inefficiency 
[21]. In a conventional adsorption process with a fixed-bed 
column, the use of high bed depth and fine beads as adsor-
bents brings about a significant pressure drop [4,21,41]. 
According to the Kozeny–Carman equation, the pressure 
drop (ΔP) in a fixed bed is proportional to the height (H) 
of the bed and inversely proportional to the square of the 
particle size (DP) [4]. Accordingly, in most of the large-scale 
processes, relatively large resins are used to reduce pres-
sure drop and resin cost. The pressure drop of the fixed-bed 
column was closely related to energy consumption. As the 

Fig. 4. Experimental and modelled boron breakthrough curves 
for different bed depths (80, 120, and 160 cm) and two flow direc-
tions. (a) Both upflow and downflow operations, (b) downflow 
alone, and (c) upflow alone. For each graph, symbols represent 
experimental data points and solid and dotted curved lines rep-
resent Thomas and Adams–Bohart model results, respectively. 
The horizontal dotted line represents breakpoint concentration 
(NC = 6, BSR = PWA10, Q = 10 L/h, and C0 = 2.5 mg/L).
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depth of the bed and/or the flow rate increased, the specific 
energy consumption (kWh/m3) of the pump increased 
as demonstrated in Fig. 5. Here, the specific energy 
consumption was calculated by the power consumption of 
pump (Wpump = (Poutlet – Pinlet)pump × Qpump × 1/ηpump × 1/ηmotor) 
divided by the flow rate (Qpump). ηpump and ηmotor are the 
pump and motor efficiency and are assumed to be 0.7 and 
0.7, respectively. The results demonstrated that the fixed-bed 
adsorption process consumes much less energy than a mem-
brane process as reported by Jacob [9] and Glueckstern and 
Priel [10].

The differential pressure in upflow operation was 
lower than that in downflow operation. This may be 
because the packed resin bed may become a little looser 
in upflow operation against gravity. Upflow operation of 
the adsorption column can be considered to avoid liquid 
maldistribution and low liquid holdup [27,34,41]. That is, 
upflow operation is known to have higher wetting levels 
than downflow operation. However, in narrow columns 
like this experimental setup, the phenomenon of channel-
ling will not be encountered. Consequently, the flow direc-
tion had a negligible effect on the adsorption performance 
in this experiment. Over 120 cm bed depths, the results in 
upflow mode were slightly better than those in downflow 
mode.

3.4. Effects of influent boron concentration on breakthrough 
curves

Fig. 6(a) compares the effects of two influent boron 
concentrations (C0  =  2.5 and 5  mg/L of boron) with a con-
stant bed depth of 80  cm and flow rates of 7  L/h. With an 
increase in influent boron concentration from 2.5 to 5 mg/L, 

Table 4
Detailed experimental conditions for investigating the effect of the different bed depths and flow direction in six columns and the 
model parameters obtained from linearised forms for three models used

Column no. 1 2 3 4 5 6

Resin type PWA10 PWA10 PWA10 PWA10 PWA10 PWA10
Bed volume (L) 0.251 0.251 0.377 0.377 0.502 0.502

