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Abstract: A significant issue for the ecosystem is the presence of boron in water resources, particu-
larly in produced water. Batch and dynamic experiments were used in this research to extract boron
in the form of boric acid from aqueous solutions using boron selective resins, DIAION CRB05. DI-
AIONT™ CRBO05 is an adsorbent that is effective in extracting boron from aqueous solutions due to
its high binding capacity and selectivity for boron ions, and it is also regenerable, making it cost-
effective and sustainable. Field Emission Scanning Electron Microscopy (FESEM), X-ray diffraction
(XRD), and FTIR analysis for DIAION CRB05 characterization. To increase the adsorption capacity
and find the ideal values for predictor variables such as pH, adsorbent dose, time, and boric acid
concentration, the Box-Behnken response surface method (RSM) was applied. The dosage was re-
ported to be 2000 mg/L at pH 2 and boron initial concentration of 1115 mg/L with 255 min for the
highest removal anticipated from RSM. According to the outcomes of this research, the DIAION
CRBO05 material enhanced boron removal capability and has superior performance to several cur-
rently available adsorbents, which makes it suitable for use as an adsorbent for removing boric acid
from aqueous solutions. The outcomes of isotherm and kinetic experiments were fitted using linear
methods. The Temkin isotherm and the pseudo-first-order model were found to have good fits after
comparison with R?of 0.998, and 0.997, respectively. The results of the study demonstrate the effec-
tiveness of DIAION™ CRBO05 in removing boron from aqueous solutions and provide insight into
the optimal conditions for the adsorption process. Thus, the DIAION CRB05 resin was chosen as
the ideal choice for recovering boron from an aqueous solution because of its higher sorption ca-
pacity and percentage of boron absorbed.
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1. Introduction

As a natural element, boron is found naturally in water bodies, particularly seawater.
It is generally regarded as a necessary component of plants, animals, and humans in signif-
icant controlled quantities. Excessive boron concentrations in water bodies are primarily
caused by man-made pollution, the majority of which is found in surface water, groundwa-
ter, and water bodies [1,2]. Borate (BOs) is classified as a halogen that causes high levels of
saturated acetate in surface water and is mainly released by wastewater containing large
quantities of detergents that involve borate (BOs). Additionally, industrial waste, including
chemical additives, plastic bottle, and fertilizers contribute significantly to water pollution
through boron [3]. Because of this soil leaching and sedimentary rocks, groundwater con-
tains borate and borosilicate, which are chemical forms of B [4]. Boron concentrations in
surface and groundwater typically range from 4.5 mg/L to 100 mg/L, respectively [5,6]. It is
frequently used in a variety of products, including glass, weatherproofing wood against
flames, cosmetics, soap, detergent, catalysts, and soil fertilizers for deficient soil [7]. Boron,
in small amounts, plays an important role in plant growth and crop yield [8]. In contrast,
boron B at high concentrations may be harmful to plants, animals, and humans. B concen-
trations vary significantly in geothermal sources [9].

Furthermore, boron minerals do react with geothermal water, thereby harming the
environment. However, the release of boron B via the aforementioned sectors does con-
taminate water supplies. The recommended limit for boron in drinking water set by the
World Health Organization (WHO), is 2.4 mg/L; however, the European Union (EU) has
a lower recommendation of 1 mg/L [10,11]. It is essential to conduct a more thorough
treatment to guarantee that the boron concentration is within the safe range. V. Valles et
al. found that boron was effectively removed from the solution using N-Methylglucamine
sorbents, with a sorption rate of greater than 98%. N-Methylpyridine sorbents were also
able to sorb B, with a sorption rate of 75%. Desorption of B from N-Methylglucamine
sorbents was between 37-64%, while desorption from N-Methylpyridine sorbents was be-
tween 66-99% [12]. There has been a significant amount of research on techniques for re-
moving boron from water, including methods such as electrocoagulation, ion exchange,
reverse osmosis, and adsorption. Among these techniques, adsorption has become a pop-
ular choice for boron removal due to its ease of use, consistent removal effect, and wide
range of applications. Currently, various adsorption materials have been developed for
boron removal, including nano-scale materials, activated carbon, and chelating resins.
However, most of the research has focused on removing high concentrations of boron
from wastewater and not enough on lower levels of boron commonly found in produced
water. Therefore, there is a need for a new type of adsorbent that is more effective at re-
moving lower concentrations of boron [13-16]. However, adsorption has been the popular
method due to its ease of use, safety, and low cost [17]. When the literature was examined,
it was discovered that amberlite resins, such as amberlite IRA743 resin, were competitive
adsorbents for boron removal. Adsorbents such as magnetite nanoparticles (FesOs),
metal-organic frameworks, various clays, and MgO have recently been reported to be ef-
fective for boron removal [18-21]. Boron is discovered in a neutral in shape of (B(OH)s in
the pH of seawater naturally, as a result, boron selective ion exchange (IEX) resins are
thought as the ideal method for extracting boron [22,23].

