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BORON REMOVAL AND MEASUREMENT IN AQUEOUS SOLUTIONS 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[1] This application claims the benefits of priorities of Singapore Patent Application No. 

102015104005, filed December 17, 2015, and Singapore Patent Application No. 

10201510403T, filed December 17, 2015, the contents of which being hereby incorporated by 

reference in their entirety for all purposes. 

TECHNICAL FIELD 

[2] The invention generally relates to a carbon-based boron removal medium with hydroxyl 

group and amine group, and in particular, to a method for forming the carbon-based boron 

removal medium. In various embodiments, nitrogen-doped ("N-doped") graphene oxide is 

synthesized by a simple two-step process: (1) oxidation of graphite to graphene oxide, and (2) 

nitrogen-doping ("N-doping") the graphene oxide to form the amine group. The resultant N-

doped graphene oxide can efficiently remove boron from aqueous solutions. The invention also 

generally relates to a boron sensing medium and its use in conductometric measurement 

techniques to detect and measure the amount of boron present in aqueous solutions. 

BACKGROUND 

[3] Boron is a naturally occurring element in the environment. Its presence comes mainly in 

the form of boric acid (H3B03) or borate ions (B(OH)4-, B4072-, H3B02) or salts. Its aqueous 

solution plays an important role in many application fields, e.g. in a middle-scale 

semiconductor factory, million tons of pure water with ppb (parts per billion) level of boron is 

daily consumed during the manufacture process, higher boron concentration might cause 

defects due to the p-type dopant in semiconductor chip manufacturing, and leak might happen. 

[4] In irrigation water, boron content must not exceed 1 ppm (parts per million). Its 

deficiency and excess are harmful to the normal growth of plants. On one hand, boron 
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deficiency may reduce absorption of calcium, magnesium and phosphorus in the growth and 

functioning of plants. On the other hand, excess boron can result in dwarfing or death of plants. 

[5] For potable water, the World Health Organization (WHO) recommends a guideline 

concentration of boron up to 2.4 mg/L level in 2011. Increased boron content causes problems 

in cardiovascular, coronary, nervous and reproductive systems. It is particularly dangerous for 

pregnant women to take excess of boron because of the risk of birth pathology. 

[6] The concentration of boron is approximately 5 ppm in seawater. In seawater 

desalination, reverse osmotic membrane, capacitive desalination, and electro-dialysis 

desalination are the most popular technologies. However, none of them can efficiently remove 

boron from seawater due to its small size and uncharged species of boric acid at pH 8.4. In this 

case, additional post-treatment processes are needed to remove boron during the seawater 

desalination. These post-treatment processes include electrocoagulation, chemical precipitation, 

ion exchange processes, and liquid—liquid extraction. However, most of these methods are 

inefficient in solutions of low boron concentrations or adjustment of pH is required. 

[7] Accordingly, there remains a need to provide for an improved boron removal medium 

and method that overcome, or at least alleviate the above drawbacks by controlling and keeping 

the boron concentration within the applicable limit. 

SUMMARY 

[8] According to one aspect of the invention, there is provided a method of removing or 

reducing the amount of boron present in an aqueous solution, wherein the boron exists in a form 

of boric acid (H3BO3) or borate ions (B(OH)4, B4072-, H3B02) in the aqueous solution. The 

method includes contacting a boron removal medium with the aqueous solution, wherein the 

boron removal medium includes a carbon-based material comprising at least one hydroxyl 

group and at least one pyridinic nitrogen, or pyrrolic nitrogen, or graphitic nitrogen, or amine 

group. The method further includes separating the boron removal medium from the aqueous 

solution. 
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[009] According to another aspect of the invention, there is provided a boron removal medium 

for use in removing or reducing the amount of boron present in an aqueous solution, wherein 

the boron exists in a form of boric acid (H3B03) or borate ions (B(OH)4, B4072-, H3B02) in the 

aqueous solution, wherein the boron removal medium includes a carbon-based material 

comprising at least one hydroxyl group and at least one pyridinic nitrogen, or pyrrolic nitrogen, 

or graphitic nitrogen, or amine group. 

[0010] According to yet another aspect of the invention, there is provided a method of forming 

a boron removal medium for use in removing or reducing the amount of boron present in an 

aqueous solution, wherein the boron exists in a form of boric acid (H3B03) or borate ions 

(B(OH)4, B4072-, H3B02-) in the aqueous solution, wherein the boron removal medium 

includes a nitrogen-doped graphene oxide. The method includes oxidizing graphite to graphene 

oxide and subsequently doping the graphene oxide with ammonia. 

[0011] According to a further aspect of the invention, there is provided a method of 

regenerating a used boron removal medium of the earlier aspect. The method includes 

contacting the used boron removal medium with an acid and rinsing the used boron removal 

medium with deionized water. 

[0012] According to yet a further aspect of the invention, there is disclosed a method of 

detecting and quantifying the amount of boron present in an aqueous solution, wherein the 

boron exists in a form of boric acid (H3B03) or borate ions (B(OH)4", B4072-, H3B02) in the 

aqueous solution. The method includes contacting a boron removal medium of the earlier aspect 

with a first sample of the aqueous solution to remove boron. The method further includes 

contacting a first boron sensing medium with the first sample of the aqueous solution after 

removal of boron, wherein the first boron sensing medium comprises at least two hydroxyl 

groups and at least one pyridinic nitrogen, or pyrrolic nitrogen, or quaternary nitrogen. The 

method also includes obtaining a first conductivity measurement by measuring conductivity of 

the first sample of the aqueous solution after removal of boron and contact with the first boron 
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sensing medium. The method further includes contacting a second boron sensing medium with 

a second sample of the aqueous solution to form a complex with boron in the second sample, 

wherein the second boron sensing medium comprises at least two hydroxyl groups and at least 

one pyridinic nitrogen, or pyrrolic nitrogen, or quaternary nitrogen. The method further 

includes obtaining a second conductivity measurement by measuring conductivity of the second 

sample of the aqueous solution after formation of the complex and correlating the difference in 

the first and second conductivity measurements to the amount of boron present in the aqueous 

solution. 

[0013] According to yet another aspect of the invention, use of a boron sensing medium in 

detecting and quantifying the amount of boron present in an aqueous solution by a 

conductometric measurement technique is disclosed, wherein the boron exists in a form of boric 

acid (H3B03) or borate ions (B(OH)4, B4072-, H3B02) in the aqueous solution, wherein the 

boron sensing medium comprises at least two hydroxyl groups and at least one pyridinic 

nitrogen, or pyrrolic nitrogen, or quaternary nitrogen. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] In the drawings, like reference characters generally refer to the same parts throughout 

the different views. The drawings are not necessarily drawn to scale, emphasis instead generally 

being placed upon illustrating the principles of various embodiments. In the following 

description, various embodiments of the invention are described with reference to the following 

drawings. 

[0015] Figure 1 shows a two-step process to synthesize nitrogen-doped graphene oxide. 

Graphite was oxidized into graphene oxide, followed by the nitrogen doping through 

hydrothermal treatment using ammonia. 

[0016] Figure 2(a) shows XPS spectra of GO, and NGO-x; Figure 2(b) shows atomic ratio of 

N/C, and 0/C of the samples calculated from XPS results. 
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[0017] Figure 3(a) shows the boron absorption capacity of N-GO at various temperatures; 

Figure 3(b) shows XRD pattern of GO, NGO-60 and NGO-60+B; Figure 3(c) shows XPS 

spectra of GO+B, NGO-x+B, and boric acid; Figure 3(d) shows N-doped atomic ratio of N/C, 

and the ratios of B/C of the samples calculated from XPS results; Figure 3(e) shows high 

resolution Nis spectra of GO and N-GO-60; Figure 3(f) shows high resolution Bls spectra of 

boric acid and N-GO-60+B. Table 1 shows the boron absorption capacity and the 

corresponding removal efficiency (%) of N-GO at various temperatures during hydrothermal 

treatment. 

