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Chapter 1  Introduction  

1.1 Boron: its distribution in nature and its important roles 

Boron is a ubiquitous element in rocks, soil and water, and is an essential element 

for life on earth [1, 2]. There are more than 200 minerals containing boron, and some 

of them are important sources of boron (Table.1.1).  

Table 1.1  Naturally occurring boron-containing minerals 

Mineral Chemical composition Content rate of 
Boron (%) 

Boracite Mg6B14O26Cl2 19.30 

Colemanite Ca2B6O11・5H2O 15.78 

Hydroboracite CaMgB6O11・6H2O 15.69 

Kernite Na2B4O7・4H2O 14.90 

Priceite Ca4B10O19・7H2O 15.48 

Proberite NaCaB5O9・5H2O 15.39 

Sassolite H3BO3 17.48 

Szaibelyite MgBO2・OH 12.85 

Tincal (borax) Na2B4O7・10H2O 11.34 

Tincalconite Na2B4O7・5H3O 15.16 

Ulexite NaCaB5O9・8H2O 13.34 

 
    The average content of boron in the earth’s crust is 10 mg/L [3]. In soils, its 

average concentration is in the range of 10–20 mg/L. The content of boron in rocks 

typically ranges from 5 mg/L in basalts to 100 mg/L in sedimentary shale. Seawater 

contains an average of 4.6 mg/L boron, with variation in concentration from 0.5 to 9.6 
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mg/L. The concentration of boron in fresh water is generally from <0.01 mg/L to 1.5 

mg/L, and increases significantly in areas where soils are boron enriched [2, 4]. 

Many researchers have reported that boron is an essential or at least a beneficial 

element for human beings and animals [5-8]. As Brown et al. [9] mentioned, boron is 

essential for plant cell wall structure and function, likely through its role as a 

stabilizer of the cell wall pectic network and subsequent regulation of cell wall pore 

size. Reports also indicated that boron is an important nutrient for healthy bones and 

joints [10] and suggested that boron has beneficial effects related to bone 

metabolism [11]. In addition, boron compounds are used in many important industrial 

areas because of their special nature [12, 13]. The yield from the main boron-

exporting countries has risen from year to year (Table 1.2). Boric acid and sodium 

borates are considered to be crucial raw compounds in modern industries and are 

extensively used in glass manufacturing, semiconductor products, and pharmaceutical 

preparations, among other applications. 

 

 

 

 

Table 1.2 Annual production of borates 

    tonnes  
Country 2005 2006 2007 2008 2009 
Russia 400 000 400 000 400 000 400 000 410 000 
Turkey 2 087 000 2 373 345 1 997 163  2 139 224  1 682 000 
Argentina   632 792  533 535  669 578 789 954  500 433 
Chile 460 683 459 645 535 071 590 999 613 135 
Peru 32 611 — 233 991  349 891 187 221 
      China 280 000 290 000 290 000 280 000 290 000 
Kazakhstan 30 000 30 000 30 000 30 000 30 000 
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1.2 Chemistry of boron in aqueous solutions 

    In aqueous environments, as previously reported, dissolved boron is present as 

several species, depending on the concentration of boron and the aqueous pH [14]. At 

low boron concentrations (< 25 mmol/L), dissolved boron is mainly found as 

monomeric boron species, H3BO3 and B(OH)4
-. At pH < 7, boric acid is predominant, 

whereas at high pH (> 11), tetrahydroxyborate dominates, as indicated in Fig. 1. 

However, when the boron concentration is higher than 25 mmol/L, triborate 

(B3O4(OH)3
-) and tetraborate (B4O5(OH)4

2-) ions can be formed, depending on pH 

(Fig. 1.1). Considering that the concentration of boron is below 25 mmol/L in 

seawater and fresh water, only monomers, H3BO3 and B(OH)4
-, are present in natural 

water. For these two species, the most important of their properties in relation to 

boron removal from water is that the H3BO3 is electrically neutral, while B(OH)4
- has 

a distinct electric charge. Because of this aspect of boron chemistry, boron is an 

element able to enter the food chain, as well as biomass, from both natural sources 

and human activities. Excess concentration in drinking water results in a threat to 

human health, whereas excess concentrations in rivers can result in destruction of 

forests. 
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Fig. 1.1   (a) Molar fractions of boron species vs. pH in solutions with different borate concentrations; (b) Structures of some boron species in 
aqueous solution [15-17]. 
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1.3 Toxicity of boron and drinking water standards  

    Although boron is an essential element for numerous living organisms, as 

mentioned above, excess intake of boron causes adverse effects on the growth of 

animals and plants [18]. Many toxic effects have been reported, including yellow tips 

of leaves, defoliation, spots on fruits, decay and falling of unripe fruit, in plants if 

irrigated with water containing excessive amounts of boron [2, 19-22]. The known 

toxicity mechanism of boron in plants has been summarized, and Reid et al. proposed 

[23] that there are three main candidate sites: (1) disruption of cell wall development; 

(2) metabolic disruption by binding to the ribose moieties of ATP, NADH or 

NADPH; and (3) disruption of cell division and development by binding to ribose, 

either as the free sugar or within RNA. Although humans are becoming more and 

more aware of the toxic effects of boron in plants, boron toxicity is still a worldwide 

problem that significantly limits crop yields in agricultural areas of Australia, North 

Africa, and West Asia [24]. The range of boron concentration between deficiency and 

excess is narrow, although boron toxicity is more difficult to manage than boron 

deficiency, which can be avoided by proper fertilization [25].  

    In contrast with the understanding of the adverse effects of boron in plants, much 

remains unknown about the toxicity of boron in animals and humans. Boron can 

affect the function or composition of several body systems, including the brain, 

skeleton and immune system. Chronic exposure to boron may cause cutaneous 

disorders [26], retarded growth and have an adverse impact on the male reproductive 

system in rats and mice [27, 28]. In humans, the signs of acute toxicity include nausea, 

vomiting, diarrhea, dermatitis and lethargy [29]. However, Nielsen [30] suggested that 
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boron has low toxicity and toxicity signs in animals generally occur only after dietary 

B exceeds 100 μg/g.  

Since the toxicity has not been fully studied and boron was not considered a toxic 

substance, there was no regulation of boron in the WHO International Standards for 

drinking water until 1993 [2]. In 1993, the WHO added a permissible boron level of 

0.3 mg/L in drinking water as laboratory studies gradually elucidated the harmful 

effects of boron on animals. However, this value was increased to 0.5 mg/L, because 

there is no effective method to remove the boron from solution to meet the 

requirement. In 2011, the WHO recommended and changed the maximum permissible 

concentration of boron to 2.4 mg/L in their guidelines [31]. Table 1.3 summarizes the 

boron standards for drinking water in several regions. As can be seen from the table, 

most countries do not follow the WHO standards because of the different conditions 

in different countries, so the maximum permissible concentration of boron in drinking 

water has been revised in different countries. 

Table 1.3 Guidelines from different regions for B in drinking water 

 

 

Boron in drinking 
water standards by 

regions. 

Maximum boron 
concentration (mg/L) 

References 

WHO 2.4 [31] 
Japan 1 [32] 
China 0.5 [33] 

Saudi Arabia 0.5 [34] 
USA --- [35] 

European Union 1 [36] 
New Zealand 1.4 [37] 

Australia 4 [38] 
Canada 5 [39] 
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1.4 Technologies for boron removal 

    Wastewaters and residues discharged from industrial production generally contain 

boron, which affects the environment and squanders boron resources. The elimination 

of boric pollutants from water and the improved use of boron resources could have 

significant implications. Unfortunately, there is no simple and economical method for 

boron removal from natural and wastewaters [40]. The major source of the difficulty 

is that a large proportion of the boron generally exists as uncharged boric acid. In 

addition, boric acid changes its structure and nature with changing environmental 

conditions and concentration. Although this is a difficult problem, numerous methods 

for removing boron from aqueous solution have been explored by different 

researchers internationally; the approaches include precipitation [41, 42], membrane 

methods [43, 44], and sorption processes [45, 46]. 

1.4.1 Coagulation-precipitation 

The coagulation-precipitation process is one method for removal of borate. Using 

lime for borate removal has been systematically tested by Farmer and Kydd [47]. 

They suggested that coagulation-precipitation is affected by pH, reaction time, 

temperature and borate concentration in the solution. When the molar ratio of B/Ca is 

adjusted to 2.65, the concentration of boric acid solution could be reduced from 6200 

mg/L to 450 mg/L at 25°C [48]. In 2005, Remy et al. [49] developed an optimized 

precipitation process for boron removal and found that the residual boron 

concentration in solution was reduced from 700 to less than 50 mg/L under the 

optimal conditions (50 g/L of powdery lime, at 90°C, for 2 h). 

    Not only lime, but also metal salts such as the salts of calcium, magnesium, 

aluminum, zinc, manganese, iron(II), and iron(III) have been investigated for 
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coagulation-precipitation of borate [40]. Experimental results showed that boron can 

be effectively removed from the solution by iron salts, with the residual concentration 

of boron in the solution being lower than 10 mg/L [50]. Since traditional coagulation-

precipitation methods are not effective and not feasible for this purpose, new 

technology such as electrocoagulation was also investigated for boron removal. In 

2005, Yilmaz et al.[51] studied the feasibility of the removal of boron from aqueous 

solution by electrocoagulation, and found that a large proportion of the boron could be 

removed within 2 h.  

    However, coagulation-precipitation not only requires a large amount of alkaline 

reagents (to adjust pH) and metal salts as precursors, but also results in an increased 

amount of sludge for disposal, this then causes another environmental problem. 

1.4.2 Membrane methods 

Membrane technology has been widely adopted in wastewater and drinking water 

treatment. Many contaminants have been successfully removed by this technology 

[52-54]. However, boron compounds can be found in various forms dependent on the 

water origin and chemistry, and membrane technology fails to remove boron to meet 

the drinking water guidelines, so some further process is needed [55]. Therefore, new 

technologies and materials (especially reverse osmosis, RO) have developed quickly 

to solve this problem. 

    The pH value for membrane processes has been adjusted to 10-11 to enhance the 

amount of negatively charged B(OH)4
- in solution by many researchers. The results 

showed that increasing the pH above the pKa (9.23) of boric acid can increase the 

rejection by 50–98% during membrane reverse osmosis [55-57]. This is because the 

uncharged boric acid easily permeates through the RO membrane [58, 59]. However, 
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the higher pH conditions may result in the precipitation of Mg(OH)2 and Ca(OH)2 on 

the surface of the RO membranes, reducing the permeability [60]. To settle this 

problem, multistage RO membrane processes were designed and applied for boron 

removal. One such system comprised a first stage RO operating without pH change, 

and a second stage RO operating with alkalization [2, 61]. In addition, other 

technologies have been used to support the RO process, including electrodialysis [62] 

and ion-exchange resins [63]. 

1.4.3 Sorption processes 

Sorption processes are useful and have the advantages of being cheaper and 

producing less bulky wastes, compared to other methods [64]. Therefore, as core 

technologies for the sorption of boron, adsorbents have been widely studied [65, 66]. 

Some of the most promising adsorbents for boron removal are hydroxyl-containing 

boron-selective adsorbents, such as boron-specific resin. Most boron-specific resins 

(since 1959) have been synthesized by linking N-methyl-D-glucamine (NMDG) to a 

copolymer of styrene and divinylbenzene. The principle, and the reason why boron 

compounds can be efficiently and selectively removed by NMDG resins, is that the o-

hydroxyl groups in NMDG form complexes with borate. Because of this good 

performance, different NMDG resins have been commercially synthesized by 

different companies and launched into the market, including Amberlite IRA743 

(Rohm & Haas Corporation) and Dianion CRB05 (Mitsubishi Chemicals). The 

theoretical capacity of commercial Amberlite IRA 743 resin was around 0.91 mmol/g 

[67] and Harada et al. found that the sorption ability of CRB 05 was closed to 1.3 

mmol/g [68]. 
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Although NMDG was very successful in boron removal, many researchers are still 

conducting studies to find new types of boron-specific resin. Table 1.4 summarizes 

different kinds of boron-specific resins including their structures and sorption 

capacities. It can be noted that polyhydroxyl groups are found in these resins, similar 

to the groups in NDMG. In addition, another significant feature of boron-specific 

resins is that they can be reused by soaking in acid solution. 

Table 1.4 Structures of different adsorbents and their boron sorption capacities  

Researchers Functional group Sorption 

capacity 

(meq/L) 

Harada et al.    

NH

O

O
HO

NH
H
N

HO
OH OH

OH OH

OH

N
H

OH
OHOH

OH OH

 
Polyallylamine-beads-glucose 

 

 

2.31[68] 

Tao Qi et al.   
H2
CR

H

OH H

OH

CH2OH

OH

H

OH

H  
N-methyl-D-glucamine 

1.38 [69] 
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Tao Qi et al.   
R C

OH

OH

OH  
2-amino-2-hydroxymethyl-1,3-propanediol 

0.72 [69] 

Bicak et al. 

R

SO O

N

C3H7
H2C

H
C

OH

H2
C O

H2
C

OH

OH OH OH OH

 
Sorbitol-Modified poly(N-glycidyl styrene 

sulfonamide) 

 1.2[70] 

Gertrudis et al.  
Si H

N
CH2

HO H

HO H

H OH

CH2OH

H OH

 
                             mannose 

1.85[71] 

 

    However, the prices of CRB 02 and Amberlite IRA743 resins are about 397 $/kg 

and 325 $/kg; this expense limits their application. Therefore, other adsorbents with 

lower cost, such as activated carbon [72], metal oxides [73] and layered double 

hydroxides [66] have been considersed and developed. For drinking water treatment, 

activated carbon adsorption is an effective and low-cost technological method. 