Several researchers have suggested the use of IEX resins to remove boron from liquid
streams. It is worthwhile to highlight the work of Jung and Kim that evaluated the applica-
tion of the boron selective DIAION CRBO05 for seawater boron extraction (boron concentra-
tion of approximately 4.4 mg/L) [24]. According to the researchers, boron B sorption rates
were 95% and extraction rates were 87%. Yoshizuka and Nishihama investigated the extrac-
tion of boron from geothermal water utilizing selective resins CRB03 and CRBO05 and
Chelest Fiber [25]. A 15 mg/L boron concentration was found in the geothermal water ob-
tained at Obama Hot Spring (Japan). For CRB03 85%, 88% for CRB05, and 99.8% for Chelest
Fiber, the boron recoveries were achieved. Additionally, M. Figueira et al. suggested a tech-
nique for the boron separation and purity for isotopic analysis of boron in natural sources
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Initially, boron was recovered from the samples using a column filled with amberlite
IRA743 selective resin for boron. The samples were removed with HCI and then moved via
a column of mixed IEX resins (Dowex50Wx8 and Ion Exchanger II) that absorbed the HCl
as well as the other cations and anions still present within the eluant, except for boron. Be-
tween 91.6% and 102% of the boron was extracted using this method. On the other hand,
this most recent work did not concentrate on recovering a sizable amount of boron for com-
mercialization, but rather on purifying boron in natural samples for isotopic analysis [26].

To be able to commercially recover boron using a circular economy approach, addi-
tional study is required to develop a mature technology. Furthermore, according to most
literature on boron recovery/removal to obtain the necessary boron concentration for
drinking water, the procedure aims to remove boron from the RO permeate stream [18].
Several studies have examined the effects of boron on other industrial sectors, such as Yan
et al., [27]. As boron is a major issue for the production of Li2COs(s), XSC-800 has been
suggested as a boron-particular resin to eliminate it from refined brine [28]. Furthermore,
Amberlite IRA-743 resin was used to eliminate boron by using wastewater produced by
geothermal power plants [29]. The objective was to minimize the boron concentration in
the wastewater so that it could be discharged.

Chelating resins are a class of adsorbents that are commonly used to remove heavy metal
ions from aqueous solutions. One of the heavy metal ions that can be effectively removed by
chelating resins is boron [30]. Chelating resins work by binding to boron ions in solution
through a process called chelation, which involves the formation of a complex between the
boron ions and the functional groups on the resin [31]. This complex is then removed from the
solution through a process called adsorption, where the resin physically adsorbs the boron
ions onto its surface. CRB05 is a specific type of chelating resin that is known for its ability to
effectively remove boron ions from aqueous solutions [32]. The resin is made up of a synthetic
polymer matrix that is functionalized with a specific chelating agent, in this case, the resin is
functionalized with iminodiacetic acid (IDA) group which helps in binding to the boron ions
[33]. Overall, CRBO5 is a cost-effective and efficient way to remove boron from aqueous solu-
tions. It is known for its high selectivity and capacity towards boron ions.

This research views the boron present in produced water as a possibility to deliver boron
to industrial sectors rather than a problem. It is important to note that this method presents a
considerable barrier in recovering boron from produced water at low concentrations to con-
centration levels suitable for secondary use in industrial plants. This makes the ion exchange
stage crucial because it preferentially concentrates boron at greater than usual quantities. As a
result, even with the use of resins, the boron extraction method provided in this study presents
a new situation. Therefore, this study seeks to establish the ideal situation for boron sorption
and desorption utilizing the boron selective resins DIAION™ CRBO5. This resin adsorbent has
been selected for this research due to its high selectivity and capacity for boron ions, as well as
its stability and ease of regeneration. Additionally, DIAION CRBO5 is effective in a wide range
of pH and temperature conditions, making it suitable for use in a variety of industrial and
research settings. Overall, DIAION CRBO05 has been selected as the adsorbent of choice for
boron due to its superior performance and versatility compared to other available resins. Thus,
the objectives that guided this research were to: (i) characterize the DIAION™ CRBO5 (ii) op-
timize the treatment process by RSM, and (iii) determine the best isotherm, and kinetic models
based on adsorbent performance.