[0018] Figure 4(a) shows the kinetics absorption of boron (25 ml boron feed solution with 20 

ppm boron was mixed with 40 mg NGO-60); Figure 4(b) shows the effect of pH value of 

NGO-60. 

[0019] Figure 5(a) shows Langmuir isotherms at the temperature 25 'V, pH 8.5. Insert: the 

adsorption performance in DI water synthetic seawater and real seawater (25 ml boron feed 

solution with 5 ppm boron was mixed with 40 mg N-GO media for 48 hours); Figure 5(b) 

shows the regeneration of N-GO-60 using acid (25 ml boron feed solution with 20 ppm boron 

was mixed with 40 ing N-GO media for 48 hours). Table 2 shows parameters of Langmuir 

absorption isotherm for N-GO-60 media at 25 °C, pH=8.5. 

[0020] Figure 6 shows Table 3. Performance comparison of the maximum absorption capacity 

with other media. 

[0021] Figure 7(a) shows schematic representation of the boron removal by filtration process; 

Figure 7(b) shows schematic diagrams for removing boron by N-GO. 

[0022] Figure 8 shows the ionized complex structure of boric acid and pyridoxine with (1:1) 

and (1:2) species ratio. 

[0023] Figure 9 shows the boron concentration vs. conductivity with the addition of boric acid 

into the 16960 ppm of pyridoxine solution in DI water. 
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[0024] Figures 10(a) and 10(b) show the Log (Delta Conductivity uS/cm) vs. Log (Boron 

concentration ppm) in DI water. 

[0025] Figures 11(a) and 11(b) show the Log (Delta Conductivity uS/cm) vs. Log (Boron 

concentration ppm) in dilute seawater with diluted factor 163 times. 

[0026] Figure 12 shows the process diagram which can detect the full range of boron 

concentration (ppb and ppm). 

[0027] Figure 13 shows the simplified process diagram which can detect the ppm level of 

boron concentration. 

[0028] Figure 14(a) shows the conductivity contribution from bare vitamin B6 in DI water; 

and Figure 14(b) shows the conductivity contribution from boric acid in DI water. 

[0029] Figure 15(a) shows the conductivity versus boron concentration in DI water; and 

Figure 15(b) shows the form of log-log from the marked part. Table 4 shows the fitting 

parameters in Figure 15(b). 

[0030] Figures 16(a)-(d) show the performance comparisons in diluted seawater with a 

dilution factor of 12 (Figure 16(a)), 34 (Figure 16(b)), 124 (Figure 16(c)), and in DI water 

(Figure 16(d)); Figure 16(e) shows the delta conductivity versus boron concentration; Figure 

16(1) shows the delta conductivity of Figure 16(e) in the form of Log (delta conductivity) 

versus Log (boron concentration). 

[0031] Figure 17(a)-(e) show the performance comparisons in diluted seawater with a dilution 

factor of 34 (Figure 17(a)), 45 (Figure 17(b)), 66 (Figure 17(c)), 124 (Figure 17(d)), and in 

DI water (Figure 17(e)); Figure 17(f) shows the delta conductivity versus boron concentration; 

Figure 17(g) shows the delta conductivity of Figure 17(1) in the form of Log (delta 

conductivity) versus Log (boron concentration). 

[0032] Figure 18 shows the performance comparison of vitamin B6 and mannitol in ppm range 

as boron. Table 5 shows the fitting parameters of vitamin B6 and mannitol in ppm range as 

boron. 
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DESCRIPTION 

[0033] The following detailed description refers to the accompanying drawings that show, by 

way of illustration, specific details and embodiments in which the invention may be practised. 

These embodiments are described in sufficient detail to enable those skilled in the art to practise 

the invention. Other embodiments may be utilized and structural, logical, chemical and 

electrical changes may be made without departing from the scope of the invention. The various 

embodiments are not necessarily mutually exclusive, as some embodiments can be combined 

with one or more other embodiments to form new embodiments. 

[0034] In aqueous solutions, boron exists in a form. of boric acid (H3B03) or borate ions 

(B(OH)4, B4072-, H3B02-). According to one aspect of the invention, there is provided a 

method of removing or reducing the amount of boron present in an aqueous solution by forming 

a borate complex. The method comprises contacting a boron removal medium with the aqueous 

solution to react with the boric or borax species to form the borate complex. The method further 

comprises separating the boron removal medium from the aqueous solution. 

[0035] The boron removal medium may comprise a carbon-based material. The carbon-based 

boron removal medium may comprise at least one hydroxyl group and at least one pyridinic 

nitrogen, or pyrrolic nitrogen, or graphitic nitrogen, or amine group. In other words, there is 

always one or more hydroxyl groups in the carbon-based boron removal medium. 

[0036] In various preferred embodiments, the carbon-based material may comprise at least two 

hydroxyl groups and at least one pyridinic nitrogen, or pyrrolic nitrogen, or graphitic nitrogen, 

or amine group. 

[0037] In various alternative preferred embodiments, the carbon-based material may comprise 

at least four hydroxyl groups and at least one pyridinic nitrogen, or pyrrolic nitrogen, or 

graphitic nitrogen, or amine group. 
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[0038] Preferably, the carbon-based material comprises at least one of graphene, graphite, 

graphene oxide, carbon nanotube, activated carbon, lonsdaleite, fullerene, carbon fibre, carbon 

black, charcoal, and amorphous carbon. 

[0039] More preferably, the carbon-based material is doped, such as nitrogen-doped. 

[0040] In certain preferred embodiments, the carbon-based material may comprise nitrogen-

doped (N-doped) graphene oxide or N-doped reduced graphene oxide. In one exemplified 

embodiment where N-doped graphene oxide is used as the boron removal medium, the boron 

absorption capacity can be up to 6.154 mg/g for N-graphene oxide synthesized at 60 °C 

hydrothermal treatment. 

[0041] The hydroxyl group and the pyridinic nitrogen, or pyrrolic nitrogen, or graphitic 

nitrogen, or amine group of the carbon-based material may be directly covalently bound to the 

carbon-based material. Alternatively, the hydroxyl group and the pyridinic nitrogen, or pyrrolic 

nitrogen, or graphitic nitrogen, or amine group of the carbon-based material may be covalently 

bound to the carbon-based material via a linker small molecule. 

[0042] In various embodiments, the separating may comprise centrifuging or filtering the 

aqueous solution, or the separating may comprise passing water through the boron removal 

medium. 

[0043] According to another aspect of the invention, there is provided a method of forming the 

present boron removal medium for use in removing or reducing the amount of boron present in 

an aqueous solution, wherein the boron exists in a form of boric acid (H3B03) or borate ions 

(B(OH)4-, B4072-, H3B02) in the aqueous solution. 

[0044] In various embodiments where the boron removal medium comprises a nitrogen-doped 

graphene oxide, the method comprises oxidizing graphite to graphene oxide, followed by 

doping the graphene oxide with ammonia to thereby form the N-doped graphene oxide. By 

subjecting the graphene oxide to N-doping, amine groups can be grown on the graphene oxide 

in order to enhance the boron absorption ability. 
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[0045] The N-doped graphene oxide may comprise at least one hydroxyl group and at least one 

pyridinic nitrogen, or pyrrolic nitrogen, or graphitic nitrogen, or amine group. The hydroxyl 

group may come from the oxidation of the graphite material. Alternatively, the hydroxyl group 

may come from the transformation of a function group, preferably a carboxyl group, or 

carbonyl group. In other embodiments, the hydroxyl group may come from another small 

molecule comprising a hydroxyl group coupled to a carbon material. 

[0046] In various embodiments, the nitrogen doping may come from the hydrothermal 

treatment of carbon materials with ammonia in an autoclave. 

[0047] In further embodiments, the nitrogen doping may come from ammonia or nitrogen 

plasma treatment of carbon materials. 