However, activated carbon does not have high boron adsorption capacity. In 1996 

Rajaković and Ristić prepared a series of activated carbons, impregnated with calcium 

and barium chlorides, and citric and tartaric acids and used these materials for borate 
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removal [74]. The results showed that the sorption ability of borate by unmodified 

activated carbon was 0.14 mmol/g and the maximum sorption ability was obtained 

using carbons modified by tartaric acids; however, this value was only 0.33 mmol/g. 

This is far below the values seen for other sorbents such as metal oxides, especially 

magnesium oxide (MgO). 

    García-Soto et al. [75] found that the adsorption efficiency of borate on different 

metallic oxides increased as the basicity of the metallic oxides increased. According 

to Rodionov and Okay [76, 77], the adsorption of borate onto different metallic oxides 

was in the order of ZrO2 > La2O3 >SiO2 > TiO2 > Fe2O3 > Al2O3. García-Soto et al. 

showed that the sorption density of borate by MgO was 50.14 mmol/g. The reaction 

mechanism of H3BO3/B(OH)4
- with MgO in the aqueous phase was investigated by 

Sasaki et al.[4]. In their study, the molecular form of H3BO3 was more reactive with 

MgO, and acted as a trigger during reaction with MgO surface, releasing Mg2+ to 

produce an unstable complex leading to precipitation of Mg(OH)2, which is a sink for 

immobilization of H3BO3/B(OH)4
-. In addition, wastes that contain metallic oxides 

were also used for borate removal. Red mud was used for adsorptive removal of 

boron from aqueous solution by Cengeloglu et al. in 2007 [78]. They found that 

adsorption equilibrium was attained within 20 min and that the amount of boron 

adsorbed on neutralized red mud was 0.89 mmol/g at pH 7. Clay minerals are also 

effective natural adsorbents, and some clay minerals after simple treatment, such as 

calcination, showed good borate sorption performance. One publication from Sasaki 

et al. showed that the sorption density of borate was up to 1.5 mmol/g for calcined 

dolomite; greater adsorption was seen for dolomite calcined at 700°C than at 800-

900°C. For a given calcination temperature, calcining under flowing Ar gas rather 

than static air also increased the boron adsorption [79].     
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    While some improvements have been made in new adsorbents for boron removal, 

they are still not particularly effective because of the variability of borate in different 

waters, and the low selectivity of the adsorbents. However, these common adsorbents 

are much less expensive than NMG resin [80]. Therefore, if these common adsorbents 

can be modified to add hydroxyl-groups and develop a cheaper, more efficient and 

more selective sorbent, it could be interesting and useful for boron removal. In the 

present work, low cost, layered double hydroxides (LDHs) will be used as a base 

material, and try to modify them to obtain cheap, easy to synthesize materials which 

are capable of adsorbing boron. The unusual structure of LDHs makes them 

promising materials to achieve this goal. 

1.5 Layered double hydroxides (LDHs) 

1.5.1 Basic structure of LDHs 

    Layered double hydroxides (LDHs), are also described as hydrotalcite-like 

compounds, by reference to the naturally occurring hydrotalcite mineral. They are a 

family of anionic-exchangeable clays with a large variety of compositions and 

physicochemical properties [81] and are used in a wide variety of applications. Such 

compounds comprise a regular assembly of interlayer anions and positively charged 

metallic-hydroxide layers; their structure is similar to that of brucite (Mg(OH)2), in 

which the main layers are formed by MO6 octahedra that share edges [82]; the 

classical structure of LDHs is shown in Fig 1.2. The chemical compositions of LDHs 

have the general expression:[M(II)1-xM(III)x(OH)2]x+ (An- ) x/n·mH2O, in which M(II) 

and M(III) are the divalent and trivalent metallic cations, located in the main layer; 

An- is the interlayer anion; m is the number of interlayer water molecules [83, 84], and 

x is the molar ratio of M3+/(M2++M3+) [85, 86].  
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Fig. 1.2 Schematic representations of the LDH structure. (a) Oblique view; (b) Top   
view; (c) Octahedral unit. 

 

1.5.2 Representative synthetic method of LDHs 

    Although the existence of hydrotalcites in the natural environment is rather limited, 

these materials can be easily synthesized and modified under laboratory conditions 

[87]. Syntheses for LDHs have progressed tremendously since they were first 

synthesized artificially through coprecipitation by Feitknecht et al. in 1942 [88]. At 

present, there are many methods that have been developed and commonly used for 

preparation of LDHs.   

    The simplest and most commonly used method is co-precipitation. Briefly, aqueous 

solutions of M2+ and M3+ containing the targeted anions to be incorporated into the 

LDHs are used as precursors [89]. To ensure simultaneous precipitation of two or 

more cations, the pH value of this precursor solution is usually adjusted to be alkaline 

and then maintained at the desired pH for co-precipitation of metals in solution. After 

that, a thermal aging process is often used to increase yields and crystallization of 

LDHs. A traditional aging process involves keeping the aqueous suspension in a 
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heated reactor at temperatures between 25 and 100°C for several hours or several days 

[89-91]. Another new and effective method is microwave treatment [92] and it was 

reported that microwave heating is a suitable method to rapidly prepare well-

crystallized LDHs without impurities (e.g. Mg(OH)2 and Al(OH)3) [93]. 

Generally speaking, poorly crystalline precipitates are obtained through co-

precipitation. To get well crystallized and hexagonally shaped LDHs, Costantino et al. 

[94] firstly invented and optimized synthetic conditions of LDHs by the urea method, 

where the molar ratio of urea/(M(II) + M(III)) is adjusted to 3.3. Then clear solutions 

were heated to 60–100°C for around 36 h. As a result, Mg-Al-LDH, Zn-Al-LDH and 

Ni-Al-LDH were successfully prepared, and the products displayed uniform sizes and 

platelet-like primary particles with well-defined hexagonal shapes [94-96] (Fig. 1.3). 

Meanwhile, the urea method can also be used for in situ hydrothermal crystallization 

for preparation of layered double hydroxide films on the surface of glass [97] or 

eggshell membranes [98]. 

  

15 
 



 
 

 

 
Fig.  1.3 SEM image of Mg-Al-LDH prepared by urea method in author’s lab. A 

horizontal bar indicates 1.00 µm. 

    However, the interlayer in the LDHs prepared by this method contains carbonate 

anions, and these LDHs cannot be easily intercalated by ion-exchange or other 

methods without changing their shapes and structures [99].  The metal sources for 

LDH synthesis by hydrothermal methods can be metallic oxides, as well as metallic 

salts. In 2005, Zhi et al. prepared Mg-A-LDH from bimetallic oxides of Mg and Al 

upon hydrothermal treatment, and the formation mechanism has been extensively 

investigated [100]. Meanwhile, hydrothermal methods are also applied for preparation 

of LDHs with organic guest layers if the organic species have low affinity with the 

metallic layers of LDHs [101,102]. 

1.5.3 Cations in the metallic host layers of LDHs  

Previous reports have mentioned that M2+ and M3+ cations, which have a similar 

ionic radius to that of Mg, can be accommodated in the brucite-like sheets and form 

LDHs [103,104]. So far, various divalent cations (e.g. Mg, Fe, Co, Cu, Ni and Zn) and 

trivalent cations (e.g. Al, Fe, Cr and Mn) have been successfully incorporated into 

host layers of LDHs [17, 103]. As synthesis technologies develop, more and more 
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new types of LDHs with containing three different metals (i.e. ternary LDHs) can be 

prepared, and even quaternary LDHs have been reported [105, 106]. In addition, the 

range of metallic atoms that can be doped into the LDH matrix may be larger than the 

general rules mentioned above. A novel LDH including Li+ and Al3+ in the host layers 

([LiAl2(OH)6]+(An-) x/n·mH2O) has been synthesized [107, 108].  

1.5.4 Molar ratio of M2+ /M3+ in metallic layers of LDHs 

    The chemical compositions of the host layers of LDHs could be adjusted during the 

synthetic process by simply changing the molar ratio of the raw materials. Thus, the 

chemical properties and charge density of the host layers can also be changed. 

Nonetheless, those adjustments should be within a reasonable range. Reports have 

proposed that single phase LDHs can be formed with stoichiometries (x) between 

0.20 and 0.33 [17]. In this range, the content of trivalent cation increases with 

increasing x, and this results in increasing positive charge in the host layer. In one of 

most commonly used LDHs, the molar ratio of Mg2+/Al3+ in Mg-Al LDH is generally 

in the range of 2.0–4.0. Because the atomic size of Al is smaller than that of Mg, the 

cell parameters a and c which are related to the distance between neighboring atoms 

and the interlayer distance are decreased when the molar ratio of Mg2+/Al3+ is 

decreased. This leads to a decrease in electrostatic attraction of the host layers when 

fewer divalent Mg ions are substituted with trivalent Al in the LDHs.  

1.5.5 Anions as intercalators in LDHs 

Once some of the M2+ cations in the brucite-like sheets are substituted by M3+, 

anions are attracted into the interlayer of LDHs to balance the charge. The type of 

anions in the layers can be adjusted during the synthetic process or changed by ion-

exchange from the already-generated products as required. Typical anions such as 

NO3
-, Cl-, SO4

2-, OH- and CO3
2- have been intercalated into LDHs. Around 20 years 
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ago, systematic studies on the properties of LDHs were carried by Miyata [109-111], 

who found that the attractive force between poly-valent anions and the host layer was 

far greater than that between monovalent anions and the host layer. The affinities 

between the host layer and anions were in the sequence CO3
2- > SO4

2- > OH- > F- > Cl- 

> Br- > NO3
- > I-. In addition, with changes in the total amount of OH- and the types 

of anions in the interlayer of LDHs, the interlayer distance is varied. Different 

interlayer distances for common anions were summarized by Miyata (and reproduced 

in Table 1.5) [110]. In general, the size of anions and their valence state influence the 

interlayer distance, with the size having a particularly strong effect. For example, 

Bruna et al. intercalated dodecylsulfate into the structure of Mg-Al-LDH. The 

interlayer distance was expanded to 25.9 Å, as a result of the molecular size of 

dodecylsulfate (Fig. 1.4) [112]. 

Table 1.5 Basal spacings (d) of LDHs intercalated with different anions by Miyata 
[110] 

Anions OH- F- Cl- Br- NO3
- I- CO3

2- SO4
2- 

Basal spacing (Å) 7.55 7.66 7.86 7.95 8.79 8.16 7.65 8.58 
 

 
Fig. 1.4 Schematic illustation of Mg-Al type LDHs with different anions, resulting in 
different interlayer spacings. 
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1.5.6 Specific properties of LDHs 

    Because of their unusual structures, hydrotalcite and hydrotalcite-like compounds 

have the following peculiar properties: 

(1) Adjustability of the chemical constituents in the metal hydroxide layers 

    The M2+ and M3+ in the metal hydroxide host layer of LDHs can be replaced with 

other metallic ions of the same chemical valence and similar ionic radius, thus 

forming new layered compounds with different properties.  

(2) Adjustability of anions in the interlayer 

    The anions in LDHs can be replaced by other inorganic and organic anions, so that 

LDHs have a supermolecular intercalated structure with multiple applications and 

tailored performance. By adjusting the proportions of divalent and trivalent metal ions, 

one can adjust the electric charge density in the host layers, thus changing the number 

of negative ions in the guest layers to design the required material [89, 103].  

 (3) Thermal stability  

    LDHs can be decomposed when heated. The thermal decomposition leads to 

desorption of interlayer water molecules, depriving the anion in the guest layer of 

water, dehydrating the hydroxyls in the host layer, and generating new crystals. 

Taking carbonate intercalated LDHs as an example, when heated to lower than 200°C 

in the air atmosphere, the LDHs only lose the interlayer water, and the remaining 

structure is unaffected; when heated to 250-450°C, the interlayer water continues to 

evaporate, the hydroxyl dehydrates slightly and the carbonates in the interlayer 

decompose; when heated to higher than 450°C, almost all interlayer water evaporates, 
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and most carbonates become CO2, accompanied by the formation of bimetallic oxide 

[113, 114].  

(4) Memory effect 

    After calcination at a certain temperature, LDHs turn into bimetallic oxides. The 

bimetallic oxides can then be transformed back into the orderly layered structure of 

LDHs by immersion in a solution containing specific anions [115, 116]. In general, if 

LDHs are calcined at temperatures under 500°C, the crystal structure can be restored. 

Taking Mg-A1-LDH as an example, after being baked at less than 500°C, the Mg-A1-

LDH can be restored by soaking the calcined product in water. This unique property 

is important for absorption. When the calcination temperature is over 1000°C, a 

product with spinel structure is formed, which cannot be restored fully [117].  

1.6 Applications of layered double hydroxide to sorbents 

    For the past few years, LDHs have drawn much attention because of their 

adjustable chemical composition and excellent performance. Their unusual crystal 

structure, in which the metallic layer in the LDHs is positively charged and contains 

layers of exchangeable anions, allows these hydrotalcite-like compounds to be applied 

in environmental remediation as anion absorbents (Fig. 1.5). Many studies about the 

sorption of toxic contaminants, including phosphate [118], arsenic [119], selenite 

[120], fluorine [121], chromate [122] and borate [123] have been reported.  
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Fig. 1.5 Electronic density distribution in LDHs by DFT calculation (software for 
calculation: Abinit [124]; visualization software:VESTA [125], resolution: 2Å). 

  

   Adsorption of Cr(VI) by various uncalcined and calcined layered double hydroxides, 

including Mg-Al, Ni-Al and Zn-Cr types was investigated by Goswamee et al. [126]. 

The adsorption rate and density of Cr2O7
2- through ion-exchange by uncalcined LDHs 

was slower and smaller than that of calcined samples, in which adsorption occurs 

through rehydration. In addition, calcined Mg-Al-LDH showed higher adsorption 

capacity than either Ni-Al-LDH or Zn-Cr-LDH. Similar results were also found by 

Das et al., who studied adsorption of phosphate by various calcined layered double 

hydroxides (LDHs) such as Mg-Al, Zn-Al, Ni-Al, Co-Al, Mg-Fe, Zn-Fe, Ni-Fe and 

Co-Fe [118].  