2. Materials
2.1. Resins and Reagents

In this study, CRB05 from Mitsubishi Chemical was used. It consists of a crosslinked
matrix of microporous polystyrene coupled to functional groups of N-methyl-D-glu-
camine (NMDG). Chelating resins with “vis-diols,” or ligands having contiguous phenolic
hydroxyl groups, and hydroxyl groups in the cis position, exhibit high boron selectivity
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and rarely react with other elements [34]. Complexation processes result in selective sorp-
tion. Hydroxyl groups produce different borate esters with boric acid, and the proton pro-
duced throughout this intercalation is caught by the tertiary amine group [35]. Synthetic
boron solutions were prepared with boric acid (HsBOs) ACS reagent, 299.5% while Hy-
drochloric acid (HCL) ACS reagent, 37% was used for desorption.

2.2. Preparation of Standard Solutions

The boron stock solution (30%) was synthesized from a reagent of high grade. Before
conducting the adsorption investigations, appropriate solutions were carefully prepared
by HsBOs ACS reagent, 299.5% with distilled water.

2.3. Characterization Methods

The morphology of the adsorbent material has been analyzed by FESEM. The XRD pat-
tern of the adsorbent sample was examined to analyze the peaks present in the adsorbent ma-
terial. Further, the associated bond vibrations present on the surface were examined by FTIR.

2.4. Batch Adsorption Studies and Analytical Methods

During batch adsorption tests, different concentrations of adsorbents, and initial con-
centrations of boron were by utilizing a stock solution of 30%, the stock solution was pre-
pared by using boric acid and distilled water was added to 500 mg/L volumetric flasks.
By using diluted HCI and NaOH to adjust the pH of boron solutions and shaking at 140
rpm in an orbital shaker for a different time, the impact of pH was investigated. Once the
predetermined period had passed (30, 255, and 480 min), a filter membrane was used to
extract the adsorbent from the liquid.

2.5. Analytical Methods

Using a HACH DR-3900 Spectrophotometer and the carmine technique, residual bo-
ron was measured. All the tests were triplicate. The procedure listed below was started
for the boron concentration analysis: 75 mL of sulfuric acid into a 100 mL conical flask, in
a well-ventilated area, one bag of BoroVer?B reagent powder pillow was poured into the
flask, and the flask was swirl for five minutes to fully liquefy the powder, 0.2 mL of dis-
tilled water was used to one of the 16 mm tubes and another 0.2 mL of sample-filtered
boron. A total of 3.5 mL of the BoroVer? Solution was added to the prepared sample tube
and blank, the tubes were inverted to mix the solution with samples. After a 30 min reac-
tion time, the measurement was conducted.

2.6. Response Surface Optimization RSM

Science research utilized the response surface methodology (RSM), a technique for
improving testing procedures and methods [36]. Similar to the central composite design,
the Box-Behnken response surface optimization design of experiments is much more ef-
fective. Consequently, the Box-Behnken design was fitted for this study’s optimization
[37,38]. Four parameters (Adsorbents Dosage, Time, Initial concentration of B, and pH)
were investigated to find the major influence and reaction of the compound adsorbent for
the adsorption of boron, and the adsorption settings within the experimental range were
optimized. Table 1 illustrates the connection between the four-level codes of the four com-
ponents and the experiment values, while Table 2 highlights the proposed runs matrix
and the response. The adsorbent dosage and time affect the efficiency of boron removal,
while the initial concentration of boron and the pH of the solution can also play a role in
influencing the boron removal, adjusting these parameters can influence boron removal.
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Table 1. Factor ranges in the Box-Behnken research setup.

Parameter Lower Limit Upper Limit
pH 2 7
Boron initial concentration. (mg/L) 300 2000
Contact time (min) 30 480
Adsorbent dose (mg/L) 250 2000

Table 2. Design of experiments matrix and the responses generated by Box-Behnken Design.

Run Factor1 Factor 2 Factor 3 Factor 4 Response
A:pH  B: Concentration of boron C: Contact time D: Adso. dosage Boron residual
(mg/L) (min.) (mg/L) (mg/L)
1 7 1150 30 1125 35
2 4.5 1150 255 1125 22
3 7 1150 255 250 38
4 4.5 1150 255 1125 22
5 4.5 1150 480 2000 15
6 4.5 2000 30 1125 35
7 4.5 2000 480 1125 18
8 4.5 1150 480 250 35
9 4.5 1150 30 250 40
10 7 300 255 1125 32
11 4.5 300 255 250 31
12 4.5 2000 255 250 37
13 2 1150 480 1125 20
14 2 300 255 1125 18
15 4.5 300 480 1125 22
16 4.5 1150 255 1125 25
17 2 1150 255 250 34
18 4.5 1150 30 2000 25
19 4.5 2000 255 2000 22
20 2 1150 30 1125 24
21 7 2000 255 1125 28
22 7 1150 480 1125 30
23 4.5 1150 255 1125 21
24 4.5 300 255 2000 20
25 7 1150 255 2000 27
26 4.5 1150 255 1125 25
27 2 1150 255 2000 15
28 2 2000 255 1125 20
29 4.5 300 30 1125 20