[0048] In yet further embodiments, the nitrogen doping may come from a direct synthesis of 

nitrogen doping of carbon materials. 

[0049] In other embodiments, the nitrogen doping may come from 1\1+  ion-irradiated carbon 

materials. 

[0050] In still further embodiments, the nitrogen doping may come from a thermal treatment of 

carbon materials with ammonia. 

[0051] Alternatively, the nitrogen doping may• come from a chemical treatment of carbon 

materials, preferably hydrazine, or other small molecule with nitrogen or amine group coupled 

to a carbon material. 

[0052] Another advantage of the present boron removal medium is the ease of regenerating a 

used medium. Accordingly, another aspect of the invention relates to a method of regenerating 

a used boron removal medium. The method comprises contacting the used boron removal 

medium with an acid, followed by rinsing the used boron removal medium with deionized 

water. 

[0053] Suitable acids include, but not limited to, sulfuric acid (H2SO4) and hydrochloric acid 

(HC1). 
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[0054] The presently disclosed boron removal medium and method of removing or reducing the 

amount of boron present in an aqueous solution can be extended to a method of detecting and 

quantifying the amount of boron present in an aqueous solution. 

[0055] Accordingly, a further aspect of the disclosure relates to a method of detecting and 

quantifying the amount of boron present in an aqueous solution, wherein the boron exists in a 

form of boric acid (H3B03) or borate ions (B(OH)4, B4072-, H3B02) in the aqueous solution. 

[0056] The method includes contacting a boron removal medium of the earlier aspect with a 

first sample of the aqueous solution to remove boron. 

[0057] The method further includes contacting a first boron sensing medium with the first 

sample of the aqueous solution after removal of boron, wherein the first boron sensing medium 

comprises at least two hydroxyl groups and at least one pyridinic nitrogen, or pyrrolic nitrogen, 

or quaternary nitrogen. 

[0058] The method also includes obtaining a first conductivity measurement by measuring 

conductivity of the first sample of the aqueous solution after removal of boron and contact with 

the first boron sensing medium. 

[0059] The method further includes contacting a second boron sensing medium with a second 

sample of the aqueous solution to fonn a complex with boron in the second sample, wherein the 

second boron sensing medium comprises at least two hydroxyl groups and at least one pyridinic 

nitrogen, or pyrrolic nitrogen, or quaternary nitrogen. 

[0060] The method further includes obtaining a second conductivity measurement by 

measuring conductivity of the second sample of the aqueous solution after formation of the 

complex and correlating the difference in the first and second conductivity measurements to the 

amount of boron present in the aqueous solution. 

[0061] In various embodiments, each of the first and second boron sensing media comprises at 

least two hydroxyl groups and at least one pyrrolic nitrogen. For example, the first and/or 

second boron sensing medium may comprise three hydroxyl groups and one pyrrolic nitrogen. 
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One disclosed embodiment of the first and/or second boron sensing medium is pyridoxine (i.e. 

vitamin B6) illustrated in Figure 8. 

[0062] Alternatively, each of the first and second boron sensing media may comprise at least 

four hydroxyl groups and at least two pyrrolic nitrogen. 

[0063] In yet further embodiments, each of the first and second boron sensing media comprises 

pyridoxine or a derivative thereof. 

[0064] Advantageously, the method disclosed herein enable the detection and quantification of 

the amount of boron in the ppm, ppb, and even ppt levels. 

[0065] According to yet another aspect of the invention, use of a boron sensing medium in 

detecting and quantifying the amount of boron present in an aqueous solution by a 

conductometric measurement technique is disclosed, wherein the boron exists in a form of boric 

acid (H3B03) or borate ions (B(OH).4-, B4072-, H3B02) in the aqueous solution, wherein the 

boron sensing medium comprises at least two hydroxyl groups and at least one pyridinic 

nitrogen, or pyrrolic nitrogen, or quaternary nitrogen. 

[0066] In order that the invention may be readily understood and put into practical effect, 

particular embodiments will now be described by way of the following non-limiting examples. 

EXAMPLES 

[0067] Example 1. Nitrogen-Doped Graphene Oxide Toward Effective Removing Boron Ions 

From Sea Water 

[0068] In this example, it is demonstrated the synthesis of a novel boron removal medium, 

namely nitrogen-doped graphene oxide (N-GO), via a simple two-step process: (1) oxidation of 

carbon material to form the —OH group, (2) nitrogen-doped by hydrothermal method to 

incorporate nitrogen into graphene oxide in order to enhance the boron adsorption ability. 

Significantly, the N-GO can be directly used in seawater without any treatment, which is not 

common for most of the other current technologies. N-GO exhibits the adsorption capacity of 

6.55 mg/g media at 25 ml of feed with 20 ppm boron for 40 mg media, and the corresponding 
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rejection is 52.40 %. In 5 ppm boron feed, this media can achieve a boron rejection up to 91.12 

%. In real seawater with 5 ppm of boron, N-GO also shows an up to 2.42 mg/g capacity, which 

corresponds to 77.44 % rejection. The maximum adsorption capacity is 58.7 mg/g based on 

Langmuir adsorption isotherm, the highest among all the sorbents products at present. The high 

adsorption capability of N-GO was shown to be attributed to the high amount of hydroxyl 

group and the surface area of graphene oxide, as well as the enhanced adsorption from nitrogen-

doped effect. The influences from pH, other ions, kinetics adsorption were investigated. It was 

found that the N-GO media is extremely effective in a wide range of pH conditions as well as in 

real conditions of seawater. Moreover, this boron removal media can be easily regenerated for 

further use with a simple acid treatment. Therefore, the promising result reported herein has a 

strong potential to greatly impact the field of boron removal, particularly in the water industry. 

[0069] Materials. Graphite powder, aqueous ammonia (28 wt %), 30 wt % H202, NaNO3, 

K2S208, P205 and KMn04 were purchased from Sigma-Aldrich. 65 wt% HNO3 and 98 wt % 

H2SO4 were bought from Merck. All the reagents were used as received without further 

purification. 

[0070] Preparing Graphene Oxide. Preparation of graphene oxide (GO): Graphene oxide (GO) 

was synthesized using natural graphite powders by a modified Hummers method. Briefly, 2 g of 

graphite powder was added into a mixture of`12 ml of 98 % H2SO4, 2.5 g K2S208, and 2.5 g of 

P205. The solution was kept at 80 °C for 4.5 h followed by thorough washing with water 

(through filtration) and oven drying at 60 °C. Subsequently, the as-treated graphite was put into 

a beaker, and 100 ml of H2SO4 were added while keeping the beaker in an ice bath. Afterwards, 

13 g of KMn04 was then added slowly. After 5 min, the ice bath was removed, and the solution 

was heated up and kept at 35 °C under vigorous stirring for 4 h, followed by the slow addition 

of 200 ml of water. Finally, 16 ml H202 was added, followed by centrifugation and washing 

with 1 litre dilute HC1 (1 HC1 : 10 DI water). The exfoliation of GO was achieved by 

sonication. 
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[0071] Preparing N-Doped Graphene Oxide As Boron Removal Media. Some amounts of 

aqueous ammonia (8 ml, 28 wt %) was added into the above dispersion of GO (37.5 ml, 4 

mg/m1) under magnetic stirring. Then the mixture was transferred into Teflon-lined autoclave at 

room temperature and heated at 40 °C - 140 °C for 5 h without stirring before natural cooling. 

The products of nitrogen-doped graphene oxide were rinsed with DI water to remove the 

excessive or physisorbed ammonia, and the powder form of products were collected as boron 

removal media. 