Bed mass (g) 175.7 175.7 263.9 263.9 351.4 351.4

Bed depth (m) 0.8 0.8 1.2 1.2 1.6 1.6

Influent concentration (mg/L) 2.5 2.5 2.5 2.5 2.5 2.5

Flow direction Down Up Down Up Down Up

Flow rate (L/h) 10 10 10 10 10 10

Linear flow velocity (m/h) 31.85 31.85 31.85 31.85 31.85 31.85

Specific flow rate (BV/h) 39.84 39.84 26.53 26.53 19.92 19.92

EBCT (min) 1.51 1.51 2.26 2.26 3.01 3.01

Yoon–Nelson model

kYN (h–1) 0.132 0.124 0.122 0.127 0.162 0.155

τ (h) 26.5 25.9 43.5 44 57.4 58.4

qe (mg/g) 3.975 3.893 4.277 4.32 4.135 4.211

Thomas model

kT (L/mg h) 0.050 0.047 0.047 0.049 0.064 0.061

qe (mg/g) 3.966 3.906 4.266 4.306 4.125 4.206

Adams–Bohart model

kAB (L/mg h) 0.101 0.108 0.053 0.056 0.070 0.064

N0 (mg/L) 2,403.1 2,224.4 3,001.3 3,017.6 2,930.9 2,997.6

N0 (mg/g) 3.433 3.178 4.288 4.311 4.187 4.282

Fig. 5. Effect of the flow rate on the differential pressure for dif-
ferent bed depths (80, 120, and 160 cm) and two flow directions: 
upward and downward. (NC = 6 and BSR = PWA10).
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the respective breakthrough and exhaustion times decreased. 
At lower influent boron concentrations, breakthrough curves 
were slightly dispersed and breakthrough occurred slowly. 
As influent concentrations increased, slightly sharper break-
through curves were obtained. Here, the Ct/C0 values of the 
breakthrough points were 0.2 and 0.1 for the influent boron 
concentrations of 2.5 and 5  mg/L, respectively, because the 
breakpoint concentration was still 0.5 mg/L. Also, as shown 
in Table 5, as the influent concentration increased, the value 
of qe increased but the value of kT decreased. These results 
indicate that the change in concentration gradient affected 
the breakthrough time and saturation rate. Like this, the 
driving force for adsorption is the concentration gradient 
between the boron on the adsorbent and the boron in the 

solution [26,33]. A higher initial influent boron concentration 
facilitates overall mass transfer of boron across the liquid–
solid interface. As the boron concentration increases, adsorp-
tion sites are more covered [28,37], whereas a lower initial 
concentration of boron causes slower diffusion of boron onto 
the adsorbent due to the decreased mass transfer coefficient, 
thereby contributing to the lengthier exhaustion time of the 
column.

3.5. Bed depth service time analysis

Previous sections described how Thomas, Yoon–Nelson, 
and Adams–Bohart models, based on non-linear regression 
analyses, were used to fit the column adsorption data 
whereas the BDST model, based on linear regression 
analysis, was required to obtain model parameters that were 
useful in scale-up of the process. Generally, the BDST model 
is used to predict the time needed for breakthrough and 
exhaustion under other operating conditions [33]. A plot of 
time (t) vs. depth (H) yielded a linear relationship by BDST 
equation in Table 2 (Fig. 7(a)). Linear fits of breakthrough 
and exhaustion points can be expressed as t  = 40 H  -  16.67 
and t = 66.25 H – 1.167, respectively. With an increase in the 
bed depth, the residence time of the fluid inside the column 
increases, allowing the adsorbate to adsorb more onto the 
adsorbent, thereby increasing the adsorption capacity with 
the service time.

The adsorption capacity (N0) and rate constant (kBDST) 
were calculated from the slope (a = N0 C0

–1ν–1) and intercept 
(b  =  –kBDST

–1 C0
–1 ln(C0 Ct

–1  –  1) of the plot, respectively. The 
calculated N0 and kBDST values for breakthrough points were 
3,184.7 mg/L and 0.0333  L/mg  h, respectively, while those 
for exhaustion points were 5,274.7 mg/L and 0.4753 L/mg h, 
respectively. kBDST basically signifies the solute transfer rate 
from the liquid phase to the solid phase. The larger the kBDST 
value, the higher is the performance efficiency of the bed. 
The higher value of kBDST for the exhaustion point simply 
indicates more service time for the same. Accordingly, 
these BDST model constants can be helpful in designing 
the process for other flow rates and concentrations without 
further experimental runs [26,28] as shown in Figs. 7(b) and 
(c). Here, the slope constant for different flow rates was 
directly calculated by anew = aold (Qold/Qnew). For other influent 
concentrations, the linear equation was modified by both 
slope anew = aold (Cold/Cnew) and intercept bnew = bold (Cold/Cnew) 
[ln(Cnew – 1)/ln(Cold – 1)].

3.6. Sensitivity analysis

A sensitivity analysis for the Thomas model was per-
formed under specified input conditions of a boron influ-
ent concentration of 2.5  mg/L, a bed mass of 175.7  g 
(i.e., height of 80 cm), a flow discharge of 3 L/h, a rate con-
stant of 0.05 L/mg h, and an adsorption capacity of 4 mg/g. 
A sensitivity analysis is a technique used to determine how 
different values of an independent variable affect a particu-
lar dependent variable under a given set of assumptions [36]. 
Fig. 8 illustrates how the breakthrough curve would change 
with varying kT, qe, m, Q, or C0. The value of kT influenced 
the slope of the breakthrough curve notably. The theoretical 
breakthrough curves obtained were sharper with increasing 