The adsorption capacity was the model’s reaction (Y). The coded factor is obtained
by the connection of independent parameters:

Boron Residual =+23.00 + 4.92 x A + 1.42 x B-3.25 x C-7.58 x D-1.50 x AB-
0.2500 x AC +2.00 x AD-4.75 x BC-1.0000 x BD-1.25 x CD+1.92 x A2-0.3333 (1)
x B2+ 1.67 x C2+4.17 x D?

The equation demonstrated in light of the coded factors can be applied to foresee the
outcome of different levels for every factor. High values of the elements are recorded as
+1, while the low levels are coded as -1. The coded equation helps determine the relative
importance of the elements by evaluating the factor coefficients.
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2.7. Kinetic Modeling

Applying four distinct kinetic models; pseudo-first order, pseudo-second order, elo-
vich, and intraparticle diffusion—the reaction rate and linked kinetic variables of boron
sorption on CRB05 were investigated. In this research, the given Equations (1)—(4) forms
of kinetic models were assumed [39-41].

log (qe — qt) =logqe — (%) t pseudo first order model (2)

) + (i) t pseudo-second-order model 3)
qt = (%) In (ab) + (%) Int elovich model 4)
qt = (kit %) + Ci intraparticle — diffusion model (5)

2.8. Isotherm Models

An adsorption is a group of mass transfer processes that, in general, refers to the
adherence of a sample to the surface of a liquid or solid (adsorbent). Adsorption isotherms
describe the relationships between adsorbent and adsorbate at a known temperature in
equilibrium. Many isotherm models may accurately match experimental data to identify
a suitable model for the design process. The variables derived from different models give
crucial information regarding the mechanism, surface features, and sorbent affinities [42].
During this research, the experimental data was validated using isotherm models to de-
termine their applicability. Langmuir, Freundlich, and Temkin’s isotherm models were
all used in consideration of the boron sorption data at different initial concentrations. Iso-
therm analysis was carried out with linear formulas [43,44]. In this section, isotherm mod-
els obtained by adapting test findings to Freundlich, Langmuir, and Temkin are provided
in Equations (5)—(7), respectively. The Qm was estimated using Langmuir’s isotherm
model. It provides a complete monolayer exposure on the surface of the sorbent. The lin-
ear formulation of Langmuir’s isotherm is as follows:

Ce 1 .
) = (q—L) + (m) Langmuir model (6)
As a result, the unknown coefficients will be discovered by plotting Ce/ge against Ce.
Freundlich’s isotherm is an experimental formula for describing heterogeneous systems,

and it is written as follows:

In(qe) = In(Kf) + (%) + InCe Freundlich model (7)

Kyrelates to the amount of boron absorbed on the adsorbent and is related to bonding
energy. The nf number indicates the amount of nonlinearity in the relationship between
boron concentration and adsorption [45].

Temkin’s isotherm equation includes an adsorption interaction factor, which is
known as the heat of adsorption [46]. Temkin’s equation is as follows:

Qe = BtinAt + BtinCe Temkin’s isotherm (8)

3. Results and Discussions
3.1. Characterization

For the characterization of raw CRBO05 and after loading, various characterization
methods were investigated, and the results are presented in this part as follows.
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3.1.1. XRD

Essentially, the same XRD pattern was obtained before and after the Boron experi-
ments for CRBO05. Figure 1. depicts that there was no significant difference between before
and after Boron experiments on CRB05; no peak was identified that was associated with
compounds that contained boron. The ion exchange of borate ions with sulphate ions in
ettringite should be attributed to the removal of boron, and ettringite might be transferred
to charlesite, a crystalline mineral with an ettringite-like structure in which boric ions were
integrated rather than sulphate ions. The present case was not observed to exhibit a peak
attributed to charlesite since raw ettringite content was small and the range of ion ex-
change was small [47-49]. The other low-intensity peak of CRB05 appeared at 70°. ZH
Dastgerdi et al. analyzed the XRD pattern of adsorbent, they emphasized two peaks which
are at 20 = 24.9, 42.1° [50]. The peaks of CRBO05 at 17.5° and 23.4° also proved to be acidic.
When the other XRD spectrum is examined, a sharp peak of pure CRBO5 is seen at 18.5°
[51]. Venkatesan et al. defined the characteristic peak of adsorbent at 20 = 20° [52]. The
peak at 20 = 20.40° represents the functionalized-CRB05 material which is a highly used
material. There was no significant change in XRD in this study, this suggests that the crys-
tal structure of the material does not change significantly with the contact time, indicating
that it is relatively stable under the conditions tested. It is possible that the sample is being
exposed to some kind of environmental condition (e.g., contact time, adsorbent dosage,
initial concentration and pH), and the results are being used to understand the stability of
the material under those conditions [53].