[0072] Boron Removal And Measurement. In the batch system, 25 ml boron feed solution with 

20 ppm boron was mixed with 40 mg N-doped graphene oxide, kept stirring for 48 h, followed 

by centrifuge or filtration with 220 nm nylon filter paper, the filtered solution was collected for 

boron analysis. The following equation was used to calculate boron adsorption capacity at 

equilibrium: 

QB = (Co — c8} 	(1) 

where Co  (mg/1) and Co (mg/1) are defined as the initial and final concentrations of boron 

respectively, V (1) is considered as the volume of the solution and M (g) is the mass of N-GO 

media. Boron rejection can be calculated based on the equation: Boron Rejection (%) = (1-

Co/C0)*100%. ICPE-9820 plasma atomic emission spectrometer was used to analysis the boron 

concentration. X-ray photoelectron spectroscopy (XPS) analyses were conducted by PHI 

Quantera II with a monochromatic Al Ka X-ray source (1486 eV) to investigate the surface 

chemistries of the obtained samples. 

[0073] Regeneration Process Of Boron Removal Media. For a typical regeneration process, 3-

5 bed volume (BV) of an aqueous solution of 5 % HC1 or H2SO4 is applied and the regenerate 

contact time was kept for 60 min. Thereafter, the medium is rinsed with 8-10 BV of DI water. 

At the conversion step, 3-5 BV of 2.5% NaOH was used, and followed by the DI water rinse. 

[0074] RESULTS AND DISCUSSIONS 
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[00751 N-GO Synthesis Process And Analysis. Figure 1 describes the synthesis of N-GO in 

two simple steps. During the first step, graphite is oxidized and exfoliated into graphene oxide 

(GO) by a modified Hummer's method. Following that, a hydrothermal step involving GO and 

aqueous ammonia are applied to obtain N-GO. After the hydrothermal treatment, the color of 

N-GO solutions changed from brown to dark brown, suggesting a partial removal of oxygen-

containing functional groups. XPS spectra of GO, and NGO-x were shown in- Figure 2(a). The 

samples are denoted as N-GO-x, where x represents the reaction temperature (in °C) during 

hydrothermal treatment. An increase in the intensities of Nl s peak at —400 eV with increasing 

reaction temperatures indicates that nitrogen doping has occurred for the GO. The doping of 

GO occurs via the formation of covalently bonded nitrogen and simultaneous de-oxygenation of 

several oxygenated functional groups on the surface of GO, and the atomic ratio of N/C and 

0/C was shown in Figure 2(b) based on the XPS results. The extent of nitrogen doping is 

directly proportional to the reaction time and hydrothermal temperature where longer reaction 

times and higher temperatures produce a greater amount of nitrogen doped sites. 

[0076] Boron Absorption Properties Of N-GO-x And Characterization. In a typical boron 

removal experiment, 25 ml of boron feed solution at a concentration of 20 ppm boron is mixed 

with 40 mg of N-doped GO and stirred for 48 h followed by centrifugation or filtration in a 

batch study. The filtered solution is collected for boron analysis and the adsorption capacity is 

calculated. Figure 3(a) shows the boron adsorption capacity of GO and N-GO-x (where x = RT, 

40, 60, 80, 100 and 140 °C). The optimal hydrothermal temperature is around 60 °C, where the 

boron adsorption capacity is up to 6.55 mg/g N-GO. A summary of the present experiments is 

shown in Table 1. At an increased temperature above 80 °C, the boron adsorption capacity 

decreases exponentially with increasing reaction temperatures. This can be attributed to a 

significant reduction of -OH functional groups. As a result, the boron complexes are unable to 

form. Ammonia concentration used during the hydrothermal step is another factor which can 

affect the adsorption capacity. The optimal ammonia concentration is found to be between 2 % 
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and 3 % for 150 mg GO (not shown). At low ammonia levels, there is negligible nitrogen 

doping which results in the low boron adsorption capacities. At high ammonia concentrations, 

the increase in nitrogen doping and the reduction effect from the excess ammonia may result in 

the excessive loss of hydroxyl group in GO (not shown). 

[0077] The effect of de-oxygenation and boron-adsorption were analyzed using X-ray 

diffraction, as shown in Figure 3(b). The diffraction peak of GO is located at 9.22', which 

corresponds to an interlayer distance of 1.09 nrn. The hydrothermal treatment with ammonia at 

60 °C reduces the interlayer distance to 0.91 nm due to the de-oxygenation effect. However, the 

interlayer distance increases to 0.98 nm when the boron species were absorbed on the surface of 

NGO-60. 

[0078] X-ray photon spectroscopy (XPS) was used to characterize the extent of nitrogen doping 

and the amount of boron adsorbed by quantitatively analyzing the element composition of the 

samples from peak area (C1 s, Nls and Bls). Figure 3(c) shows XPS profiles of NGO-x after 

boron absorption. An appearance in the peak of the B 1 s at —192 eV indicates that boron 

absorption has occurred for the NGO. The nitrogen-doping causes N-GO to have an overall 

positive charge with respect to undoped GO. The increased surface charge induces an 

electrostatic attraction between the nitrogen-doped sites on the GO surface and the negatively 

charged B(OH)4 species. As the B(OH)4 species is brought close to the N-GO surface, 

hydrogen-bonding donor—acceptor interactions occur between the —OH from the boric acid/ 

borate ion and the —0H/—NH— from N-GO and this results in the formation of a stable boron 

complex. 

[0079] Figure 3(d) further shows that the nitrogen content (N/C) of the samples has increased 

from 0.06 to 0.08 as reaction temperatures increased from 60 to 140 °C (not shown). This 

implies that there is an increasing amount of nitrogen content in the GO with increasing 

hydrothermal temperature. On the other hand, it can be observed that the B/C content is 

inversely proportional to the reaction temperature where the highest B/C ratio is 0.19 for NGO- 
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60 sample. Hence, this suggests that 60 °C is the optimal temperature for the synthesis of N-GO 

with the highest boron adsorption capacity (Figure. 3(a)). This can be explained by considering 

the unique roles of both nitrogen and —OH functional groups where the former facilitates the 

localized positive attraction of boric acid to GO surfaces and the latter allows the formation of 

stable complex between boric acid and N-GO. However, as nitrogen doped results in the 

simultaneous deoxygenation of GO, an optimal condition is necessary. The high-resolution 

XPS Nls spectrum is illustrated in Figure 3(e) for the GO and optimal sample N-GO-60. The 

main peak of Nls spectrum present at 397.75 eV corresponds to the pyridinic N while weaker 

peak comes from pyrrolic N (399.75 eV), and the minor peak is assigned to graphitic N (402 

eV). 	- 

[0080] The high resolution XPS of B 1 s is shown in Figure 3(f). The B1 s peak significantly 

blue-shifts to higher binding energy after a boron complex have formed. This might be due to a 

reduction effect from the N-GO. In the B 1 s peak for the N-GO-60+B, there are two peaks 

overlap together. The peak 191.75 eV can be likely attributed to the edge effects of the sample 

and the other minor peak can be assigned to the configuration shown at the center. 

[0081] The Boron Kinetics Absorption Of N-GO-60 And The Effect Of pH Value. In order to 

explore the kinetics adsorption of boron, the batch experiments were conducted at room 

temperature using 5 ppm, 20 ppm, and 100 ppm boron feed. The pH value was kept constant at 

the original value of the solutions (-8.5). The results obtained are shown in Figure 4(a). In 

general, the boron adsorption capacity increases with an increasing contact time until 

adsorption saturation. Based on the curve, an equilibrium is reached after twenty hours for these 

three solutions. The saturated adsorption capacity is 6.55 mg/g for solution with initial 

concentration of 20 ppm, which corresponds to 52.40 % boron rejection. However, the feed 

concentration of 5 ppm delivers the highest efficient boron rejection, which can be up to 91.12 

%. When the amount of N-GO is increased to 110 mg from 40 mg using 25 ml, 5 ppm feed, 
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0.0630 ppm boron product can be obtained in the product solution prepared with deionized 

water, and the boron rejection rate is calculated to be up to 98.74 %. 