Fig. 6. (a) Experimental and modelled boron breakthrough 
curves of different influent boron concentrations (2.5 and 
5 mg/L) (BSR = PWA10, Q = 7 L/h, and downflow direction). (b) 
Experimental and modelled boron breakthrough curves of dif-
ferent bed depths (80, 120, and 160 cm) (NC = 3, BSR = PWA10, 
Q  =  7  L/h, C0  =  5  mg/L, and downflow operation). For above 
graph, symbols represent experimental data points and solid 
and dotted curved lines represent Thomas and Adams–Bohart 
model results, respectively. The horizontal dotted line represents 
breakpoint concentration.
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rate constant due to the increasing flow rate. The 50% adsor-
bate breakthrough times when the value of Ct/C0 was 0.5 were 
all the same. The variations in qe, m, or Q caused a horizontal 
shift in breakthrough curves with the same slope, whereas 
their effects on the slope of the breakthrough curve were 
negligible. On the other hand, the change in C0 influenced 
both the slope and shift of the breakthrough curve. As kT or 

C0 are decreased, the curve is elongated and flattened. Each 
parameter was actually dependent on each other like the 
relationship between flow rate and rate constant. That is, 
depending on the flow rate, the rate constant will be influ-
enced. Therefore, changes in the shape and slope (length 
of MTZ) of the breakthrough curve can be manipulated by 
changing the feed flow rate and bed depth.

Table 5
Detailed experimental conditions for investigating the effect of the different influent boron concentrations in three columns and the 
model parameters obtained from linearised forms for three models used

Column no. Column no. 7 in Table 3 1 2 3

Resin type PWA10 PWA10 PWA10 PWA10
Bed volume (L) 0.251 0.251 0.377 0.502

Bed mass (g) 175.7 175.7 263.9 351.4

Bed depth (m) 0.8 0.8 1.2 1.6

Influent Concentration (mg/L) 2.5 5 5 5

Flow direction Down Down Down Down

Flow rate (L/h) 7 7 7 7

Linear flow velocity (m/h) 22.29 22.29 22.29 22.29

Specific flow rate (BV/h) 27.89 27.89 18.57 13.94

EBCT (min) 2.15 2.15 3.23 4.31

Yoon–Nelson model

kYN (h–1) 0.135 0.162 0.153 0.165

τ (h) 45.1 25.4 39.3 53.1

qe (mg/g) 4.564 4.995 5.157 5.232

Thomas model

kT (L/mg h) 0.053 0.033 0.031 0.033

qe (mg/g) 4.574 4.989 5.15 5.235

Adams–Bohart model

kAB (L/mg h) 0.063 0.098 0.052 0.079

N0 (mg/L) 3,107.0 2,733.7 3,530.2 3,308.0

N0 (mg/g) 4.439 3.905 5.043 4.726

Fig. 7. (a) Analysis of breakthrough and exhaustion time by BDST model for different bed depths. For above graph, symbols represent 
experimental breakthrough and exhaustion points and lines represent linear fit (BSR = PWA10, Q = 10 L/h, C0 = 2.5 mg/L, and down-
flow operation). (b) Modified BDST model for different flow rates. (c) Modified BDST model for different influent concentrations. In 
(b) and (c), dotted line is an original BDST model of breakthrough point in (a).
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4. Conclusions

The adsorptive removal of boron from aqueous solutions 
with BSRs in high-depth fixed-bed columns was investi-
gated, experimentally and theoretically. The results regard-
ing the relationship between adsorption performance and 
operating parameters can be used for the design of large-
scale BSR processes. Adsorption performance was strongly 
dependent on the flow rate, bed depth, and influent boron 
concentration. Both breakthrough and exhaustion time 
increased with increasing EBCT (related to flow rate and 
bed depth), while they decreased with the increase in the 
influent boron concentration. The prediction results for the 
boron breakthrough curve using Thomas and BDST mod-
els will aid in the successful design and determination of 
the dynamic response of a large-scale adsorption column. 

Although not discussed here, it is critical to optimise the 
column aspect ratio to prevent maldistribution on an indus-
trial scale. In addition, further studies on regeneration are 
still needed for the successful design of a large-scale BSR 
adsorption process. In conclusion, it seems to be sensible to 
use BSR adsorption instead of a second-pass RO when the 
TDS of the first-pass permeate meets the final specification 
and a low-energy process is required.
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Fig. 8. Sensitivity analysis of modelled breakthrough curves for variations of following parameters. (a) Rate constant (kT), (b) adsorp-
tion capacity (qe), (c) bed mass (m), (d) flow rate (Q), and (e) influent boron concentration (C0). Input parameters except variable in each 
graph are as follows: kT = 0.05 L/mg h, qe = 4 mg/g, m = 175.7 g, Q = 3 L/h, and C0 = 2.5 mg/L.
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