- CRBOS - 480 min
E CRBOS5 - 255 min
— CRBOS5 - 30 min
h CRBOS - Raw
— 7
= |
=
£ |
=
= ]
=
= _/_\
L
T T T T T T T
10 20 30 40 50 60 70 80 90

2 0 (Degrees)

Figure 1. XRD patterns for CRBO5 before and after boron removal experiments.

3.1.2. FTIR

FTIR spectra of raw, 30m, 255m, and 480m are shown in Figure 2. Broad peaks were
seen for CRB05 before and after the removal of the boron, at 30 m, 255 m, and 480 m at 3450-
3000 cm™, that have been linked to the O-H stretching vibration [54]. The H-O-H was in
charge of the peak near 1500 cm™. At 1652 cm™, the other O-H group showed up [55]. An-
other stretching peak was found near 1630-1653 cm™ and was attributed to the N-acetyl
group because of amide 1 stretching. The existence of two comparatively small peaks at
1500-1100 cm™" and close 1122 cm™, that have been appointed to B-O and B-O-H bonds,
respectively, confirmed B sorption [56]. Similar peaks were observed, this may be due to the
presence of the adsorbent molecules in the pores [57]. The miner change in FTIR, suggests
that the chemical composition of the material is slightly affected by the parameters such as
initial concentration, adsorbent dosage, pH, and contact time [58]. This could mean that the
material is relatively stable under the conditions tested, but it is also possible that the change
is due to the presence of impurities or small amounts of a different compound that are not
present in the raw sample. It is also possible that the functional groups present in the sample
have been slightly modified by the parameter that has been used [59].
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Figure 2. FTIR peaks for CRB05 before and after boron removal experiments.

3.1.3. FESEM

Figure 3a,b show the surface morphologies and elemental compositions of the CRB05
before and after adsorption. The FESEM image showed that the uniform spherical particles
were agglomerated. Before and after adsorption, the morphology of the two samples
changes. CRB05, on the other hand, showed up to have a regular hexagonal structure with
an estimated size of 2-5 m and a thickness of 500 nm. The pores shaped were invariably
scattered across the entire surface of the materials, giving active adsorption sites [60,61]. A
comparison of the surface morphology before and following adsorption demonstrates that
boron is being taken up over the surface of CRBO05, as the bores appear to be filled up.

B Spectrum 6
W% o

B Spectrum 41

Wt% o

Figure 3. FESEM and EDX of (a) Before loading CRBO5 (b) After loading CRBO5.
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3.2. Optimizing Procedure
3.2.1. Representation of a Regression Model

Surface response methodology (RSM) is used to analyze how various input parame-
ters correlate with output responses. The Box-Cox plot in this research recommends log
transformation of power (see Figure 4.). The green line illustrates the ideal value of A,

while the blue line shows the current value. The blue line was inserted between the two
red lines by adding a Log transformation [62].

Box-Cox Plot for Power Transforms

5.5 —

Ln(Residualss)
|

45 —
441409

Lambda

Figure 4. Transformation of model power.

3.2.2. Statistical Analysis of Variance (ANOVA)

There were four main regression models designated: linear, 2FI, cubic, and quadratic.
CRB05 recommended the quadratic model as the perfect match for boron removal. In Ta-
ble 3, the value corresponds to the highest R? of 0.9556. The Predicted R? of 0.7844 supports
the Adjusted R? of 0. 9112; the variation should be less than 0.2. The signal-to-noise ratio
is found by Adeq Precision. A ratio bigger than four is preferred. The signal-to-noise ratio

of 16.1532 showed a good signal. Using this model will help move around the design
space.

Table 3. Values of Regression Analysis.

Std. Dev. 2.15 R? 0.9556
Mean 26.07 Adj R? 0.9112
CV. % 8.25 Pred R? 0.7844

Adeq Precision 16.1532

The model’s F-value of 21.52 shows the model is significant. An F-value such as big
might happen because of noise just 0.01% of the time. In this model, it was found that the
(A, B, C, D, BC, A2, D2) are all significant model terms in this case as p-values less than
0.0500. The Lack of Fit F-value of 1.45 highlighted in Table 4 shows that the Lack of Fit is
insignificant in comparison to the pure error. A non-significant lack of fit is desirable be-
cause the design is required to be accurate.
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Table 4. ANOVA of Quadratic Model of CRB05 with the response of surface area.