[0082] As shown in previous reports, the pH value plays an important role in the boron 

adsorption process. Therefore, it was investigated the pH effect and the results are shown in 

Figure 4(b). The experiments were carried out with initial concentration of 20 ppm B with 25 

ml feed. 40 mg of N-GO-60 media was added in the batch testing. The pH value was adjusted 

with HC1 or NaOH. The mixture was stirred for 48 hours followed by centrifuge or filtration 

with 220 mm nylon filter paper, the filtered solution was collected for boron analysis. As 

displayed in Figure 4(b), N-GO-60 shows a high selectivity for the boron at pH 8.6. The lowest 

adsorption capacity was achieved at pH —2.0. The pH value in the solution controls the 

distribution of boric acid molecular and borate ion, which can affect the efficiency of boron 

removal. At low pH levels, boric acid predominates in the aqueous solution. This uncharged 

species will suppress the complex formation and result in low boron removal efficiency. At 

high pH (>9) levels, borate ion is the primary species in solution. However, as the boron 

complex at basic pH is carried out by hydroxyl groups on GO surfaces, this implies that the 

surface of N-GO-60 is more negatively charged in the basic media due to high OH ions present 

in the solution, which results in low boron loading. The favorable pH range is shown to be 

between 6 and 10. Despite this, the influence of pH in the media only resulted in a small 

fluctuation of boron adsorption capacity (maximum 20% over pH 2-13 range). It is noted that 

sea water has a pH value (8.4), which is within the highest adsorption range for the present 

materials. This indicates that the N-GO-60 can be highly useful for sea water boron ion removal. 

[0083] Boron Adsorption Equilibrium Isotherm, The Adsorption Performance In Real 

Seawater, And The Regeneration Of N-GO-60. Langmuir isotherm model was chosen to 

analyze boron adsorption equilibrium isotherm based the adsorption data. The equation of 

Langmuir adsorption isotherm is presented as follows, 
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QmICL,Ce  
qe  = 	 

1+KLCe  
(2) 

where Ce  is the equilibrium concentration of the adsorbate and qe  is the adsorption capacity 

adsorbed at equilibrium, Qm  is maximum adsorption capacity and KL is the Langmuir 

adsorption constant. As shown in Figure 5(a), Qm can be estimated as 58.70 mg/g, and KL is 

0.00409 1/mg. The parameters of Langmuir adsorption isotherm are presented in the Table 2. It 

was found that the Langmuir isotherm model represented the measured sorption data well based 

on the correlation coefficient of R2=0.985. The performance comparison of the maximum 

adsorption capacity was conducted in the Table 3, Figure 6. With an extremely high maximum 

adsorption capacity of 58.7 mg/g, this makes the N-GO the best reported sorbents to-date. The 

good correlation coefficient values imply a strictly localized monolayer sorption phenomenon 

occurring in the media. In the Langmuir sorption isotherm model, it is assumed that the sample 

surface is homogeneous, where the surface containing the adsorbing sites is perfectly flat plane 

with no corrugations. The huge amount of the surface area of graphene oxide with homogenous 

sorption patches and active sites from hydroxyl group of graphene oxide may lead to high 

adsorption capacity. 

[00841 In order to evaluate the interference from other ions or molecules, a comparison study is 

conducted as shown in the insertion of Figure 5(a). In a feed solution prepared with deionized 

water, the adsorption capacity is 2.84 mg/g N-GO-60. The real seawater with 2.67 ppm boron 

was collected from the ocean of East Coast Park, Singapore. Pre-filtration was conducted to 

remove the particles. Additional boric acid was added to reach the average 5 ppm boron as feed. 

The adsorption capacity drops a little to 2.42 mg/g N-GO, which suggests that as high as 85 % 

adsorption capacity can be maintained even in real seawater. This implies that the nitrogen 

doped graphene oxide is unreactive to other ions or molecules and is highly selective towards 

boron. 
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[0085] As shown in Figure 5(b), this boron removal media can be regenerated with acid, which 

means that the trapped boron can be removed from the exhausted N-GO through the addition of 

an acid solution (HC1 or H2SO4) into the media. Strong acids were required to break down the 

formed association of borate-NGO complex, where boron was released to elute. 5 % HC1 was 

chosen for regeneration. 3-5 bed volume (BV) HC1 of an aqueous solution is very effective with 

a 1 hour contact time for the removal of boron from N-GO. After that, 3-5 BV of 2 % NaOH 

rinse was used as neutralization step to neutralize the added acid, followed by the 8-10 BV DI 

water rinse. After regeneration, the N-GO media may be reused for the next loading cycle. The 

regenerated result is shown in Figure 5(b), four cycles were carried out during the test. After 

regeneration, the capacity still can be maintained at —86 % and —81 % for the 2nd  and PI  cycles. 

Based on the image of inserted SEM in Figure 5(b), after four cycles, the morphology of NGO 

keep the same, which indicates that it can be continued to recycle. 

[0086] Boron Removal Mechanism. Boron atoms exist in the form of negatively charged 

B(OH)4  ion and boric acid. It is known that some compounds with adjacent hydroxyl groups 

have a good affinity to boron acid or borate ions. The possible reaction mechanism for the 

removal of boron appears to be the formation of complexes, and a schematic diagram of the 

reaction pathway is shown in Figures 7(a) and 7(b). The removal of boron ions occurs in two 

steps, physisorption of boron ions and chemical bonding of boron ions to specific sites. Since 

GO is intrinsically negatively charged, boron ions are electrostatically repelled from the surface 

of GO and that results in a low adsorption capacity. Nitrogen doped of GO has two 

advantageous effects: (1) increased electrostatic attraction of B(OH)4" ions to N-GO surface and 

(2) enhancement in binding sites. Firstly, the presence of nitrogen atoms induces a positive 

charge density in the carbon atoms adjacent to them and this will result in an enhanced 

adsorption of boron ions to the surface of N-GO. Secondly, -OH groups attached to carbon 

atoms adjacent to nitrogen doped sites experience increased affinity to boron ions and are able 

to form complexes more effectively. In order to show the function of N doping for GO 
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modification, it is also measured the zeta potential for both GO and N-GO (not shown) and the 

result shows an improvement in surface charge for N-GO over GO. The overall zeta potential 

for N-GO is still negative because induced positive charges are only localized at nitrogen 

doping sites. The enhancement in binding sites is further verified through Density Functional 

Theory (DFT) calculations. The bonding energies for N-GO and GO are calculated (not shown) 

as -2.67 eV and -1.87 eV, respectively, which indicates higher possibility to promote the 

chemical reaction reacted for the N-GO. 

[0087] Example 2. Full Range Boron Measurement In Aqueous Solutions 

[0088] In this example, a simple and efficient method and apparatus to determine boron 

concentration using conductometric measurement techniques in the aqueous solution based on 

the chemical reaction between boric acid and novel reagent, pyridoxine are disclosed. The 

pyridinic-N in pyridoxine can enhance the highly ionized complex formation between boric 

acid and pyridoxine. The boron concentration in sample is proportional to the conductivity 

difference caused by the ionized complex formation of boric acid and pyridoxine. The process 

diagram is designed to detect the full range of boron concentration (ppb, ppm level) based on 

the background measurement of pyridoxine/boron-free water, as well as a simplified one which 

is suitable for ppm level monitor with direct pyridoxine dosage. 

[0089] With reference to Figure 8, it shows a possible reaction between boric acid and 

pyridoxine. This has been proven that pyridoxine has a good affinity to boron in aqueous 

solutions. It is known that some compounds with adjacent hydroxyl groups show an appreciable 

tendency to form complexes with boric acid and borate ions. The predominant mechanism 

appears to be the formation of pyridoxine-boron complexes. The complexes containing one 

pyridoxine per boric acid could be formed with the following (1:1) structure shown in Figure 8, 

and (1:2) stable species ratio when two molecules of pyridoxine is involved. 