     In addition, the removal capacity of calcined LDHs is generally higher than that of 

LDHs without calcination. Cheng et al. examined phosphate adsorption by Zn-Al 

LDHs, both uncalcined and calcined at different temperatures [127]. In their study, 
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samples calcined samples at 300°C showed higher phosphate uptake than uncalcined 

Zn-Al LDHs. Adsorption of phosphate onto LDHs calcined at different temperatures 

could be attributed to a combination of different mechanisms, such as anion exchange 

and co-precipitation during the regeneration of LDHs. Yang et al. investigated the 

removal of traces of arsenic and selenium from solution by calcined and uncalcined 

Mg-Al-LDH [128], and showed that the calcined LDHs could adsorb more arsenic 

and selenium than the uncalcined LDHs. This was because calcination increased the 

surface area, and also probably because the interlayer of the calcined LDHs contains 

fewer carbonate anions than that of the uncalcined LDHs.  

     In relation to boron removal, Ferreira et al. prepared LDHs with different kinds of 

metallic ions (Mg-Al-LDH and Mg-Fe-LDH) and evaluated their boron-removal 

efficiency [46]. In 2005, they found that the sorption of borate by Mg-Al-LDH was 

14.0 mg/g; this was higher than that of Mg-Fe-LDH (3.6 mg/g) since removal of 

borate by Mg-Fe LDHs only occurs by surface adsorption. In 2010, Kentjono et al. 

[66] applied this method for treating real optoelectronic wastewater containing high 

concentrations of boron and iodine. The maximum boron uptake capacity was around 

37.90 mg/g and LDHs showed better performance for removal of boron than other. 

This result is consisting to previously reported methods [66, 123] and demonstrated 

that LDHs were very effective for boron removal and showed their potential for 

application as a pretreatment process to reduce the boron concentration in wastewater 

before biological treatment.     

Moreover, hydrotalcite-like materials with the organic anions in their interlayers 

have gradually becomes a focus of a significant amount of research. After the 

negative organic ions are introduced, the hydrotalcite interlayer can become a 

functional composite with different performance, thus greatly extending the range of 
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applications of hydrotalcite in the area of absorption. After the organic metallic 

complex anions are introduced into the hydrotalcite interlayer, some heavy-metal 

positive ions can form more stable compounds with the complex anions and finally be 

removed by the hydrotalcite-like matter. Rojas et al. [129] adopted ion-exchange to 

introduce [Zn(EDTA)]2- into the Zn-Al hydrotalcite interlayer and used the resulting 

composite to remove copper ions from solution. The hydrotalcite quickly absorbed the 

copper ions; adsorption equilibrium was reached within 30 min, with the 

concentration of Cu falling to less than 0.05 mmol/L. Kameda et al. used citric acid, 

tartaric acid and malic acid as interlayer anions in hydrotalcite. Their organic-LDHs 

had special sequestration performance, capturing Cu2+ and Cd2+ from water [130]. By 

substituting the inorganic anions in the interlayer with specific organic anions, one 

can obtain a special interlayer hydrotalcite with tailored functional performance. 

These materials can be a cost-effective way of removing particular ions from solution, 

and are thus worth developing and testing. 

1.7 Shortcoming of traditions LDHs without modification   

    (1) LDHs are more prone to absorb negative ions with high negative valences. In 

practical applications, the water body often contains various interfering anions, thus 

resulting in a decrease of the absorption efficiency of the target anions on the LDHs.  

    (2) LDH particles are powder-like, and too small to be efficiently applied to 

practical water treatment.  

1.8 Objective and outline of this thesis 

    Along with economic development and the exploitation of boron resources in the 

world, mass production and use of electronic products and pharmaceuticals have 
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brought boron into our living environment. Although there are many aspects of the 

effects of boron on the human body that are unclear at present, it is essential to 

develop effective ways of removing boron from wastewater and drinking water. 

    Layered double hydroxides (LDHs) are a type of adsorbent that has many 

advantages over traditional remediation technologies. Adding an organic interlayer to 

an LDH can improve its performance and extend the range of potential applications of 

LDHs – such materials have become very attractive in environmental research. There 

are many reports on synthesis and characterization of LDHs with organic anions and 

their application to pollutant removal. Although the use of LDHs for boron removal 

has been reported, LDHs still have some shortcomings for practical applications.  

Therefore, this study firstly explored the feasibility of preparing LDHs by using 

natural minerals (dolomite) as Mg resource. Then, gluconate was chosen as the 

interlayer anion in the LDHs because it can rapidly react with boric acid, and thus is 

expected to improve the selectivity of LDHs for borate removal, as well as enhance 

the stability of the resultant complexes. Finally, the LDHs were immobilized onto 

filter paper, to make them easier to use in practical water-treatment systems. The 

effects of solution conditions including concentration, pH, and temperature on the 

removal of borate were studied and various characterization methods used to analyze 

the sorption mechanism of borate onto different LDHs. In addition, to simulate 

practical situations, different interfering anions were injected into borate solutions and 

their effects on borate removal by LDHs examined to test the selectivity of the 

products.   

The major aspects of the research in this thesis are: 
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    (1) Taking natural dolomite as the raw material source of magnesium for the 

synthesis of LDH, and using co-precipitation with aluminum nitrate, Mg-Al type 

LDHs were prepared. Afterwards, the material were characterized and their ability to 

adsorb boron was studied under different conditions. The details of the sorption 

process were examined through XRD and 11B-NMR.  

(2) Through a microwave-assisted hydrothermal treatment, cheap and eco-friendly 

gluconate was intercalated into LDHs in a one-step synthesis. The use of these 

materials to remove borate was examined under a variety of conditions. The 

selectivity of boron removal in the presence of other competing or interfering anions 

was also studied. Through NMR and XRD analysis, the mechanism of borate removal 

by this new type of LDHs was discussed.  

    (3) An in-situ synthetic method was used to grow LDHs with different interlayer 

anions onto cellulose filter paper. Then gluconate was inserted into the interlayer of 

the LDHs by interlayer ion-exchange. Finally, these materials were used for borate 

removal, and their selectively was also examined.  
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Chapter 2  Sorption of borate by a layered double 

hydroxides prepared using dolomite as a magnesium source 

2.1 Introduction 

    Co-precipitation is the most commonly used method because of its simplicity and 

productivity [1]. In co-precipitation, divalent and trivalent metallic ions and/or 

metallic oxides are usually used as precursors. Xu and Lu [2] used MgO as a 

precursor and added different sodium salts to form LDHs containing different anions 

as intercalators in aqueous solutions. The MgO used in this method is mainly derived 

from calcined products of natural minerals such as hydromagnesite (Mg2(CO3)(OH)2) 

and magnesite (MgCO3). These magnesium resources are mainly distributed in China, 

Russia, and South Korea, and are less available in other countries [3]. Compared with 

hydromagnesite and magnesite, dolomite (CaMg(CO3)2) is more widely distributed 

worldwide, and is less expensive (2,000 to 3,000 Japanese yen/ton) [4]. By calcination 

of dolomite, a certain amount of MgO can be provided for the synthesis of LDHs [6]. 

Through this way, the preparation cost of LDHs for environmental remediation can be 

decreased. In addition, it was considered that the LDHs is transformed into bimetallic 

oxides (with a similar structure to that of MgO) after calcination [5], and that these 

bimetallic oxides can transform back into LDHs during the borate removal. Therefore, 

in the present work, layered double hydroxides was prepared using dolomite as a 

magnesium source (CO3-DLDH), and the optimal calcination temperature of CO3-

DLDH was investigated by comparing the borate sorption ability. In addition, the 

mechanism of sorption of boron by CO3-DLDH calcined at the optimal temperature 
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was examined using FTIR spectra and 11B-NMR of the solid residues after sorption of 

borate. Furthermore, the effects of pH, initial dosage of CO3-DLDH, and competitive 

anions on the removal of boron at the optimal temperature were also investigated.  

2.2 Materials and methods 

2.2.1 Chemicals 

    Aluminum hydroxide (Al(OH)3, special grade, Wako Industrial Chemicals, Osaka, 

Japan), boric acid (H3BO3, special grade, Wako Industrial Chemicals), and sodium 

bicarbonate (Na2CO3, special grade, Wako Industrial Chemicals) were used as 

received without purification. Natural dolomite was obtained from Ogano Mines by 

Yoshizawa Lime Co., Ltd. (Tochigi, Japan). The elemental composition of the raw 

dolomite was determined using inductively coupled plasma atomic emission 

spectroscopy (ICP-AES, Seiko Instruments, Chiba, Japan) in triplicate after acid 

decomposition with 1 M HCl. The results are summarized in Table 2.1. The molar 

ratio of Ca/Mg was around 1.58, suggesting that the specimen includes not only 

dolomite but also other calcium compounds [17].  
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Table 2.1 Chemical composition in the raw dolomite and after calcination 

    Raw material After calcination 900 ˚C 

      (mg/g) (mg/g) 

Ca 267.49±1.99 438.22±4.62 

Mg 102.72±0.031 179.72±0.97 

Na 0.21±0.0043 1.41±0.14 

K 0.27±0.0042 0.62±0.0049 

Si 1.17±0.091 3.25±0.31 

B 0.10±0.016 0.08±0.0070 

Al 0.35±0.0034 0.98±0.14 

Fe 0.30±0.00 0.64±0.15 

Sr 0.16±0.0021 0.11±0.022 

others 627.23 374.83 

 

2.2.2 Preparation of CO3-DLDH  

    CO3-DLDH was synthesized by co-precipitation. Natural dolomite and Al(OH)3 

were weighed to give a Mg/Al molar ratio of 2.0, physically mixed, and ground in a 

mortar. The ground powders were then heated in a muffle furnace, TME 2200 (Eyela, 

Tokyo, Japan) up to 900 °C at a rate of 10 °C/min, maintained at 900 °C for 3 h, and 

left to cool down to room temperature. Subsequently, the product was dispersed in 

100 mL of 0.25 M Na2CO3 under stirring for 3 h; the solution pH was adjusted to 

10.0 ± 0.2 by adding 1 M HNO3 solution. The precipitates were collected by filtration, 

thoroughly washed with deionized water, and freeze dried overnight. The formation 

of LDHs was confirmed by XRD; the product will be referred to as CO3-DLDH in 

this paper. 
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    CO3-DLDH was calcined at temperatures between 300 and 700 °C to optimize the 

calcining temperature for maximum boron sorption capacity. Calcinations were 

performed in a furnace. Samples calcined at 300, 500 and 700 °C were designated 

CO3-DLDH-300, CO3-DLDH-500 and CO3-DLDH-700, respectively. 

2.2.3 Characterization 

    The crystalline phases within the various CO3-DLDH samples were determined 

using an X-ray diffractometer (Ultima IV, Rigaku, Akishima, Japan) with Cu Kα 

radiation. The accelerating voltage and applied current were 40 kV and 40 mA, 

respectively, with a scanning speed of 2°/min and a scanning step of 0.02°. BET 

specific surface area measurements were performed through multi-point nitrogen 

adsorption using an AUTOSORB-1 surface analyzer (Yuasa, Osaka, Japan). 

Thermogravimetric analysis (TG-DTA, 2000SA, Bruker, Japan) was performed from 

room temperature to 800 °C at a heating rate of 10 °C/min. FTIR spectra were 

recorded on a FTIR 670 Plus (JASCO, Hachioji, Japan). The morphologies of the 

products calcined at different temperatures were observed using a field emission 

scanning electron microscopy (FE-SEM) SU8000 (Hitachi, Japan) at 1 kV 

accelerating voltage.  

    Solid-state 11B-NMR spectra of the solid residues after sorption of borate were 

collected using a single pulse method on a JEOL ECA 800 (Akishima, Japan) 

spectrometer equipped with a 4 mm high-speed magic angle spinning probe, and 

controlled by Delta NMR software version 4.3 (JEOL). At a field strength of 18.8 T, 

the resonant frequency for 11B was 256.6 MHz. Typical acquisition parameters were 

as follows: 15 kHz spinning speed, 2.5 µs pulse length, 10 s recycle delay, and 63 to 

341 scans depending on boron content.  

40 
 



 
 

2.2.4 Sorption batch tests 

    Sorption of borate onto products calcined at different temperatures was carried out. 

0 to 30 mM H3BO3 solutions were prepared by adjusting the initial pH from 4.0 to 

11.0 using 1 M NaOH and 1 M HNO3. For sorption experiments, 0.100 g of a 

calcined product was added to 40 mL of borate solution. The mixture was shaken at 

100 rpm with 8 cm stroke length in a shaking incubator (TB-16R, Takasaki Kagaku, 

Kawaguchi, Japan) at room temperature. After equilibrium was reached, the 

supernatants were filtered (0.20 μm φ) and total concentrations of B, Mg, and Al were 

determined by ICP-AES. Solid residues after sorption were collected and examined 

by XRD, FTIR, and 11B-NMR analyses using the same methods as described for the 

characterization of sorbents before sorption.  

    To explore the effects of competitive anions on the sorption of boron by CO3-

DLDH-700, 0.100 g sorbent was added into 40 mL of 5.5 mM boron solution 

containing 50 mM competing anion (either CO3
2-, SO4

2- or Cl-) and the mixtures were 

shaken for 72 h. After this time, the supernatant was removed out and filtered through 

0.2 μm membrane before determination of B content by ICP-AES. 

0.100g of CO3-DLDH-700 was added into 40ml with 5 mM borate solution. 