Source Sum of Squares df Mean Square F-Value p-Value
Model 1395.03 14 99.64 21.52 <0.0001 significant
A-pH 290.08 1 290.08 62.64 <0.0001
B-Conc. of Boron 24.08 1 24.08 520  0.0388
C-Contact time 126.75 1 126.75 27.37  0.0001
D-Adso Dosage 690.08 1 690.08 149.02 <0.0001
AB 9.00 1 9.00 1.94  0.1850
AC 0.2500 1 0.2500 0.0540 0.8196
AD 16.00 1 16.00 3.46  0.0842
BC 90.25 1 90.25 19.49  0.0006
BD 4.00 1 4.00 0.8638 0.3684
CD 6.25 1 6.25 1.35  0.2648
A? 23.83 1 23.83 515  0.0397
B2 0.7207 1 0.7207 0.1556  0.6992
2 18.02 1 18.02 3.89  0.0686
D2 112.61 1 112.61 2432 0.0002
Residual 64.83 14 4.63
Lack of Fit 50.83 10 5.08 145  0.3838 not significant
Pure Error 14.00 4 3.50
Cor Total 1459.86 28

The coefficient R? in Table 3 is (0.9556), implying this model explained 95% of the
variation [63]. The model is well predictable because of the difference between Adj. R? and
Pre. R?is less than 0.2. The standard deviation in this model is 2.15. The lower the standard
deviation, the nearer the predicted value is to the actual response value. The coefficient,
which evaluates the precision and dependability of the experiments, is 8.25%. More pre-
cision and more logical experiments are implied by a smaller value of the coefficient of
different C.V. The exact values are derived from runs of tests that have been conducted,
and the Pred values come from the model applying the Pred equation in design expert
software. Figure 5. Illustrate the actual values versus the Pred values of the response of
surface area. A favorable connection between the actual and predicted points of the re-
sponse can be seen from the values’ proximity to the straight line. Since the suggested
quadratic model is sufficiently equipped to indicate the REACTION of variables and re-
sponse, statistical tests support this conclusion.
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Figure 5. Predicted response vs. actual response for surface area.

3.2.3. The Influence of a Factor’s Correlation on a Response

A 3D response surface plot can illustrate intuitively how many different affecting factors
(Adsorbent Dosage, pH, Time, and initial Concentration of Boron) have an impact on response
value (boron adsorption capacity). The 3D response surface plots in Figure 6a—f provide a clear
representation of the impact that various influential factors Adsorbent Dosage, pH, Time, and
initial Concentration of Boron) have on the response value (boron adsorption capacity). The
rate of adsorption impact began to stabilize, rather than continue to increase, suggesting that
the potential benefits of the adsorbent are limited. This concept could be caused by an increase
in adsorbent dosage, which also strengthens the gradient of boron outside the adsorbent and
impedes boron accumulation and diffusion on the adsorbent [64,65]. Figure 6a illustrates the
interaction between initial concentration to pH. More boron is removed at lower pH levels.
Boron removal typically increases at lower pH values because at lower pH, boric acid (H3BOs)
is the dominant form of boron present, and it is more easily adsorbed by adsorbents such as
aluminum hydroxide and iron hydroxide [66]. As the pH increases, other forms of boron such
as borates (BOs and BOs) become more prevalent, which are less readily adsorbed by these
adsorbents. Additionally, the acidity of the water can affect the surface charge of the adsor-
bent, making it more attractive to the positively charged boric acid molecules [67]. Figure 6b,
and d illustrated the interaction of pH to adsorbent dosage and contact time. The high point
at acidic pH 2 is located at 255 min. Figure 6c¢ illustrated the interaction between Adsorbent
Dose and pH. Itis evident that when the adsorbent dosage is 2000 mg/L and pH =2, the surface
impact of adsorbent dosage and pH is almost at its peak. Figure 6e shows the interaction be-
tween the adsorbent Dose and initial boron concentration. The adsorption efficiency has in-
creased as a result of the addition of these two factors. In comparison, the impact of contact
time on adsorption performance is noticeably greater than the impact of adsorbent dosage
[68]. Additionally, response surface analysis in the research category predicts the ideal adsorp-
tion conditions for boron in addition to CRB05: adsorbent dosage = 1782 mg/L, pH =2.8, initial
concentration, 1617 mg/L, and time =475 min. The highest boron adsorption capacity that may
be predicted under these circumstances is 12.11 mg/L.. Adsorption tests have been performed
to establish the accuracy of effective adsorption, and the observed value was 11.6 mg/L. The
response surface model predicted the best experimental conditions. The model’s prediction is
practical and efficient; moreover, the possibility of using the models to predict and enhance
the adsorption of boron by CRBO05 because the difference between the predicted value and
experimental values is small.
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Figure 6. Interaction of (a) Initial Concentration and pH (3D surface); (b) Time and pH (3D surface);
(c) Adsorbent Dosage and pH (3D surface); (d) Time and Initial concentration (3D surface); (e) Ad-
sorbent Dose and Initial Concentration (3D surface); (f) Adsorbent Dosage and Time (3D surface).