[0090] Figure 9 shows the boron concentration versus conductivity with the addition of boric 

acid into the 16960 ppm of pyridoxine solution in DI water. The measured boron concentration 
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is from 0 ppm to 525 ppm. This response is slightly curved due to the chemometric analysis of 

the reactions in terms of conductivity. The conductivity of the sample stream is measured 

before and after injection of boric acid into solution. With the increased boric acid amount, the 

conductivity keep going up, which indicates that the highly ionized complex formation between 

boric acid and pyridoxine in the sample. The conductometric measurement can be detected due 

to the highly ionized nature of the reaction. When the free pyridoxine is consumed completely 

in solution, the conductivity will maintain or decrease a little with the increased boric acid 

concentration. The estimation shows the complexes between boric acid and pyridoxine could be 

formed with the (1:2) stable species molar ratio structure. 

[0091] The log-log plot of the same data shown in Figure 9 is presented in Figure 10. The Y-

axis shows the Log (delta conductivity) after pyridoxine conductivity is subtracted from the 

conductivity of pyridoxine/boron-containing samples. The linear part is taken and plotted in 

Figure 10(b) with the slope 0.9261, the intercept -0.1836, and the R2 value of 0.9984, which 

illustrates that Log (delta conductivity) can be proportional to the log (boron ppm) 

mathematically. Thus the unknown boron concentration can be determined by the conductivity 

measurement. 

[0092] Figures 11(a) and 11(b) show the linear behavior of Log (Delta Conductivity uS/cm) vs. 

Log (Boron concentration ppm) in dilute seawater with diluted factor 163 times. The R2 value 

is 0.9987, which illustrates that Log (delta conductivity) can be proportional to the log (boron 

ppm) mathematically. The linear behavior means that the reagent pyridoxine can only complex 

with boron, others even in seawater do not affect the boron measurement. 

[0093] To compare the ionized complex effect from pyridoxine, the conductivity from bare 

boric acid was measured. The results show that the conductivity will change from 1 to 8 uS/cm 

with the boron concentration 0-2000 ppm. This will not affect the ppm level boron 

measurement. However, regarding to the low boron concentration measurement, ultrapure 

water and pyridoxine are required. Additional process is needed to remove ions and boron in 
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order to detect the ppb or even ppt level boron. The design diagram is shown in Figure 12. 

Pyridoxine reagent is continuously recirculated through the reagent column to remove the ions 

and further purify pyridoxine. During the zero measurement to be made, ion and boron are 

removed before injection valve. Purified pyridoxine is dosed into the stream and causes a 

conductivity peak which is measured by the conductivity cell. During a sample measurement, 

the sample solution is sent directly to the injection valve. Sample conductivity is measured. 

When the reagent pyridoxine is injected, a higher conductivity peak can be observed due to the 

highly ionized complex formation between boron and pyridoxine. The concentration of boron 

in sample is proportional to the conductivity difference between the zero and sample 

conductivity peaks. Therefore, a highly accurate concentration measurement can be obtained. 

Due to the highly ionized property of the complex, very low levels of boron are detectable. This 

is suitable for the ppb even ppt, and ppm level boron measurement depending on the detected 

range of the conductivity cell. 

[0094] In order to measure directly ppm level boron, a simplified fluidic block diagram is 

shown in Figure 13. The pyridoxine reagent is directly dosed into the zero stream and sample 

stream. The detected range of conductivity cell is in uS/cm. 

[0095] In summary, a full range boron sensor is demonstrated based on the novel reagent, 

pyridoxine, which can react with boric acid to form an ionized complex. The boron 

concentration in sample is proportional to the conductivity difference caused by the ionized 

complex formation of boric acid and pyridoxine. The process diagram is designed to detect the 

full range of boron concentration (ppb, ppm level), as well as a simplified one which is suitable 

for ppm level monitor with direct pyridoxine dosage. This is the simple and effective 

technology for the boron measurement. This invention will be direct application in boron 

measurement field. 

[0096] Example 3. Determination of Boron Concentration in Aqueous Solutions based on 

Ionic Complex Formation 
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[0097] In this example, a simple and effective method is proposed to determine the boron 

concentration by using electrical conductivity measurement techniques in the aqueous solution 

based on the ionized complex formed between boron species and vitamin B6. The conductivity 

of the ionized complex can be easily detected and accurately measured using a conductivity 

meter. The boron concentration in the sample is correlated to the conductivity caused by the 

ionized complex formation. This work provides a cost-effective technology for the boron 

measurement in various solutions, which will be of great industrial importance in boron 

measurement field. 

[0098] Materials and Experimental Process. Boric acid and vitamin )36 ( 8%) was 

purchased from Sigma-Aldrich. These chemicals were used as received without further 

purification. Seawater was collected from the ocean of East Coast Park, Singapore. Vitamin B6 

was dissolved in DI water, or diluted seawater. The solution was aliquoted to several 50 ml 

beakers. The conductivity was measured with DDSJ-308F conductivity meter, and the reading 

was obtained after stirring and stability with the addition of boric acid. The actual boron 

concentration was analyzed by ICPE-9820 plasma atomic emission spectrometer. 

[0099] RESULTS AND DISCUSSION 

[001001 	Both vitamin B6 and boric acid are non-conductive by themselves in the aqueous 

solutions. The conductivity from bare vitamin B6 or bare boric acid was measured, as shown in 

Figures 14(a) and 14(b). The conductivity keeps going up with increased concentration. For 

vitamin 136, it is mainly due to the < 2% impurity. It is possible that vitamin B6 itself ionizes to 

a small extent. Regarding the boric acid, about 3 uS/cm conductivity increment was contributed 

by 950 ppm boron, which is negligible. This will not affect boron measurement in the ppm 

range. 

[00101] 	Boron is present in aqueous water as boric acid and borate ion. It is weakly 

ionized acid product in water, the pKa of H3B03/B(OH)4 is 9.2 at 25 °C. Therefore, boric acid 

will dominate at normal drinking water, seawater, or DI water. The relation of the two species 
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can be given by the following equation, as shown in Equation (3). It is known that some 

compounds with adjacent hydroxyl groups show an appreciable tendency to form complexes 

with boric acid and borate ions. It has been proven that boric species can easily react with 

vitamin B6, and the reaction is shown in Equation (4). Vitamin B6 has a good affinity to boron 

in aqueous solutions, and can form a highly ionized boron-vitamin B6 complex, which can 

cause a dramatic increase in electrical conductivity. With the consuming of borate ion during 

the complex formation, the equilibrium in Equation (3) is typically towards the right until the 

exhaust of vitamin B6. 

OH 

B 
I 	 HO ....,„OH 

+ H2O ,E____-). 	-NB 
/-....., 	 HO/ N.OH 

HO 	OH 
+ H+ (3) 

HO 	OH 
+2 HO 

HO BNOH 

[00102] 	The measuring correlation between boron concentration and conductivity is 

presented in Figures 15(a) and 15(b). The vertical axis shows the conductivity signal. The 

conductivity was obtained after stability of conductivity reading with the addition of boric acid. 

With the increased boric acid concentration, the conductivity keeps going up, which indicates 

the formation of highly ionized complex between boric acid and vitamin B6. When free vitamin 

B6 is completely exhausted in solution, the conductivity will maintain or even slightly decrease 

with the increased boric acid, as shown in saturated conductivity part in Figure 15(a). Within 

the area marked inside the dotted box, conductivity is proportional to the boron concentration. 

The measured boron concentration is from 0 ppm to 550 ppm. The lightly curved trend of 

conductivity is due to the chemometric analysis of the reactions. The dramatic change part of 

conductivity marked in the red area was re-plotted in the form of log-log as shown in Figure 
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15(b). The Y-axis shows the log (delta conductivity) after vitamin B6 conductivity is subtracted 

from that of vitamin B6/boron-containing samples. The log (delta conductivity) is linearly 

correlated to the log (boron concentration) with the slope 0.89782, the intercept -0.14152. It 

was found that the measured data can fit well with the correlation coefficient (R2) of 0.99882, 

which means boron concentration can be accurately determined mathematically by the 

conductivity signal. The obtained parameters of fitting are presented in the Table 4. In the 

current condition, the boron concentration can be empirically derived as below Equation (5). 