Sorption experiment was carried under the condition of 200 rpm and 25 oC. After 96 

hours, sample was taken out, and then solids and liquid have been separated by 

vacuum filtration. The concentration of borate has been measured by ICP-AES. Solid 

residues after washing were set into a muffle furnace and calcinated at 700 oC, then 

was reused for the next borate sorption cycles.  
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2.3 Results and Discussion 

2.3.1 Characterization 

    The XRD patterns of CO3-DLDH calcined at different temperatures are shown in 

Fig. 2.1. In the XRD pattern of CO3-DLDH before calcination (Fig. 2.1(a)), the basal 

characteristic diffraction peaks at 2θ values of 11.1° (003), 22.3° (006), and 34.6° 

(009) were indicative of the formation of Mg-Al-LDH hydrotalcite (JCPDS 048-

0601), with an interlayer spacing of 7.93 Å [6,7]. Aside from hydrotalcite in Fig. 

2.1(a), the other peaks were assigned to calcium carbonate (CaCO3, JCPDS 78-3262). 

The hydrotalcite and CaCO3 contents in the non-calcined CO3-DLDH were 

quantitatively determined as 32 wt% and 68 wt% by analysis of XRD patterns using 

“Maud” software [8].  

 

Fig. 2.1 XRD patterns of (a) CO3-DLDH, (b) CO3-DLDH-300, (c) CO3-DLDH-500 
and (d) CO3-DLDH-700. The range of diffraction angle is from 10 º to 70º in 2θ in 
left and expanded from 40º  to 45º in the right side. Symbols: ▲, MgO (JCPDS 45–
946); ■, CaO (JCPDS 70-5499); ★, CaCO3 (JCPDS 78-3262); ◆, Mg-Al-LDH 
(JCPDS 048-0601).   
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    The crystalline LDHs phase was progressively transformed into Mg-Al bimetallic 

oxide with increasing calcination temperature, as previously reported [9]. When the 

calcination temperature increased to 300 °C, the characteristic XRD reflections from 

LDHs, such as (003), (006) and (009), became broadened because of the loss of 

interlayer water (Fig. 2.1(b)). After calcining at 500 °C, the LDHs reflection had 

completely disappeared as the interlayer anionic species, mainly carbonate, were lost 

and the host layer structure was transformed from a bimetallic hydroxide into 

amorphous bimetallic oxides, in which Al3+ ions are partially substituted for Mg2+ in 

“MgO” (Fig. 2.1(c)) [5]. Though the diffraction peak from the (200) plane in MgO 

(JCPDS 45-946) overlaps that of the (202) plane in CaCO3, the broadness of peak at 

2θ = 42.7° suggests that the formation of MgO started as calcination temperature 

increased (Fig. 2.1). This is supported by the appearance of a diffraction peak at 62.2°, 

which corresponds to the (220) diffraction peak of MgO. Furthermore, in the XRD 

pattern for the product calcined at 700 °C (Fig. 2.1(d)), additional peaks assigned to 

CaO were observed at 2θ= 37.3 and 53.7° (JCPDS 70-5499); this CaO arises from 

partial decarbonation of CaCO3. According to Millange et al. [5], the calcination 

products of LDHs have a MgO-like structure, where Al ions are dissolved in the 

lattice and sit on the Mg sites to form a solid solution. Therefore, when LDHs was 

calcined at a lower temperature, it is unlikely that diffraction peaks from Al2O3 will 

appear in the XRD pattern.  

    The XRD patterns in Fig. 2.1 indicate that the layered structure of the LDHs had 

started to collapse after calcination at 300 °C, and was completely transformed into 

bimetallic oxides at 700 °C. These XRD results are consistent with the three-step 

decomposition of CO3-DLDH [10], as is also shown in the TG/DTA (Fig. 2.2). The 

first stage, from room temperature until 189 °C, and corresponding to 3.7% weight 
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loss, was caused by the evaporation of adsorbed water and interlayer water from CO3-

DLDH. The second stage, which occurred from 189 to 578 °C and involved a weight 

loss of 11.0%, was caused by the simultaneous elimination of intercalated CO3
2− and 

strongly bound water and dehydration of the brucite-like octahedral layers. The third 

stage starts at 580 °C and corresponds to 15.9% weight loss, and is attributed to 

partial decarbonation of CaCO3 with small particle sizes [11].  

 
        Fig. 2.2 TG/DTA analysis of CO3-DLDH from room temperature to 800 °C. 

 

    Specific surface areas of CO3-DLDH calcined at different temperatures are 

summarized in Table 2.2. The specific surface area did not consistently increase with 

increasing calcination temperature. The uncalcined sample mainly contained LDHs 

and CaCO3, and had the largest BET surface area of 57.5 m2/g. The BET surface areas 

of CO3-DLDH-300 and CO3-DLDH-500 decreased to 51.48 and 44.54 m2/g, 

respectively. CO3-DLDH-300 and CO3-DLDH-500 were considered to be dehydrated. 

CO3-DLDH-500 was also believed to have lost most of its CO3
2− to release some 
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sorption sites, and form an amorphous mixed oxide phase. However, higher 

calcination temperatures may cause the agglomeration and sintering of LDH particles. 

Thus, the surface area decreased as the calcination temperature increased. The 

specific surface area of CO3-DLDH-700 increased again, approaching a similar value 

to that of the uncalcined sample. This phenomenon may be ascribed to partial 

decarbonation of CaCO3. 

                                 Table 2.2 BET specific surface area of different materials 

Sample  Specific surface area（m2/g） 
Dolomite before calcination 5.3 

Dolomite-calcinated at 900 ˚C 6.9 
CO3-DLDH 57.5 

CO3-DLDH-300 51.5 
CO3-DLDH-500 44.5 
CO3-DLDH-700 57.0 

 

    SEM images of the starting material, uncalcined CO3-DLDH and CO3-DLDH 

calcined at 300, 500, and 700 °C are shown in Fig. 3. The starting material, a mixture 

of calcined dolomite and Al2O3, showed irregular shapes of aggregated particles (Fig. 

2.3(a)). After synthesis of LDHs through co-precipitation, flaky particles with 400 nm 

width appeared (Fig. 2.3(b)). After calcining at 300 °C, the layered structure of CO3-

DLDH-300 did not change, although the LDH in the product lost some interlayer 

water molecules, resulting in the disappearance of XRD peaks assigned to LDHs. The 

flaky appearance could still be clearly seen, but the particles were aggregated because 

of sintering (Fig. 2.3(c)). Aggregation was also observed and became more serious in 

CO3-DLDH-500 (Fig. 2.3(d)), significantly decreasing the specific surface area of the 

material. When the calcination temperature increased to 700 °C, the hydroxide 

components were completely transformed into metallic oxides, but their morphology 

45 
 



 
 

was still different to that of the starting materials and kept the flaky appearance (Fig. 

2.3(e)). 

 
Fig. 2.3 FE-SEM images of (a) Dolomite + Al2O3, (b) CO3-DLDH, (c) CO3-DLDH-
300, (d) CO3-DLDH-500 and (e) CO3-DLDH-700.  Horizontal bars indicate 1 µm. 

 

2.3.2 Effect of calcination temperature on the sorption of borate 

    Fig. 2.4 shows typical time courses of B, Mg, Al concentrations and pH during 

batch sorption tests with uncalcined and calcined CO3-DLDH. And Fig. 2.5 shows 

that the sorption isotherms of borate by calcined CO3-DLDH, uncalcined CO3-DLDH, 

calcinated dolomite and dolomite without calcination.  
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Fig. 2.4 Changes of (a) B, (b) Mg, (c) Al concentrations and (d) pH during sorption of 
6.5 mM B on CO3-DLDH, CO3-DLDH-300, CO3-DLDH-500 and CO3-DLDH-700. 

 

Fig. 2.5 Sorption isotherms of B on raw dolomite, CO3-DLDH, CO3-DLDH-300, 
CO3-DLDH-500 and CO3-DLDH-700. 
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    It can be found that the sorption of borate by calcinated dolomite and dolomite 

without calcination were much lower than that of CO3-DLDH with and without 

calcination. For dolomite without calcination treatment, its main component is 

CaMg(CO3)2 and no MgO is contained so that borate could not be adsorbed. After 

calcination at 900 °C, though dolomite was converted into CaO and MgO, the surface 

of MgO is passivated under high temperature, which consequently retarded the 

interaction between MgO and borate and lead to lower adsorption ability [12]. In 

addition, the sorption isotherms of B was greater with increasing calcination 

temperature (Fig. 2.5) and the results indicate that the maximum sorption capacity of 

CO3-DLDH-700 reached 1.86 mmol/g, which was higher than that of other materials 

in this research. Meanwhile, the changing with time of Mg2+ and Al3+ concentrations 

and pH differed significantly, depending on calcination temperature (Fig. 2.4(b-d)). 

    The higher equilibrium pH values seen for higher calcination temperatures are 

caused by hydration of the MgO and CaO present in the products calcined at higher 

temperatures (Fig. 2.4(d)). Higher equilibrium pH favors the generation of 

hydrotalcite, resulting in more significant decreases in Mg concentrations for products 

calcined at higher temperatures (Fig. 2.4(b)). The largest release of Al was also CO3-

DLDH-700. This is expected, because in strongly alkaline solutions, Al should exist 

as an anionic species, Al(OH)4
- (Fig. 2.4(c)). The results in Fig. 2.4, when combined 

with the results for characterization of the sorbents, suggest that the mechanisms for 

removal of borate by CO3-DLDH-300 and the uncalcined CO3-DLDH were different 

from those of CO3-DLDH-700 and CO3-DLDH-500.  

    CaCO3 and hydrotalcite were identified as the main phases in the uncalcined CO3-

DLDH (Fig. 2.1(a)). CaCO3 is chemically stable at room temperature at the pH of the 

borate solutions used, and the amount of borate adsorbed by CaCO3 is very limited. 
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Therefore, the sorption density of borate by uncalcined CO3-DLDH can be mainly 

ascribed to hydrotalcite. Previous studies have reported that ion exchange is the 

predominant mechanism by which LDHs remove anionic species [13, 14]. In this 

mechanism, the anionic species can be removed by the LDHs only when its binding 

force with the host layer of LDHs is stronger than that of the original anions within 

the LDHs interlayer. In addition, anions with greater valences have higher affinity 

with LDHs layers [15]. Therefore, the strong affinity of carbonate ions (CO3
2−) to the 

host layer in LDHs should prevent sorption of borate by CO3-DLDH. Similarly, 

although CO3-DLDH-300 was considered to be dehydrated, it retained its layered 

structure intact because CO3
2− occupied the sorption sites in the guest layers. Thus, 

CO3-DLDH-300 has few sorption sites available for ion exchange with 

tetrahydroborate, resulting in low boron sorption capacity.  

   The removal mechanism of borate by CO3-DLDH-700 and CO3-DLDH-500, which 

showed greater sorption capacities in the present work, appears to be more 

complicated. MgO is contained in both CO3-DLDH-500 and CO3-DLDH-700, and 

CaO was present in CO3-DLDH-700. Because the sorption performance of CO3-

DLDH-700 was high (Fig. 2.4) and the water chemistry during the sorption of borate 

by CO3-DLDH-700 was more favorable for regenerating hydrotalcite, CO3-DLDH-

700 was chosen for further investigation of its mechanism of sorption of borate.  

    Solid residues of CO3-DLDH-700, obtained using different initial concentrations of 

borate were examined using XRD, FTIR, and 11B-NMR analyses. The XRD patterns 

of the solid residues of CO3-DLDH-700 before and after sorption of 1 mM or 20 mM 

B are shown in Fig. 2.6. The peaks assigned to MgO (Fig. 2.7) and CaO completely 

disappeared after sorption. In preliminary experiments the sorption ability of borate 

on CaO was very low (Fig. 2.8). 
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Fig. 2.6 XRD patterns of CO3-DLDH-700 (a) before and (b, c) after sorption of B. 
The initial B concentrations were (b) 1 mM and (c) 20 mM. Symbols are the same as 
in Fig. 2.1. 

 

 

Fig. 2.7 XRD patterns from 2θ = 40 to 45 ° of CO3-DLDH-700 (a) before sorption 
and (b, c) after sorption of B. The initial B concentrations were (b) 1 mM and (c) 20 
mM. Symbols are the same as in Fig.2.1. 
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Fig. 2.8 Changes in B concentration with time during sorption of 6.5 mM B on 
2.5 g/L CaO. 

 

    In addition, the peak assigned to the (003) reflection in the new LDHs was broader 

than that in the uncalcined starting materials; the d-spacing evaluated from this peak 

corresponds to the interlayer space, and increased from 7.78 Å (Fig. 2.6(b)) to 7.89 Å 

(Fig. 2.6(c)) with an increase in the amount of boron adsorbed in the LDHs from 

0.088 to 1.813 mg/g. This result suggests that the interlayers in the regenerated LDHs 

have an important role in the sorption of borate, and borate ions, acting as guests, may 

exist in the interlayer. Generally, guest ions in LDHs should have negative charges. 

Tetrahydroborate, which is in a dissociated form, has a negative charge, while boric 

acid is in a molecular form. However, the FTIR spectra (Fig. 2.9) of the solid residues 

after sorption of 1 mM or 20 mM borate show that both tetragonal B ([4]B) and 

trigonal B ([3]B) exist in the solid residues.  
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Fig. 2.9 FTIR spectra of CO3-DLDH-700 (a) before and (b, c) after sorption of (b) 1 
mM B and (c) 20 mM B. 

 

    In Fig. 2.9, the peaks at 872 and 710 cm-1 were attributed to the vibration modes of 

CO3
2− (Fig. 2.6) [16], and the peaks at 1037, 997, and 448 cm−1 in the spectra after 

sorption of B could be assigned to the asymmetric, symmetric, and bending vibration 

modes of [4]B-O, respectively. The peak at 690 cm−1 may be assigned to the bending 

vibration mode of [3]B-O [17]. Similarly, the 11B-NMR spectra also indicate that the 

solid residues contain [3]B and [4]B (Fig. 2.10).  
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Fig. 2.10 11B-NMR MAS spectra of (a) Na2B4O7, (b) H3BO3 and (c) solid residues of 
CO3-DLDH-700 after sorption of 20 mM B. 