The change in the initial pH of the solution medium in the adsorption process is very
important for the functioning of the adsorption process. Since the pH change leads to pro-
tonation or deprotonation on the adsorbent surface, the optimum pH value must be de-
termined for the adsorption to occur favorably [69]. Boron adsorption on CRB05 occurs
through positive or negative groups on the surface. Within the scope of this study, the pH
change and its effect were studied in the pH range of 2-7 and the optimum pH value was
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determined as approximately two for further studies. The plot showing the pH change is
given in Figure 6a—c. It is seen that the adsorption capacity reaches maximum levels at pH
values between 2 and 4.5 but is lower at other pH values. At the pH where the adsorbent
surface is neutral, the adsorption reaches its maximum value.

3.3. Kinetic Studies

Adsorption kinetic research is required to examine the reaction’s principle and learn
about the best adsorption operating conditions. As a result, certain kinetic models for B
adsorption have been used. The linear forms for the pseudo-first-order, pseudo-second-
order, intraparticle-diffusion model, and Elovich kinetic models have been employed to
assess the boron kinetics. The kinetic graphs shown in Figure 7a—f confirmed that the
value of g. derived by the pseudo-first-order reaction equation was nearer to the g. deter-
mined by tests. The calculation of kinetic parameters is presented in Table 5 and lineariz-
ing a model can change the error distribution of experimental data. For example, the term
t/g: in the pseudo-second-order linear form is not defined at t = 0, but linearization will
make the error distribution Gaussian, resulting in new parameter values. Additionally, in
the linear form, the term In(ge — qt) becomes undefined at equilibrium (g. = q¢) [70]. The
kinetics of the procedure was therefore likely pseudo-first-order. This conclusion was sup-
ported by the kinetic model’s R? value, which was close to unity. The adsorption mecha-
nism could be influenced by both boron and the amount of adsorbent, based on a typical
pseudo-first-order reaction [71]. Elovich’s kinetic model is another kinetic equation that
was used to assess boron adsorption. The plot of this Elovich’s kinetic is shown in Figure
7. Chemical adsorption mechanisms are responsible for Elovich’s kinetic model, which is
why this equation’s R? value was low compared to another kinetic model. It indicated that
the mechanism for adsorption may be getting closer to physical adsorption. The intra-
particle diffusion kinetic model for boron adsorption by CRB05 is a specific model that
describes the adsorption of boron ions onto a specific adsorbent material, CRB05 [72]. It
typically includes equations that describe the rate of diffusion of boron ions through the
CRBO5 particles and the rate of chemical reactions that occur between the boron ions and
the CRBO5 surface [32]. The model can be used to predict the number of boron ions that
will be adsorbed onto the CRBO5 over time, as well as the rate at which the adsorption
will occur. The intraparticle diffusion kinetic model was evaluated to investigate the rate-
finding stage at which boron adsorption by CRBO5 [73]. This equation’s plot confirmed
linear zones, demonstrating how multiple processes had an impact on the adsorption by
the adsorbent. The R2 value was 0.9968, demonstrating the usefulness of this model, and
this might support the hypothesis that the rate-limiting step was intraparticle diffusion
[74]. Additionally, the results of this model can be used to predict the adsorption behavior
of the system under different conditions and to optimize the adsorption process. The cal-
culation of kinetic parameters is presented in Table 5 and linearizing a model can change
the error distribution of experimental data. For example, the term t gt in the pseudo-sec-
ond-order linear form is not defined at ¢t = 0, but linearization will make the error distri-
bution Gaussian, resulting in new parameter values. Comparing the pseudo-first-order
model, two different approaches yielded significantly different parameter values. Addi-
tionally, in the linear form, the term In(ge — gf) becomes undefined at equilibrium (ge = gt).
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Figure 7. Adsorption kinetics fitted with (a) Pseudo-First-Order, (b) Pseudo-Second-Order (c) Intra-
particle Diffusion Kinetics Models, and (d) Elovich Kinetic Model (e) Effect of adsorption time on
the boron adsorption.

Table 5. Comparison of the kinetics parameters.