Thus the unknown boron content in aqueous sample can be quantified by the conductivity 

measurement. 

Boron Concentration = 1.4376 ' (Delta Conductivity)1'1138 	(5)  

[00103] 	Herein it was noted that the purity of vitamin B6 is the key factor to influence 

the lower limit of detection. In the current test condition, there is still around 2% impurity in the 

reagent, which will affect the measurement of lower concentration. The procedure of pre-

purification and deionization is required to remove these interfering ions for the super low 

boron determination. This step is of critical importance for accurate detection of ppb or ppt 

level. Another issue is that resolution of the conductivity meter. The meter of super low 

detection range and resolution is also necessary for low limit of detection. For example, nS/cm 

for ppb, even ppt level of boron detection, uS/cm for ppm level of boron detection. 

[00104] 	In order to explore the application scope of this sensor, the diluted seawater was 

used as feed sample. The diluted factor was controlled at 12, 34, and 124 times, as shown in 

Figure 16(a)-(f). Seawater was collected from the ocean of East Coast of Singapore, and the 

pre-filtration was carried out to remove the small particles. With the increased salt 

concentration, the delta conductivity becomes smaller and smaller, especially at the high boron 

concentration area. At the diluted factor of 12, the linear behavior of log-log is no longer valid, 

which means the measurement is not accurate. It is due to the serous interference caused by 

some ions or compounds in seawater. Therefore, this would be the upper limit in the current test. 
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In order to test this hypothesis, several lower concentrations of diluted seawater samples were 

carried out with the diluted factor 124, 66, 45, 34, as presented in Figure 17(a)-(g), the entire 

curves show the linear behavior. This demonstrates that the sensor can work well even at the 

diluted seawater within the 0-1,600 uS/cm range. Other ions or compounds in seawater do not 

affect the boron measurement. 

[00105] 	Mannitol is currently the most commonly used chemical reagent for boron 

determination. Herein, the performance comparison was conducted between mannitol and 

vitamin B6 prepared in DI water within the ppm range. As shown in Figure 18 and the fitting 

parameters in Table 5, the R2  is higher for vitamin B6 than that of mannitol, which means that 

it is more accurate for vitamin B6. The sensitivity is the other critical factor. The fitting value of 

slope shows a double improvement for the vitamin B6, compared with mannitol, which give the 

proof that vitamin B6 is much superior to mannitol in ppm range. It may be due to the 

enhanced ionized nature of complex between boric acid and vitamin B6 from the pyridinic-N. 

[00106] 	Accordingly, vitamin B6 has been demonstrated as a novel reagent for a quick, 

accurate, economic, portable, and highly sensitive boron detector based on the conductance 

measurement techniques. It can react with boric acid to form an ionized complex resulting in a 

measurable increase of conductivity in aqueous solution. The true boron concentration in 

boron-containing sample has been found to be mathematically correlated to electrical 

conductivity difference. This sensor can be applicable in DI water or even diluted seawater 

within 0-1,600 uS/cm of feed samples, and there is trivial influence of interference observed. 

Some other ions or compounds in diluted seawater could interfere with the determination of 

boron, especially at the high salt concentration. Based on the performance comparison between 

vitamin )36 and mannitol, it can be concluded that both accurateness and sensitivity of vitamin 

B6 are much superior in ppm range, compared with that of mannitol due to the enhanced 

ionized complex formation from the pyridinic-N in vitamin B6. This is a simple and effective 
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technology for highly accurate boron measurement in the aqueous solution, and suitable for 

online analyzer. This invention will have direct applications in boron measurement field. 

[00107] 	By "comprising" it is meant including, but not limited to, whatever follows the 

word "comprising". Thus, use of the tenn "comprising" indicates that the listed elements are 

required or mandatory, but that other elements are optional and may or may not be present. 

[00108] 	By "consisting of is meant including, and limited to, whatever follows the 

phrase "consisting of'. Thus, the phrase "consisting of indicates that the listed elements are 

required or mandatory, and that no other elements may be present. 

[00109] 	The inventions illustratively described herein may suitably be practiced in the 

absence of any element or elements, limitation or limitations, not specifically disclosed herein. 

Thus, for example, the terms "comprising", "including", "containing", etc. shall be read 

expansively and without limitation. Additionally, the terms and expressions employed herein 

have been used as terms of description and not of limitation, and there is no intention in the use 

of such terms and expressions of excluding any equivalents of the features shown and described 

or portions thereof, but it is recognized that various modifications are possible within the scope 

of the invention claimed. Thus, it should be understood that although the present invention has 

been specifically disclosed by preferred embodiments and optional features, modification and 

variation of the inventions embodied therein herein disclosed may be resorted to by those 

skilled in the art, and that such modifications and variations are considered to be within the 

scope of this invention. 

[00110] 	By "about" in relation to a given numerical value, such as for temperature and 

period of time, it is meant to include numerical values within 10% of the specified value. 

[00111] 	The invention has been described broadly and generically herein. Each of the 

narrower species and sub-generic groupings falling within  the generic disclosure also form part 

of the invention. This includes the generic description of the invention with a proviso or 
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negative limitation removing any subject matter from the genus, regardless of whether or not 

the excised material is specifically recited herein. 

[00112] 	Other embodiments are within the following claims and non- limiting examples. 

In addition, where features or aspects of the invention are described in terms of Markush 

groups, those skilled in the art will recognize that the invention is also thereby described in 

terms of any individual member or subgroup of members of the Markush group. 
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CLAIMS 

1. A method of removing or reducing the amount of boron present in an aqueous solution, 

wherein the boron exists in a form of boric acid (H3B03) or borate ions (B(OH)4-, B4072-, 

H3B02) in the aqueous solution, the method comprising: 

contacting a boron removal medium with the aqueous solution, wherein the boron 

removal medium comprises a carbon-based material comprising at least one hydroxyl 

group and at least one pyridinic nitrogen, or pyrrolic nitrogen, or graphitic nitrogen, or 

amine group; and 

separating the boron removal medium from the aqueous solution. 

2. The method according to claim 1, wherein the carbon-based material comprises at least 

two hydroxyl group and at least one pyridinic nitrogen, or pyrrolic nitrogen, or graphitic 

nitrogen, or amine group. 

3. The method according to claim 1, wherein the carbon-based material comprises at least 

four hydroxyl group and at least one pyridinic nitrogen, or pyrrolic nitrogen, or graphitic 

nitrogen, or amine group. 

4. The method according to any one of claims 1-3, wherein the carbon-based material 

comprises at least one of graphene, graphite, graphene oxide, carbon nanotube, activated 

carbon, lonsdaleite, fullerene, carbon fibre, carbon black, charcoal, and amorphous carbon. 

5. The method according to claim 4, wherein the carbon-based material is doped. 

6. The method according to claim 5, wherein the carbon-based material is nitrogen-doped. 

7. The method according to claim 6, wherein the carbon-based material comprises nitrogen-

doped graphene oxide. 

8. The method according to claim 7, wherein the carbon-based material comprises nitrogen-

doped reduced graphene oxide. 

9. The method according to any one of claims 1-8, wherein the at least one hydroxyl group 

and at least one pyridinic nitrogen, or pyrrolic nitrogen, or graphitic nitrogen, or amine 
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group of the carbon-based material are directly covalently bound to the carbon-based 

material. 

10. The method according to any one of claims 1-8, wherein the at least one hydroxyl group 

and at least one pyridinic nitrogen, or pyrrolic nitrogen, or graphitic nitrogen, or amine 

group of the carbon-based material are covalently bound to the carbon-based material via 

a linker small molecule. 