 

    As shown in Fig. 2.10, the peaks at approximately 16 and 1.8 ppm were assigned to 

[3]B and [4]B, respectively. The relative peak area of [4]B/[3]B borate was 1.25 (which 

represents the molar ratio of [4]B/[3]B), and means that [4]B was dominant in the solid 

residues. Therefore, we hypothesize that the removal of borate by CO3-DLDH-700 

involves a two-step mechanism. 

    The main crystalline phase in CO3-DLDH-700 was transformed into bimetallic 

oxides, in which Al ions are dissolved in the lattice of an MgO-like structure to form a 

solid solution, after calcination [5]. After CO3-DLDH-700 came into contact with 

water, reconstruction of LDHs occurs via dissolution-reprecipitation of the oxide 

residue [18]. In this process, bimetallic oxides are hydrated to form layered double 

hydroxides [19].  
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    Ligand-promoted dissolution of MgO and co-precipitation of borate with Mg(OH)2 

occur during hydration of MgO in the presence of H3BO3 [12]. [3]B was mainly 

immobilized by ligand-promoted dissolution and precipitation during the conversion 

process of MgO to Mg(OH)2. This process is the first mechanism of boron removal by 

CO3-DLDH-700. In addition, when MgO reacted with water to generate hydroxide, 

the Al which was dissolved in the MgO structure also reacted with water to become 

hydrated, and this type of aluminum hydroxide is mostly incorporated into the 

Mg(OH)2. Since the Al ion has a charge of +3, the generation of Mg-Al hydrotalcite 

requires a certain number of negatively-charged guest ions to neutralize this 

additional charge and allow the interlayer structure to form. Some of the [4]B (B(OH)4
- 

in the solution can act as the anions required for LDH formation. In other words, the 

[4]B was absorbed during LDHs regeneration, and this removed the B(OH)4
- from the 

solution. This process is the second mechanism of boron removal by CO3-DLDH-700. 

It is also the main process responsible for the existence of [4]B in the 11B-NMR. We 

also suggest that uncharged H3BO3 molecules must have been located near the metal 

layers in the newly generated LDHs because the LDHs was generated from Mg(OH)2, 

and [4]B existed in the interlayer of the new LDH as a guest ion to sustain the structure 

of the LDHs.  

    Furthermore, comparing CO3-DLDH-700 and CO3-DLDH-500, CO3-DLDH-700 

has a higher adsorption efficiency than CO3-DLDH-500, because the magnesium 

oxide calcined at 700 °C is more basic than the material calcined at 500 °C [20], and 

the reconstruction of the LDH structure originates from magnesium oxide [21]. 

Therefore, the reaction rate of MgO with H2O is faster for than for CO3-DLDH-500. 

This can be confirmed by the faster release of Mg2+ during borate sorption by CO3-

DLDH-700. 

54 
 



 
 

    Furthermore, as shown in Fig. 2.11, the leaching of Ca in CO3-DLDH-700 cannot 

be found during the time processing since the chemical stability of CaCO3. But the 

leaching of Mg and Al were clearly found and varied with the reaction time. When the 

reaction time reached 1 hour, the concentrations of Mg and Al were up to 0.15 mM 

and 2.07 mM, respectively. And then, the concentrations of Mg and Al in the solution 

started to decreased. At 96 hours, the concentrations of Mg and Al both were under 

the detection limits. During this sorption processing, the concentration of Al exceeded 

the maximum concentration limit of aluminum (0.2 mg/L) for drinking water quality 

in China (GB5749-2006). Therefore, in practical application, it is necessary to add 

appropriate follow-up processing steps to avoid the aluminum dessolving in excess. 

 
Fig. 2.11 Changes of Mg, Al and Ca concentrations during sorption of 6.5 mM B by 
CO3-DLDH-700. 

 

2.3.3 Effect of pH on the sorption of borate 

    The removal of borate by CO3-DLDH-700 was examined over a pH range of 4.0 to 

10.0. Boron uptake by CO3-DLDH-700 is presented in Fig. 2.12. A high and stable 

uptake capacity (0.42 mmol/g) was obtained at pH 4.0 to 7.0. Furthermore, the 
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influence of solution pH was not very significant in the low pH range (pH 4 to 6). 

However, the uptake capacity of borate decreased at pH 8.0 and then sharply declined 

to 0.26 mmol/g when the equilibrium pH was 10.0. This trend is different from those 

previously reported for MgO [22], but is the same as that reported for borate removal 

by LDHs [23]. 

 
Fig. 2.12 Effect of initial pH on boron removal. The initial B concentration was 5 mM 
Numbers in the bracket indicate the equilibrium pH. 

 

Sorption of borate by CO3-DLDH-700 has two steps as we mentioned above. First, 

the rehydration of MgO-like structure resulted in coprecipitation of Mg(OH)2 

(brucite-like) and boric acid. Second, electrostatic sorption of borate after Mg(OH)2 

has been converted to LDHs. Since Mg(OH)2 plays an important role in these two 

steps, and the acidic initial pH condition can promote the dissolution of Mg2+, thus 

providing magnesium ion needed for conversion to brucite and then transform into 

LDHs for following the sorption of borate. Therefore, sorption capacity of CO3-

DLDH-700 under low pH condition is slightly. 

(11.55) 
(11.60) 

(11.60) (11.69) 
(11.72) (11.78) 

(11.78) 
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2.3.4 Effect of competing anions on sorption of borate 

The effects of competing anions on boron removal are shown in Fig. 2.13. The 

sorption capacity of borate by CO3-DLDH-700 was decreased in the presence of 

competing anions. The higher the valences of competing anions were, the more 

strongly boron sorption by CO3-DLDH-700 was inhibited. For example, CO3-DLDH-

700 could only take up 0.09 mmol/g of the boron in the presence of sulfate, because 

divalent ions can enter the interlayer of LDHs preferentially (compared to borate) and 

occupy the guest layers [24]. Therefore, borate is more difficult to intercalate into the 

interlayer, and the amount removed is decreased. This result is also supported by 

FTIR analysis (Fig. 2.14). Compared with the FTIR spectra of the solid residues from 

tests with no competing ions, the vibration modes assigned to [4]B-O almost 

disappeared in the infrared spectra of the solid residues with divalent competing ions 

(Fig. 2.14(c), (d)). This is because divalent anions can intercalated into the sorption 

sites in preference to borate. A small peak attributed to the vibration mode of [4]B-O 

was seen in the FTIR spectrum of the residue taken from the solution with Cl-. The Cl- 

affected the sorption of B(OH)4
-, but was not able to completely replace borate and 

occupy all sites in the interlayer; this meant that small amounts of [4]B were found in 

the solid residues. 
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                        Fig. 2.13 Effect of competing ions on the sorption of boron. 

 

 
Fig. 2.14 FTIR spectra of CO3-DLDH-700 after sorption of 5.5 mM boron in the 
presence of different competing ions. (a) water, (b) 50 mM Cl-, (c) 50 mM CO3

2-, (d) 
50 mM SO4

2-. 
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2.4. Conclusion 

    LDHs for environmental applications was prepared using calcined dolomite as the 

raw magnesium source. Sorption results suggest that CO3-DLDH can be used to 

remove borate from aqueous solution at ambient temperature and pressure. The 

maximum borate sorption capacity was achieved with CO3-DLDH-700; this was 

because CO3-DLDH-700 contains more MgO phase, with higher hydration activity. 

Meanwhile, the efficiency of borate removal decreased with increasing pH and in the 

presence of competing ions, especially those with higher valences. FTIR, 11B-NMR 

results and XRD patterns of the solid residues showed that borate was removed by 

CO3-DLDH-700 in two ways: the co-precipitation of borate with Mg(OH)2 to form a 

complex, and the intercalation of borate anions during the formation of LDHs. 
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Chapter 3  One-step synthesis of layered double hydroxide-

intercalated gluconate for removal of borate 

3.1 Introduction 

Previously, Ferreira et al. and Jiang et al. used LDHs to remove borate from 

solution [1, 2]. These studies, based on the synthesis of LDHs intercalated with nitrate, 

achieved boron removal by taking advantage of the stronger adhesion between borate 

and the host layer compared with the adhesion between the nitrate and metal layer, 

resulting in ion exchange of borate with nitrate in the LDHs interlayer. Although this 

method effectively removes borate, different anions in aqueous environments, 

especially divalent anions, significantly influence borate sorption by LDHs [3]. The 

attractive force within the interlayer is far greater than that between the monovalent 

anions[4]. Therefore, LDHs is ineffective in immobilizing borate in complicated 

practical water systems, such as the results in Fig. 2.13 in Chapter 2.   

    The main improvement needed to develop technology for boron removal by LDHs 

is to increase the selectivity of sorption and the sorption rate of boron by LDHs. 

Considering the simple synthesis, low cost and environmental friendliness of LDHs, 

the insertion of a polyhydroxylic organic group into the LDHs ion layer could make 

the LDHs for boron sorption less susceptible to interference from other anions, and 

increase its sorption rate. So, in the present work, an easy and efficient method to 

intercalate the gluconate into the LDHs (G-LDH) was developed. The resultant new 

material was characterized using several techniques and applied to removal of borate, 

to evaluate its efficiency. The sorption mechanism was carefully examined based on 
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XRD and 11B-NMR characterization of solid residues after sorption of borate. Related 

to Chapter 2, dolomite also can be used as raw materials for this method.  

3.2 Experimental method 

3.2.1 Chemicals 

    Magnesium nitrate (Mg(NO3)2·6H2O), aluminum nitrate nonahydrate 

(Al(NO3)3·9H2O), sodium gluconate (C6H11NaO7), boric acid (H3BO3), sodium 

sulfate (Na2SO4) and sodium chloride (NaCl) were special grade, and used as-

received from WAKO (Osaka, Japan). A boron-specific chelating resin (Diaion® 

CRB 05) was purchased from Mitsubishi Chemical Co. (Tokyo, Japan). 

3.2.2 Preparation of hydrotalcite with gluconate radical intercalation 

    1.87 g Al(NO3)3 and 2.56 g Mg(NO3)2 were added to 50 mL of water containing 

1.09, 2.18, 4.36 or 6.5 g sodium gluconate to form molar ratios of [gluconate]/[Mg2+] 

= 0.5, 1, 1.5 or 2. Once the solution became transparent with stirring, its pH was 

adjusted to 10 ± 0.2 with 1 mol/L NaOH. The solution was stirred continuously for 30 

min, transferred to a Teflon vessel, placed in a microwave digestion system (ETHOS 

A, Milestone, Italy) and its temperature increased to 120 °C in 10 °C/min increments. 

The temperature was maintained for 180 min and the solution then allowed to cool to 

room temperature. The cooled reaction mixture was processed through solid-liquid 

separation on a supercentrifuge at 10000 rpm for 10 min and cleaned several times 

with ultrapure water. The solid residues were dried for 12 h in a vacuum freeze drier 

and designated as G-LDH-0.5, G-LDH-1, G-LDH-1.5 or G-LDH-2, where the 

numbers represent the molar ratios of [gluconate]/[Mg2+] used in preparation. 
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    Hydrotalcite intercalated with nitrate (NO3-LDH) was prepared by a similar method, 

but without sodium gluconate, to compare the borate sorption efficiency with that of 

the G-LDH series. 

3.2.3 Characterization 

    The crystalline phases of various G-LDHs were determined using an X-ray 

diffractometer (XRD, Ultima IV, Rigaku, Japan) with Cu Kα radiation. A D/teX Ultra 

detector and no reflection sample holder were applied. The accelerating voltage and 

current were 40 kV and 40 mA, with a scanning speed of 2°/min and scanning step of 

0.02°. Simultaneous thermogravimetric and differential thermal analyses (TG-DTA 

2000SA, Bruker, Japan) were performed atmospherically from room temperature to 

800°C at a heating rate of 10°C/min. Fourier transform infrared (FTIR) spectra were 

recorded on a JASCO FTIR spectrometer (FT/IR-670 Plus, Japan). Transmission 

electron microscopy (TEM) images were obtained using a TECNAI-20 (Philips, 

Netherlands) transmission electron microscope. 

    Solid-state 11B-NMR spectra for sorption residues were collected using an ECA 

800 (JEOL, Japan). Two dimensional 11B-NMR spectra were acquired. Multi-

quantum magic angle spinning (MQ-MAS) was employed to acquire the 11B-NMR 

spectra at a field strength of 18.79 T, acquisition time of 5.12 ms and F2 and F1 

resolutions of 195.31 and 2.00 kHz, respectively. 

    The solid-state 13C MAS NMR spectra of sodium gluconate and G-LDH, before 

and after borate sorption, were also recorded using an ECA 400 (JEOL, Japan); the 

cross-polarization (CP) contact time was 5 ms and 10000 scans were taken. Chemical 

shifts were referenced externally to tetramethylsilane (TMS; δ = 0 ppm) using the 

methyl signal of hexamethylbenzene (δ = 17.36 ppm) as a secondary standard. 
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    To investigate the metallic, organic carbon and nitrate contents of the G-LDH 

series and NO3-LDH, LDHs samples prepared under different conditions were 

dissolved in 0.01 mol/L HCl. Solutions were diluted to determine the Mg and Al 

concentrations using an inductively coupled plasma emission spectrometer (ICP-AES, 

VISTA-MPX, Seiko Instruments, Japan). A total organic carbon analyzer (TOC-V 

CHS, Shimadzu, Japan) was used to determine the organic carbon and total nitrogen 

contents in solution. 