Kinetic Model Parameter
Qe 1.289
Pseudo-First Order Model Ki 0.0006
R2 0.997
Qe 4
Pseudo Second Order Model k2 0.129
R2 0.975
Kair 0.456
intraparticle — diffusion model C 15.3
R2 0.996
B 875
Elovich kinetic Model A 65.66
R2 0.910

3.4. Isotherm

Adsorption is a technique that transfers mass processes that, in principle, refers to
the adherence of a sample to the surface of a liquid or solid (adsorbent). Adsorption iso-
therms are terms for relationships between the adsorbent and adsorbate at a known time
in equilibrium. To select the most relevant model for the design process, experimental
data can be used to successfully fit several isotherm models. The parameters derived from
various models offer crucial data regarding the mechanism, surface features, and sorbent
affinities [75]. Throughout this study, the data collected was validated using isotherm
models to determine their applicability. These isotherm models compute the values of the
coefficients. The Qn was estimated using Langmuir’s isotherm model. It signifies a com-
plete surface monolayer exposure of the sorbent; therefore, the unidentified coefficients
will be discovered by creating a plot of C./q. against C. (see Figure 8). The coefficients
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calculated by the isotherm models were recorded in Table 6. Langmuir’s isotherm model,
which was used to estimate Qn and assumes a monolayer coverage of the sorbent surface.
The linear form of Langmuir’s isotherm can be written as follows:
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Figure 8. The adsorption isotherms of B fitted lines with the (a) Langmuir (b) Freundlich (c¢) Temkin
(d) Effect of the initial concentration on the boron adsorption.

Table 6. Comparison of the isotherm’s parameters.

Isotherm Model Parameter
Qn (mg g™) 55
Langmuir K (L mg™) 3.1
R2 0.964
nf 76.4
Freundlich Kr(Lg™h) 3.5
R2 0.990
At 34
Temkin br -1973.2
R2 0.998

Freundlich’s isotherm is a mathematical equation that describes heterogeneous struc-
tures in experimental data, and it can be represented as follows [76]:

In(ge) = In(Kf) + <%) + InCe (10)

The Ky value is linked to the bonding energy and indicates the amount of dye adsorbed
on the adsorbent. The nfvalue is used to gauge the nonlinearity of the relationship between
dye concentration and adsorption. If 7¢is equal to 1, it indicates linear adsorption, if #yis less
than one, it suggests a chemical adsorption process and if 7 is greater than one, it suggests
physical adsorption. Based on Table 6, the value of nsfor Boron adsorption by CRBO5 is greater
than one, suggesting that the adsorption process is physical. The findings and R? value con-
firmed that the equilibrium of adsorption given by Freundlich’s isotherm was preferable to
Langmuir’s isotherm. Because of this, it is possible that CRB05 adsorption took place on the
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varied surface of boron while the molecules that were adsorbed were engaging. The high cor-
relation coefficients R? = 0.9908 of the aforementioned models demonstrated the accuracy
match up of the adsorption experimental results to these two models. Temkin’s isotherm
equation includes an adsorption interaction factor, which is known as the heat of adsorption
[77]. The linear isotherm constants and coefficients were determined by plotting qe versus
Ln(Ce), as shown in Figure 8c. Temkin’s isotherm was found to be the best fit for the boron
adsorption onto CRBO5, according to data analysis that revealed a high correlation coefficient.
This isotherm models the adsorption process as being influenced by physical interactions be-
tween the adsorbent (CRB05) and the adsorbate (boron).

4. Conclusions

The adsorptive removal of boron from aqueous solutions by DIAION™ CRB05 was ef-
fective. The adsorption process was optimized through response surface methodology. Dur-
ing the adsorption studies, 98% was the greatest adsorption rate attained. The dosage was
reported to be 2000 mg/L at pH 2 and boron'’s initial concentration of 1115 mg/L with 255 min
for the highest removal anticipated from RSM. Characterized by various techniques, including
XRD, FTIR, and FESM. The kinetics of the adsorption process was studied using different
models, such as the Pseudo Second Order Model, Pseudo First Order Model, Intraparticle Dif-
fusion Model, and Elovich Kinetic Model. Isotherm studies were also conducted using Lang-
muir, Freundlich, and Temkin models. It was discovered that the Temkin isotherm and the
pseudo-first-order model were found to have good fits after comparison with R? (0.998, and
0.9975), respectively. According to the activation energy value derived using the First-order
rate constants generated from this kinetic model, it might be demonstrated that the adsorption
occurs physically, due to thermodynamic research. The results indicate that DIAION™ CRB05
is an effective adsorbent for removing boron from aqueous solutions.
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