11. The method according to any one of claims 1-8, wherein either the at least one hydroxyl 

group or the at least one pyridinic nitrogen, or pyrrolic nitrogen, or graphitic nitrogen, or 

amine group of the carbon-based material is covalently bound to the carbon-based 

material via a linker small molecule. 

12. The method according to any one of claims 1-11, the separating comprises centrifuging or 

filtering the aqueous solution, or the separating comprises passing water through the 

boron removal medium. 

13. A boron removal medium for use in removing or reducing the amount, of boron present in 

an aqueous solution, wherein the boron exists in a form of boric acid (H3B03) or borate 

ions (B(OH)4, B4072-, H3B02-) in the aqueous solution, wherein the boron removal 

medium comprises a carbon-based material comprising at least one hydroxyl group and at 

least one pyridinic nitrogen, or pyrrolic nitrogen, or graphitic nitrogen, or amine group. 

14. The boron removal medium according to claim 13, wherein the carbon-based material 

comprises at least two hydroxyl group and at least one pyridinic nitrogen, or pyrrolic 

nitrogen, or graphitic nitrogen, or amine group. 

15. The boron removal medium according to claim 13, wherein the carbon-based material 

comprises at least four hydroxyl group and at least one pyridinic nitrogen, or pyrrolic 

nitrogen, or graphitic nitrogen, or amine group. 

16. The boron removal medium according to any one of claims 13-15, wherein the carbon-

based material comprises at least one of graphene, graphite, graphene oxide, carbon 
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nanotube, activated carbon, lonsdaleite, fullerene, carbon fibre, carbon black, charcoal, 

and amorphous carbon. 

17. The boron removal medium according to claim 16, wherein the carbon-based material is 

doped. 

18. The boron removal medium according to claim 17, wherein the carbon-based material is 

nitrogen-doped. 

19. The boron removal medium according to claim 18, wherein the carbon-based material 

comprises nitrogen-doped graphene oxide. 

20. The boron removal medium according to claim 19, wherein the carbon-based material 

comprises nitrogen-doped reduced graphene oxide. 

21. The boron removal medium according to any one of claims 13-20, wherein the at least 

one hydroxyl group and at least one pyridinic nitrogen, or pyrrolic nitrogen, or graphitic 

nitrogen, or amine group of the carbon-based material are directly covalently bound to the 

carbon-based material. 

22. The boron removal medium according to any one of claims 13-20, wherein the at least 

one hydroxyl group and at least one pyridinic nitrogen, or pyrrolic nitrogen, or graphitic 

nitrogen, or amine group of the carbon-based material are covalently bound to the carbon-

based material via a linker small molecule. 

23. The boron removal medium according to any one of claims 13-20, wherein either the at 

least one hydroxyl group or the at least one pyridinic nitrogen, or pyrrolic nitrogen, or 

graphitic nitrogen, or amine group of the carbon-based material is covalently bound to the 

carbon-based material via a linker small molecule. 

24. A method of forming a boron removal medium for use in removing or reducing the 

amount of boron present in an aqueous solution, wherein the boron exists in a form of 

boric acid (H3B03) or borate ions (B(011)4, B4072-, H3B02) in the aqueous solution, 
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wherein the boron removal medium comprises a nitrogen-doped graphene oxide, the 

method comprising: 

oxidizing graphite to graphene oxide; and 

doping the graphene oxide with ammonia. 

25. The method according to claim 24, wherein the boron removal medium comprises a 

nitrogen-doped graphene oxide comprising at least one hydroxyl group and at least one 

pyridinic nitrogen, or pyrrolic nitrogen, or graphitic nitrogen, or amine group. 

26. The method according to claim 25, wherein the at least one hydroxyl group comes from 

the oxidation of carbon materials. 

27. The method according to claim 25, wherein the at least one hydroxyl group comes from 

the transformation of a function group, preferably a carboxyl group, or carbonyl group. 

28. The method according to claim 25, wherein the at least one hydroxyl group comes from 

another small molecule comprising a hydroxyl group coupled to a carbon material. 

29. The method according to any one of claims 24-28, wherein the nitrogen doping comes 

from the hydrothermal treatment of carbon materials with ammonia in an autoclave. 

30. The method according to any one of claims 24-28, wherein the nitrogen doping comes 

from ammonia or nitrogen plasma treatment of carbon materials. 

31. The method according to any one of claims 24-28, wherein the nitrogen doping comes 

from a direct synthesis of nitrogen doping of carbon materials. 

32. The method according to any one of claims 24-28, wherein the nitrogen doping comes 

from 1\1+  ion-irradiated carbon materials. 

33. The method according to any one of claims 24-28, wherein the nitrogen doping comes 

from a thermal treatment of carbon materials with ammonia. 

34. The method according to any one of claims 24-28, wherein the nitrogen doping comes 

from a chemical treatment of carbon materials, preferably hydrazine, or other small 

molecule with nitrogen or amine group coupled to a carbon material. 
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35. A method of regenerating a used boron removal medium according to any one of claims 

13-23, comprising: 

contacting the used boron removal medium with an acid; and 

rinsing the used boron removal medium with deionized water. 

36. The method according to claim 35, wherein the acid is sulfuric acid (H2SO4) or 

hydrochloric acid (HC1). 

37. A method of detecting and quantifying the amount of boron present in an aqueous 

solution, wherein the boron exists in a form of boric acid (H3B03) or borate ions (B(OH)4

, B4072-, H3B02) in the aqueous solution, the method comprising: 

contacting a boron removal medium of any one of claims 13 to 23 with a first 

sample of the aqueous solution to remove boron; 

contacting a first boron sensing medium with the first sample of the aqueous 

solution after removal of boron, wherein the first boron sensing medium comprises at 

least two hydroxyl groups and at least one pyridinic nitrogen, or pyrrolic nitrogen, or 

quaternary nitrogen; 

obtaining a first conductivity measurement by measuring conductivity of the first 

sample of the aqueous solution after removal of boron and contact with the first boron 

sensing medium; 

contacting a second boron sensing medium with a second sample of the aqueous 

solution to form a complex with boron in the second sample, wherein the second boron 

sensing medium comprises at least two hydroxyl groups and at least one pyridinic 

nitrogen, or pyrrolic nitrogen, or quaternary nitrogen; 

obtaining a second conductivity measurement by measuring conductivity of the 

second sample of the aqueous solution after formation of the complex; and 

correlating the difference in the first and second conductivity measurements to the 

amount of boron present in the aqueous solution. 
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38. The method according to claim 37, wherein each of the first and second boron sensing 

media comprises at least two hydroxyl groups and at least one pyrrolic nitrogen. 

39. The method according to claim 37, wherein each of the first and second boron sensing 

media comprises at least four hydroxyl groups and at least two pyrrolic nitrogen. 

40. The method according to claim 37, wherein each of the first and second boron sensing 

media comprises pyridoxine or a derivative thereof. 

41. The method according to any one of claim 37 to 40, wherein the amount of boron 

detected and quantified is less than 1 ppb. 

42. The method according to claim 41, wherein amount of boron detected and quantified is 

less than 1 ppt. 

43. Use of a boron sensing medium in detecting and quantifying the amount of boron present 

in an aqueous solution by a conductometric measurement technique, wherein the boron 

exists in a form of boric acid (H3B03) or borate ions (B(OH)4, B4072-, H3B02) in the 

aqueous solution, wherein the boron sensing medium comprises at least two hydroxyl 

groups and at least one pyridinic nitrogen, or pyrrolic nitrogen, or quaternary nitrogen. 

44. The use according to claim 43, wherein the boron sensing medium comprises at least two 

hydroxyl groups and at least one pyrrolic nitrogen. 

45. The use according to claim 43, wherein the boron sensing medium comprises at least four 

hydroxyl groups and at least two pyrrolic nitrogen. 

46. The use according to claim 43, wherein the boron sensing medium comprises pyridoxine 

or a derivative thereof. 
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