3.2.4 Sorption experiments 

    A total of 40 mL of simulated solution containing a known concentration of boric 

acid was prepared at pH 7.0. Because borate at neutral pH is predominantly in a 

molecular form, it is not removed by many water treatments, such as reverse osmosis, 

at pH <9.2. To test the sorption of boron on new materials, the initial pH of the 

solution should be <9.2. However, LDHs always dissolve to some extent under acidic 

conditions, thus influencing their properties. Therefore, the solution pH for testing the 

sorption behavior of these new LDHs should be neutral or weakly alkaline. Thirdly, 

several researchers have reported that boron-specific resins containing n-methyl 

glucamine showed good performance for boron removal at neutral pH [5, 6]. The 

gluconate in our LDHs has a similar structure to that of glucamine, and acts in a 

similar way to remove boron. So, we chose an initial pH of 7.0 for the boron solutions 

in this study. Then, 0.100 g of G-LDH, NO3-LDH or CRB 05 were added into these 

simulated solutions. The temperature was kept at 25 ± 2°C and the solutions were 

stirred at 200 rpm in an oscillator. After each time interval, aqueous solution was 

taken out and filtered through a 0.20-μm membrane filter. The total reaction time for 

experiments to measure the rate of sorption was 30 min, while the time for the 

sorption isotherm experiments was 24 h. The filtered solutions were diluted and then 
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subjected to ICP-AES to determine boron concentrations. The solid residues after 

sorption of borate were freeze-dried and supplied for X-ray diffraction, FTIR, 11B-

NMR and 13C-NMR. The influence of pH on sorption of borate was also determined 

through a similar process to that described above, but the initial pH was adjusted to be 

either 4.0, 7.0, 9.0 or 11.0 using 1 M NaOH and 1 M HCl. 

    To explore the effects of competitive anions on the sorption of boron by G-LDH-

1.5, 0.100 g sorbent was added to 40 mL of 2.5 mmol/L boron solution containing 50 

mmol/L competing anions (SO4
2- or Cl-) and the mixtures were shaken for 24 h. After 

this time, the supernatant was taken out and filtered through a 0.2 μm membrane 

before determination of B content by ICP-AES. 

    The effect of temperature on the sorption was examined as follows. Firstly, 40 mL 

of 2.5 mmol/L borate solution, initial pH 7.0, was placed in a constant temperature 

oscillator for 1 hour, with the temperature increased to the required value. After that, 

0.100 g G-LDH-1.5 was added to the solution. At each time interval, the supernatant 

was removed out and filtered through a 0.20 μm membrane filter before ICP 

measurement. 

3.3. Results and discussion 

3.3.1 Characterization 

    The XRD patterns of the NO3-LDH and G-LDH series samples are shown in Fig. 

3.1. The XRD pattern for NO3-LDH clearly shows three characteristic reflections, 

assigned to 003, 006 and 009 planes at 11.04, 22.64 and 34.65° 2θ, respectively, 

which indicate that NO3-LDH has a regularly layered structure. The interlayer spacing 
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of the 003 reflection (d003) for NO3-LDH is 8.01 Å, very close to the previously 

reported value [7]. Elemental compositions are summarized in Table 3.1.  

 

Fig. 3.1 XRD patterns for (a) NO3-LDH, (b) G-LDH-0.5, (c) G-LDH-1, (d) G-LDH-
1.5 and (e) G-LDH-2.
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                                 Table 3.1 Elemental compositions and molar ratios of Mg/Al and Al/gluconate in different LDHs 

Sample Al 

(mmol/g) 

Mg 

(mmol/g) 

NO3
- 

(mmol/g) 

Gluconate 

(mmol/g) 

Total anions 

(mmol/g) 

Molar ratio 

Mg/Al 

Molar ratio 

gluconate/Al 

Molar ratio NO3
-/Al 

NO3-LDH 5.82 12.81 5.83 ----------- 5.83 2.20 --------- 1.00 

G-LDH-0.5 3.39 7.04 1.62 1.95 3.57 2.08 0.58 0.48 

G-LDH-1 3.24 6.46 1.07 2.35 3.42 1.99 0.73 0.31 

G-LDH-1.5 3.19 6.27 0.31 2.64 2.95 1.96 0.83 0.10 

G-LDH-2 3.01 5.60 0.12 3.39 3.41 1.86 1.12 0.04 
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    Without gluconate, the molar ratio of Mg/Al was 2.20 and the excess positive 

charge in the Mg-Al host layers was entirely compensated by NO3
- in the guest layers 

of NO3-LDH. With an increase in intercalated gluconate, the 003 and 006 reflections 

shifted toward lower angles, and became broader (Fig. 3.1(b-e)). This broadening is 

caused by the presence of a mixture of different d spacings within the LDHs, since 

some NO3
- still remains, even after intercalation with gluconate (Table 3.1).  

    The interlayer spaces, d003, were calculated as 8.74, 9.08, 10.28 and 10.43 Å for G-

LDH-0.5, 1.0, 1.5 and 2.0, respectively. This indicates that the LDH basal spacing 

was expanded because of the intercalation of gluconate into the LDHs galleries; this is 

expected, because gluconate is a larger ion than nitrate [8, 9]. The ionic length of free 

gluconate was calculated as 6.4 Å (Fig. 3.2) using Gaussian 09 (Revision C.01) [10].  

 

 

Fig. 3.2 Three-dimensional molecular model of gluconate calculated and (b) 
Electrostatic potential mapped with total density in Gaussian 09, b3lyp/6-31G(d). 

 

    Therefore, the space occupied by gluconate in G-LDH-1.5 is approximately 5.5 Å; 

this implies that the arrangement of gluconate in the LDHs interlayer may be a 

monolayer, with the molecules arranged at an angle to the host layers.  
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    The molar ratio of Mg/Al decreased around 15% with an increase in intercalated 

gluconate, as shown in Table 3.1. This suggests that gluconate reacted with the Mg2+ 

during preparation, resulting in variation in the LDHs composition [11]. Furthermore, 

if gluconate were completely replaced with NO3
- in the G-LDH, the molar ratio of 

gluconate/Al should be equal to 1.00. However, the observed value was less than 1.0 

in the G-LDH-0.5 to -1.5 samples, as shown in Table 3.1, indicating that the doped 

gluconate is not completely replaced with NO3
- in G-LDH-0.5 to -1.5. This means that 

the G-LDH series have some NO3
- remaining, even after intercalation with gluconate.   

    In addition, with increase in gluconate concentration from 1.95 to 3.39 mmol/g, the 

molar ratio of Mg/Al decreased slightly, and the nitrate content in G-LDH decreased 

from 1.62 to 0.12 mmol/g. Such differences in composition may affect the TEM 

images for the G-LDH series compared with those for NO3-LDH. Fig. 3.3 shows the 

TEM images of NO3-LDH (Fig. 3.2(a)) and the G-LDH series samples (Fig. 3.3(b-e)). 

As shown in Fig. 3.3(a), the NO3-LDH is in nanosheets, 50–70 nm wide and 5 nm 

thick. The individual particle size of G-LDH-0.5 is similar to that of NO3-LDH; 

however, the granules in G-LDH-0.5 were extensively agglomerated. With G-LDH-

1.0, the nanosheet structure was maintained (Fig. 3.3(c)), but the granule size 

increased significantly to ~150 nm. Meanwhile, for G-LDH-1.5 (Fig. 3.3(d)), the 

morphology was similar to that of G-LDH-1.0, but the granule size increased to ~250 

nm. For G-LDH-2.0, agglomeration progressed further, with the granule size soaring 

to ~400 nm (Fig. 3.3(e)). The possible interaction of gluconate with metallic ions 

might influence LDH crystal growth, leading to enhancement of disordered stacking 

with increased gluconate/Mg. 
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Fig. 3.3 TEM images of (a) NO3-LDH, (b) G-LDH-0.5, (c) G-LDH-1, (d) G-LDH-1.5 
and (e) G-LDH-2. Horizontal bars indicate 50 nm. 

 

    Fig. 3.4 displays the FTIR spectra for NO3-LDH and G-LDH-1.5, in which the 

broad peak at 3400 cm-1 corresponds to ν(OH) [12]. This indicates that both LDHs 

have -OH groups, as further verified by the out-of-plane bending vibration mode, 

γ(OH), at 660 cm-1. For the NO3-LDH, the strong peak at 1384 cm-1 corresponds to 

the νs (NO3) vibration, while a small peak at 832 cm-1 was assigned to the out-of-

plane bending vibration mode, γ(NO3) [9]. The FTIR spectra of G-LDH series are 

different from that of NO3-LDH. Stretching vibration modes of ν(CH) were observed 

at 2924 and 2854 cm-1, indicating that the compound has saturated carbons [13]. 
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However, the spectrum shows the presence of a peak at 1427 cm-1 and the absence of 

an observable peak at 1380 cm-1, suggesting that the compound only contains -CH2. 

The stretching vibration mode of C-O was observed at 1090, 1234 and 1132 cm-1 and 

the asymmetric stretching vibration mode of C=O at 1634 cm-1 was strengthened, 

both of which indicate the presence of carboxylic groups in the compound [9, 14]. 

The vibration mode near 440 cm-1 was assigned to the vibration mode of metal-

oxygen in hydrotalcite [15]. These results also indicate that gluconate is intercalated 

in LDHs. Meanwhile, characteristic -NO3 absorption peaks appear at 1384 cm-1 

indicating that nitrate has entered the LDHs interlayer. 

 

Fig. 3.4 FTIR spectra in (a) full range from 4000 to 400 cm-1 and (b) blown-up range 
from 1800 to 400 cm-1 for G-LDH-1.5 and NO3-LDH. 

 

    Fig. 3.5(a) and (b) show the solid-state 13C-NMR spectra for sodium gluconate (as 

a reference), and G-LDH-1.5 before borate sorption. The 13C-NMR spectrum of 

sodium gluconate has six peaks, of which the highest chemical shift at 178.99 ppm is 

assigned to a carboxylic carbon (C1) [16]. Another five peaks were observed from 60 
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to 90 ppm, which all correspond to -C- that were bound to -OH groups. The peak at 

61.75 ppm is assigned to -CH2-OH (C6), while the chemical shifts for the remaining 

four peaks were at 80.85, 74.26, 71.42 and 70.65 ppm. These four C atoms were at 

slightly different positions because of their different electron densities. Compared 

with the 13C-NMR spectrum for sodium gluconate, the spectrum of G-LDH-1.5 

showed essentially the same chemical shifts, but with broader peaks; this is as 

expected because of the strong interactions with different atoms and functional groups 

such as metal and nitrate in G-LDH [17]. 

 

       Fig. 3.5 13C-NMR MAS spectra for (a) sodium gluconate and (b) G-LDH-1.5. 

 

    TG/DTA results of NO3-LDH and G-LDH-1.5 in air are shown in Fig. 3.6. Both 

TG curves decreased with increasing temperature. This occurred because of 
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desorption of surface water and interlayer-adsorbed water in NO3-LDH and G-LDH-

1.5 from room temperature to around 160°C. Endothermic peaks were observed from 

water evaporation at 68.4 and 80.2°C, associated with mass losses of 12.45 and 

13.79 %, in NO3-LDH and G-LDH-1.5, respectively. With continuing increase in 

temperature, the mass loss of these two LDHs occurs for different reasons, although 

both masses decreased gradually. From 162 to 322 °C, NO3-LDH showed a slow 

decrease in mass, corresponding to lattice water desorption, and a 3.61 % mass loss 

[18]. However, during this period, G-LDH showed 10.33 % mass loss through lattice 

water evaporation, as well as stepwise decomposition of the gluconate in G-LDH; this 

mass loss which was significantly larger than that of NO3-LDH in this temperature 

range. When the temperature exceeded 350°C, both NO3-LDH and G-LDH exhibited 

clear weight loss, until their masses stabilized near 600°C. During this period, the 

mass loss of NO3-LDH was caused mainly by the desorption of laminated -OH and 

interlayer NO3
- [19]. However, no obvious thermal effect was produced during 

decomposition, because these are non-instantaneous reactions. The DTA curve 

revealed two weak endothermic peaks at 354.1 and 425.3°C, corresponding to a mass 

loss of 33.76 % for NO3-LDH (Fig. 3.6(a)). Although the mass loss of G-LDH during 

this period is also caused by hydroxyl desorption in the host layer and interlayer 

anions, the DTA of G-LDH showed more obvious thermal variation than seen for 

NO3-LDH. Combustion of interlayer gluconate at 447.6°C produced an obvious 

exothermic peak in the DTA curve, with a mass loss of approximately 36.84 % during 

this period (Fig. 3.6(b)). TGA results also confirm the presence of gluconate in the 

LDHs. 
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Fig. 3.6 TG-DTA of (a) NO3-LDH and (b) G-LDH-1.5. The numbers in % indicate 
mass changes. 

 

3.3.2 Removal of borate using different LDHs 

    The sorption results of G-LDH and NO3-LDH in 2.3 mM borate solutions are 

shown in Fig. 3.7. The sorption densities of borate by G-LDH-0.5, G-LDH-1, G-

LDH-1.5 and NO3-LDH were 0.43, 0.44, 0.48 and 0.18 mmol/g, respectively. The G-

LDH series achieved greater sorption densities than the NO3-LDH sample, because of 

the stable and rapid complexation of polyhydroxyl groups in gluconate with borate. 

The borate removal capacity of G-LDH increased with increasing G-LDH dosage 

(Fig. 3.8).  
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Fig. 3.7 Changes in B concentrations with elapsed time on NO3-LDH, G-LDH-0.5, G-
LDH-1 and G-LDH-1.5. Inset shows sorption capacities of different sorbents 
(sorbents: 2.5 g/L, initial B concentration: 2.5mM, initial pH was adjusted to 7). 

 

 

Fig. 3.8 Changes in B concentrations with the elapsed time using different amounts of 
G-LDH-1.5 at the initial pH 7. 
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    When the dosage of G-LDH-1.5 is 2.5 g/L, the boron concentration in the water 

after treatment was 0.09 mM/L, which does not meet the standard for drinking water 

in Japan (1 mg/L). As the LDHs concentration increased to 5 g/L and 10 g/L, the 

boron concentration decreased to 0.03 mM/L and 2×10-3 mg/L. Both comply with the 

drinking water standards of Japan. 

    However, the removal rate and sorption density did not increase significantly with 

increase in LDHs gluconate content (Fig. 3.7 and Table 3.1). This may be caused by 

an LDHs layer structure that enables the borate species to infiltrate from the guest 

layer edge. Considering that borate rapidly complexes with -OH groups in LDHs 

when it enters the guest layer, it easily complexes with the gluconate at the edge of 

the guest layer. Steric hindrance by these complexes may prevent borate penetration 

into the guest layers, thereby reducing the adsorbability of borate by G-LDH. 

Considering that the gluconate anions inside the guest layer were not used fully, 

increasing the gluconate concentration in the LDHs under the same initial borate 

concentration did not lead to a significant increase in sorption density. 

3.3.3 Sorption mechanism 

    It is suggested that borate removal by NO3-LDH and G-LDH-1.5 is based on 

different mechanisms. Fig. 3.9(a) shows the FTIR spectra of G-LDH-1.5 before and 

after sorption. In the infrared spectrum of G-LDH-1.5 after sorption of borate, the 

stretching vibration modes of -CH at 2924 and 2854 cm-1, C-O at 1090, 1234 and 

1132 cm-1, as well as asymmetric stretching vibration modes of C=O at 1634 cm-1 are 

characteristic of gluconate, and indicate that gluconate groups are present in the LDHs 

even after sorption of borate [9, 13]. In contrast to this, the characteristic -NO3 peaks 

at 1384 and 855 cm-1 in the FTIR spectra of NO3-LDH weaken significantly after 
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exposure to borate solution, because NO3-LDH immobilizes borate through ion 

exchange between nitrate and borate, rather than by complexation (as occurs between 

gluconate and borate in G-LDH-1.5) (Fig. 3.9(b)). Therefore, the nitrate in the LDHs 

guest layer is exchanged with B(OH)4
- after reaction, leading to decreases in nitrate 

peak intensities for NO3-LDH after borate sorption.  

 

Fig. 3.9 FTIR spectra for (a) G-LDH-1.5 and (b) NO3-LDH before and after sorption. 

 

    In addition, 11B MQ-MAS NMR spectra were collected for NO3-LDH and G-LDH-

1.5 after borate sorption to understand the mechanism further, and the contour plots 

are shown in Fig. 3.10.  
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Fig. 3.10 Two-dimensional 11B -NMR for (a) NO3-LDH and (b) G-LDH-1.5 after 
sorption of borate. 
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    The contour maps of boron in the two-dimensional 11B MAS NMR of NO3-LDH 

and G-LDH-1.5 were close to the diagonal line, indicating that the quadrupole 

interaction was small [20]. According to previous reports, the chemical shifts of 

tetrahedral borate ([4]B) ranged mainly from 3 to -3 ppm [21]. Correspondingly, the 

chemical shift of the trigonal boron ([3]B) contour map was approximately 15-20 ppm. 

Furthermore, according to Bishop et al. [22] and Takahashi et al. [20], the contour 

plots with 10 to 14 ppm and 5 to 8 ppm chemical shifts represent mainly bischelate 

and monodentate complexes, respectively. Based on the aforementioned results, boron 

clearly has different complexation patterns in NO3-LDH and G-LDH-1.5. In NO3-

LDH, the contour plots indicate that boron occurs mainly as B(OH)4
- in NO3-LDH. 

This further demonstrates that NO3-LDH adsorbed boron by ion exchange of NO3
- 

with B(OH)4
- to immobilize borate in LDHs. However, the behavior of G-LDH-1.5 

was different. Its boron contour plots were concentrated in three different areas: one is 

around 1.72 ppm, assigned to B(OH)4
-; the second is located at 6.48 ppm, and 

assigned to monodentate complexes, and the third is located at 10.47 ppm, and 

assigned to bischelate complexes. According to Yoshimura et al. [23], the reaction 

between boron and the N-methyl-D-glucamine group can yield three different 

complexes: monodentate (combination of one N-methylglucamine group and one 

borate), bischelate (complexes of one borate and two N-methylglucamine groups) and 

tetradentate (complexes of one borate and multi-hydroxy in one N-methylglucamine 

group) complexes. Based on the 11B MAS NMR spectrogram of G-LDH-1.5, the 

monodentate complexes are predominant followed by bischelate in G-LDH-1.5, along 

with trace amounts of B(OH)4
-. In addition, considering that the relative intensities of 

monodentate: bischelate: B(OH)4
- were 100: 55: 21, the dominant form of boron in G-

80 
 



 
 
LDH is as a monocomplex. This finding indicates that G-LDH has similar 

performance and selectivity to N-methylglucamine-type resins.  

    The structures of these two LDHs were not damaged after reaction, and their XRD 

patterns were not affected by borate sorption (Fig. 3.11). Therefore, based on the 

aforementioned discussion, a schematic illustration of the boron sorption mechanisms 

of G-LDH-1.5 and NO3-LDH is shown in Fig. 3.12. In the NO3-LDH system, borate 

was eliminated through ion exchange with the nitrate in the LDH interlayer (Fig. 

3.12(a)). In contrast, borate was removed by G-LDH mainly through complexation, 

producing two different monodentate and bischelate complexes (Fig. 3.12(b)). 

 

Fig. 3.11 XRD patterns of (a) G-LDH-1.5 and (b) NO3-LDH before and after sorption 
of borate. 
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Fig. 3.12 Schematic illustration to show sorption mechanism of borate onto (a) NO3-
LDH and (b) G-LDH-1.5. 

 

    Based on the aforementioned sorption mechanism, the total sorption capacity of 

NO3-LDH may be larger than that of G-LDH using the same adsorbent mass. Through 

ion exchange, the highest sorption density for NO3-LDH occurs when 1 mol of NO3
- 

ion is exchanged with 1 mol of borate. In contrast, borate sorption by G-LDH occurs 

by the formation of a partial bischelate (complex of two gluconate and a borate) so 

that 1 mol of gluconate cannot react with 1 mol of borate. Hence, the total sorption 

capacity of G-LDH is theoretically lower than that of NO3-LDH, as shown in the 

sorption isotherms of NO3-LDH and G-LDH (Fig. 3.13). Although the sorption 

density of NO3-LDH is slightly larger than that of G-LDH, G-LDH clearly shows 

stable sorption and a high sorption rate. 
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Fig. 3.13 Sorption isotherms of borate onto NO3-LDH and G-LDH-1.5 (sorbents: 2.5 
g/L, initial pH 7, reaction time: 24 h, temperature : 25°C). 

 

3.3.4 Effect of co-existing anions on sorption of borate 

The borate removal efficiency of G-LDH-1.5 and NO3-LDH under these conditions 

is shown in Fig. 3.14, revealing that the borate sorption density of NO3-LDH 

decreased significantly in the presence of other anions. For example, the borate 

sorption density of NO3-LDH in the presence of 50 mM Cl- decreased from 0.66 to 

0.32 mmol/g. Furthermore, in the borate solution with 50 mM SO4
2-, no borate 

sorption was observed with NO3-LDH, because SO4
2- adheres more strongly than 

B(OH)4
- to the host layers in LDH. However, the borate removal capacity of G-LDH-

1.5 was not affected by other co-existing anions, and was maintained consistently 

around 0.57 mmol/g regardless of the co-existing Cl- and SO4
2-. This result implies 

that G-LDH should be more applicable in real waters than NO3-LDH, because of its 

selectivity and stability. 
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Fig. 3.14 Effect of coexisting anions on sorption of borate onto NO3-LDH and G-
LDH-1.5 (sorbents: 2.5 g/L, coexisting anionic concentration: 50 mM; initial B 
concentration: 2.5 mM, initial pH was adjusted to 7.00, reaction time :24 h，
temperature :25°C). 

     

    Undoubtedly, during borate sorption with competing ions, gluconate in the LDH 

interlayer could be exchanged with co-existing anions and released into solution, 

especially in the solution containing divalent ions, since the binding force between the 

divalent anions and metallic hydroxide layers is greater than that of the monovalent 

anions with host layers. This is shown by the gluconate contents, as determined by 

TOC measurements. In the borate solution without coexisting ions, the TOC value in 

solution, which comes from the gluconate released into solution, was 0.27 mg/L. In 

the Cl- solution, the TOC value was 0.38 mg/L and increased to 0.58 mg/L in the 

SO4
2- solution after 24 h. However, the amount of gluconate released into solution 

was too low to affect borate sorption by G-LDH. Because borate complexes with 

gluconate were divalent (monodentate) and trivalent (bischelate) anions and anions 

with higher valences more easily occupy sorption sites in the guest layer of LDH, 
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because of their stronger electrostatic interactions with the host layer [4], ion 

exchange between the complexes and coexisting anions becomes difficult and the 

complexes remain immobilized in G-LDH. 

3.3.5 Comparison of G-LDHs with boron-specific resin 

    The sorption isotherms of G-LDH-1.5 and CRB 05, as well as their sorption 

capacity variation curve with time, are shown in Fig. 3.15(a). Both borate sorption 

isotherms were evaluated by fitting to the Langmuir isotherm: 

Q𝑒𝑒 = 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾𝐶𝐶𝑒𝑒
1+𝐾𝐾𝐶𝐶𝑒𝑒

,          (1) 

where Qe is the amount sorbed at equilibrium (mmol/g), Ce is the borate concentration 

at equilibrium (mmol/L), K is the sorption equilibrium constant (L/mmol) and Qmax is 

the sorption capacity (mmol/g). The data fitted well to the Langmuir isotherm. The 

Langmuir constants, K and Qmax, determined using non-linear least squares analyses, 

are shown in Table 3.2. 

Table 3.2 Langmuir fitting parameters for sorption isotherm of borate onto G-LDH-

1.5 and CRB05 

Sample Qmax (mmol/mmol) K (L/mmol) R2 

G-LDH-1.5 0.43 0.28 0.97 

CRB05 0.37 0.28 0.99 

     

 

85 
 



 
 

 

Fig. 3.15 Sorption isotherms (a) and photographs of susupensions in 2.5 mM borate ; 
(b) for boron specific-resin (CRB 05) and G-LDH-1.5 (sorbents: 2.5 g/L, initial pH 7, 
reaction time: 24 h, temperature :25°C). Inset in Fig. 11(a) shows changes in borate 
concentration by CRB 05 and G-LDH-1.5 with elapsed time (sorbent: 2.5 g/L, initial 
B concentration: 2.5 mM, initial pH 7, reaction time: 30 min, temperature :25°C). 

 

The maximum sorption capacity of G-LDH reached 0.43 mmol/mmo based on the 

weight of gluconate, which is slightly higher than that of CRB 05 based on the N-

methylglucamine [24]. In addition, comparison of their sorption capacity variation 

curves indicated that within 30 min, G-LDH-1.5 exhibited a higher sorption rate than 

CRB05 because the resin does not disperse as well as G-LDH-1.5 in solution. As 

shown in Fig. 3.15(b), the solution turned white after G-LDH was dispersed in the 

solution, while the resin rapidly sank to the bottom. The smaller particles of G-LDH 
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are easier than CRB 05 to disperse within a shorter time in borate solution, resulting 

in sorption rates for G-LDH faster than that of CRB 05.  

3.3.6 Temperature effect on the sorption of borate by G-LDH-1.5 

    The effect of temperature on boron removal was studied over a range of 

temperatures from 25 to 55°C. According to Fig. 3.16, the sorption rates of borate by 

G-LDH-1.5 at different temperatures were similar, and increasing the temperature 

only slightly enhanced the boron sorption density after 24 h (from 0.53 mmol/g to 

0.61 mmol/g). What is more, the TOC results showed that the amount of dissolution 

of gluconate after 24 h was only slightly increased with increasing temperature (from 

2.95 mg/L at 25°C to 3.30 mg/L at 55°C), and this rise in amount of gluconate 

released into solution was too small to affect borate sorption by G-LDH-1.5. In other 

words, the sorption density of borate by G-LDH-1.5 was stable between 25 and 55 °C. 

 

Fig.3.16 Effect of temperatures on the sorption of borate by G-LDH-1.5 with elapsed 
time (sorbent: 2.5 g/L, initial B concentration: 2.5 mM, initial pH 7, reaction time: 30 
min). Inset in Fig.12 shows sorption densities of borate by G-LDH-1.5 under different 
temperatures. (sorbent: 2.5 g/L, initial B concentration: 2.5 mM, initial pH 7, reaction 
time: 24 h). 
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3.3.7 Effect of pH on the sorption of borate by G-LDH-1.5 

    The effect of the initial pH on the sorption of borate by G-LDH-1.5 is presented in 

Fig. 3.17.   Better sorption rates of borate by G-LDH-1.5 were obtained at pH 7 and 

pH 9. This is because the sorption rate of borate on G-LDH-1.5 was mainly through 

complexation between the borate and gluconate (eqs.(3.1) and (3.2)). 

 

When the pH was higher than 9.23, H3BO3 could be changed into B (OH)4
- (eq.(3.3)): 

H3BO3 + H2O ⇄ B(OH)4
– + H+   pKa 9.23      (3.3) 

So, when the initial pH was increased to 11, the main borate species in solution was 

B(OH)4
-, which cannot react with gluconate, resulting in a lower sorption rate. For pH 

4, although the boron mainly existed as H3BO3, the structure of G-LDH-1.5 was 

partially dissolved and damaged by the acidic conditions, and thus the sorption 

density of borate decreased. 
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Fig. 3.17 Effect of pH on the sorption of borate by G-LDH-1.5 with elapsed time 
(sorbent: 2.5 g/L, initial B concentration: 2.5 mM, reaction time: 30 min, 
temperature : 25°C). 

 

3.4. Conclusion 

    In this work, we successfully synthesized, in one step, a hydrotalcite-like material 

intercalated with gluconate (G-LDH) and showed through a series of batch 

experiments that G-LDH removes borate from solutions effectively. The sorption 

ability of G-LDH was much higher than that of NO3-LDH, and G-LDH performed 

well for borate removal, showing little interference from other anions. The sorption 

rate and sorption stability were higher for G-LDH than for the conventional NO3-

LDH. In addition, G-LDH showed a comparable boron sorption capacity to that of 

CRB05 because of its improved dispersibility in solution. Furthermore, FTIR, XRD 

and 11B MAS NMR results of solid residues of G-LDH and NO3-LDH after sorption 

of borate indicated that the sorption mechanism of G-LDH is complexation of borate 
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with the gluconate intercalated in the LDHs. This is different from the mechanism of 

the conventional NO3-LDH, where ion-exchange is the main borate sorption 

mechanism. Considering the application of G-LDH on an industrial scale, G-LDHs in 

powdery form would need to be immobilized within mechanically stable materials, 

and then used in a filter column or fixed bed, as a filler for a continuous reactor.  
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Chapter 4  Sorption of borate onto layered double 

hydroxides assembled on filter paper through in situ 

hydrothermal crystallization 

 

4.1. Introduction 

    In practice, solutions may contain a variety of anions that may affect borate 

sorption efficiency and interfere with boron adsorption. This is one of the key 

problems that limit the application of LDHs in water treatment. In chapter 3, this 

problem has been solved by using LDHs with gluconate. However, another drawback 

of LDHs is that they are more difficult (compared with adsorbents of larger particle 

size) to separate from water after treatment. The small size of LDHs particles means 

that precipitation and separation may take longer; in turn, more steps may be required 

for the treatment process, which limit its industrial application. To overcome these 

limitations and ensure that LDHs can be used for borate removal, separated from 

solution and also be used as fillers in fixed bed reactors for continuous treatment, it is 

critical to prevent interference from other anions and immobilize LDHs on an 

inexpensive porous carrier. 

    In this chapter, LDHs were fabricated on the surface of common filter papers using 

an in situ homogeneous precipitation accomplished by urea hydrolysis [1]. Gluconate 

and chloride were then intercalated into the LDHs interlayer to enhance sorption of 

borate. The resulting composite filters were characterized physicochemically and their 
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sorption efficiency, adsorption mechanism and factors affecting boron removal were 

investigated. 

4.2 Experimental method 

4.2.1 Chemicals 

    Magnesium nitrate (Mg(NO3)2·6H2O), aluminum nitrate nonahydrate 

(Al(NO3)3·9H2O), sodium gluconate (C6H11NaO7), boric acid (H3BO3), urea 

(CH4N2O), sodium sulfate (Na2SO4) and sodium chloride (NaCl) were used as 

received without purification (all special grade from WAKO Industrial Chemicals, 

Osaka, Japan). The main component of the filter paper (M-085, Toyo Advantec, 

Japan) used was cotton cellulose. The diameter and thickness of the filter paper were 

47 and 0.8 mm, respectively. 

4.2.2 Synthesis of materials 

4.2.2.1 Preparation of filter paper modified by LDHs with carbonate interlayer 

   1.71 g Mg(NO3)2·6H2O (6.65 mmol), 1.25 g Al(NO3)3·9H2O (3.35 mmol) and 

5.60 g urea (93.2 mmol) were completely dissolved in water to form a clear solution 

with a total volume of 50 mL. Filter paper was placed into the solution before being 

transferred into a Teflon vessel in a conventional oven at 95°C for 48 h. The paper 

was removed from the vessel, rinsed thoroughly with deionized water and dried at 

60°C overnight. The filter paper prepared in this step was termed CO3-LDH@F. 

4.2.2.2 Preparation of filter paper modified by LDHs intercalated with chloride 

    A piece of CO3-LDH@F.was placed in a plastic bottle, to which 50 mL of an 

aqueous solution containing 2.5 mmol/L HCl and 25 wt.% NaCl was added. The 

plastic bottle was sealed and placed in a thermostatted chamber at 25°C. The vessel 
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was agitated at a constant rate for 24 h. The filter paper was washed several times 

with deionized water and freeze-dried overnight. The resulting product was termed 

Cl-LDH@F. 

4.2.2.3 Preparation of filter paper modified by LDHs intercalated with gluconate 

    Chloride was ion-exchanged with gluconate in the Cl-LDH@F interlayer. First, 

sodium gluconate solutions of different concentrations were prepared by adding 0.13, 

0.53, 1.06, 2.12 or 2.65 g to water in 50-mL plastic bottles (molar ratio of 

gluconate/LDH: 5, 20, 40, 80 or 100, respectively). Cl-LDH@F was placed into a 

bottle and shaken for different reaction times (12, 24 and 48 h) before being removed, 

washed and freeze-dried overnight. Samples synthesized in this step were termed G-

LDH@F-5-24h, G-LDH@F-20-24h, G-LDH@F-40-24h, G-LDH@F-80-24h, G-

LDH@F-100-24h, G-LDH@F-40-12h, and G-LDH@F-40-48h; the first and second 

numbers represent the molar ratio of gluconate/LDH during the preparation process 

and the reaction time, respectively. The overall G-LDH@F synthesis process is shown 

in Fig. 4.1. 

 

Fig. 4.1 Schematic illustration of syntheses of CO3-LDH@F, Cl-LDH@F and G-

LDH@F. 
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4.2.3 Characterization  

    The crystalline sorbent phases were confirmed by X-ray diffraction (XRD, Ultima 

IV, Rigaku, Tokyo, Japan) with Cu Kα radiation. The accelerating voltage and 

applied current were 40 kV and 40 mA, respectively, with a scanning speed of 2°/min 

and scanning step of 0.02°. Fourier transform infrared (FTIR) spectra were collected 

on a JASCO FTIR spectrometer (FT/IR-670 Plus, Hachioji, Japan) using Attenuation 

Total Reflection methods. Filter paper morphology was observed using scanning 

electron microscopy (SEM) VE-9800 (KEYENCE, Osaka, Japan) at an accelerating 

voltage of 20 kV. 

    13C-NMR spectra were collected on a JEOL-ECA 400 (Akishima, Japan). The 

resonance frequencies and field strength were 150.91 MHz and 14.09 T, respectively. 

Chemical shifts were referenced externally to tetramethylsilane at δ 0 ppm using the 

methyl signal of hexamethylbenzene at δ 17.36 ppm as a secondary standard. Solid-

state 11B-NMR spectra for sorption residues were collected on a JOEL ECA 800 

(Akishima, Japan) with 4-mm high-speed spinning probes in a single pulse method. 

At a field strength of 18.8 T, the resonance frequency was 256.6 MHz for 11B. Typical 

acquisition parameters were spinning speed 15 kHz, pulse length 2.5 s and recycle 

delay 10 s (11B). 

    To determine the metal content, 0.05 g of filter paper, CO3-LDH@F, Cl-LDH@F 

or G-LDH@F-40-24h were added to a solution containing 7 mL of 60% HNO3 and 

0.5 mL of 30% H2O2. This solution was transferred into a Teflon vessel, placed in a 

microwave digestion system (ETHOS A, Milestone, Italy) and its temperature 

increased to 230°C in 30 min. This temperature was maintained for 20 min before 
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allowing the samples to cool to room temperature. All filter paper was then dissolved 

and the resultant solutions diluted for determination of Mg and Al by inductively 

coupled plasma atomic emission spectrometry (ICP-AES, VISTA-MPX, Seiko 

Instruments, Tokyo, Japan). 

4.2.4 Sorption experiments 

4.2.4.1 Time effect on sorption of boron by different materials 

    Filter paper, CO3-LDH@F, Cl-LDH@F or G-LDH@F-40-24h (0.5 g) were added 

to 40 mL of a 2.5 mmol/L H3BO3 solution in 50-mL bottles. The initial pH of this 

solution was adjusted to 7.0. Then, the bottles were shaken on a shaker for 20 min 

before 1 mL of liquor was removed with a syringe and filtered through a membrane 

filter (pore size 0.2 μm) for ICP-AES analysis. 

4.2.4.2 Sorption densities of different materials 

    The sorption densities of the filter paper, CO3-LDH@F, Cl-LDH@F and G-

LDH@F-40-24h were determined. Solutions of H3BO3 (0-60 mmol/L) were prepared 

and their initial pH was adjusted to 7.0. A filter paper was added to 40 mL of borate 

solution, followed by shaking at 100 rpm at 25°C. After 24 h, supernatants were 

filtered (0.2 μm) for determination of total B concentration by ICP-AES. 

4.2.4.3 Effect of competing anions 

    To explore the effects of competitive anions on the sorption of boron by G-

LDH@F-40-24h, 0.5 g sorbent was added to 40 mL of 2.5 mM boron solutions 

containing 50 mM competing anions (SO4
2- or Cl-) and the mixtures were shaken for 

24 h. After this time, the supernatant was removed and filtered through a 0.2 μm 

membrane before determination of B concentration by ICP-AES. 
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4.3 Results and discussion 

4.3.1 Characterizations 

    The XRD patterns of the filter paper and modified filter papers are shown in Fig. 

4.2. In Fig. 4.2a, the peaks located at 2θ = 14.8, 16.4, 22.6 and 33.9° are typical of the 

cellulose crystalline form and are consistent with a previous report [2]. Compared 

with the original filter paper, the XRD patterns of the CO3-LDH@F exhibited 

characteristic diffractions of hydrotalcite-like compounds (Fig. 4.2b), such as the 

peak at around 2θ = 11.9° (003), which indicates an interlayer spacing (d value) of 

7.43 Å. After deintercalation of carbonate by the HCl/NaCl solution, the XRD 

patterns of LDHs in the filter paper were similar to that of the CO3-LDH@F. 

However, the reflection for the 003 plane was shifted to a slightly lower angle, 

showing that the d value of the interlayer increased to 7.54 Å; this is because the 

attraction between Cl- and the host layers is weaker than that for CO3
2- (Fig. 4.2c) [3]. 

However, in the previous report [3], the d values found for LDHs containing CO3
2- 

and Cl- were 7.7 Å and 7.9 Å, respectively, compared with the 7.43 Å and 7.54 Å in 

the present work. We suggest two possible reasons for this. The interlayer distance for 

LDHs with the same type of anion increases with increasing Mg/Al molar ratio. This 

is because the electrostatic attraction between the excess positively charged layers is 

decreased when divalent Mg ions are substituted for trivalent Al in the LDH 

structures [4,5]. In addition, the interlayer distance of LDHs may also be influenced 

by synthetic methods. Adachi-Pagano et al. [6] showed that the interlayer distance of 

LDHs synthesized by coprecipitation at constant pH was larger (7.78 Å) than that of 

LDHs prepared by the urea method (7.36 Å). This may result from the higher 
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temperature and higher pressure in the urea method compared with the conditions 

used in the precipitation method. In Miyata’s work, the molar ratio of Mg/Al was 3.0 

and the precipitation method was used, whereas we have used the urea method with a 

molar ratio of Mg/Al of 1.8. Therefore the d values obtained in the two studies were 

different. 

 

Fig. 4.2 XRD patterns of (a) filter paper, (b) CO3-LDH@F, (c) Cl-LDH@F and (d) 
G-LDH@F-40-24h. 
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   To intercalate gluconate into the Cl-LDH@F interlayers, ion-exchange was 

conducted under different conditions (Fig. 4.3(a)). When the molar ratio of 

gluconate/LDH was 5.0 (G-LDH@F-5-24h), a weak reflection appeared at 2θ = 6.2°, 

suggesting that small amounts of Cl- in the LDHs interlayer were replaced by 

gluconate. This is because the length of a gluconate molecule (calculated as 6.4 Å) is 

larger than the diameter of Cl-, so that the interlayer space in the LDH expanded to 

accommodate gluconate, resulting in a shift in the 003 reflection (which corresponds 

to the interlayer spacing) to a smaller angle (2θ = 6.2°). With increasing molar ratio of 

gluconate/LDH during ion-exchange, the relative intensity of the 003 plane reflection 

increased as more Cl- was replaced with gluconate. For G-LDH@F-40-24h, the d 

value increased to 14.47 Å. The space occupied by gluconate in the G-LDH@F was 

estimated to be approximately 9.68 Å, because the layer thickness of the brucite-like 

LDH sheet was reported to be 4.8 Å [7, 8]. The gluconate in the G-LDH@F-40-24h is 

expected to be arranged in a bilayer with a certain angle facing the metal hydroxide 

layers [9]. Carboxylic groups in the gluconate may be orientated to the Al atoms in 

the host layers because of electrostatic interactions. However, excess gluconate 

concentrations negatively impact the G-LDH@F synthesis. In Fig. 4.3a, the 003 

reflection intensity was decreased in G-LDH@F-80-24h, and the reflections 

characteristic of hydrotalcite-like compounds mostly disappeared in G-LDH@F-100-

24h, when the molar ratio of gluconate/LDH was increased from 40 to 100. This may 

be explained as follows: when the sodium gluconate is present in the system, the pH 

of the solution increases with increasing sodium gluconate concentration, because 

equation (4.2) shifts to the left-hand side. 
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CH2OH(CHOH)4COONa  CH2OH(CHOH)4COO-+Na+       (4.1) 

CH2OH(CHOH)4COOH CH2OH(CHOH)4COO- +H +        (4.2) 

 

Fig. 4.3 XRD patterns of G-LDH@F prepared with different (a) molar ratios of 
gluconate/LDH and (b) reaction times. 

 

    Meanwhile, LDHs would be partially dissolved [10] and the increase in pH with 

increasing gluconate concentration could cause the formation of soluble Al, Al(OH)4
- 

(eq. (4.3)). 

Mg2 Al (OH)6Cl Al(OH)4
-
(aq) + 2Mg2+

(aq) + 2OH-+ Cl-            (4.3) 

During the gluconate intercalation of gluconate into the Cl--containing interlayers, 

gluconate (CH2OH(CHOH)4COO-) could be complexed with Mg2+ ions (eq. (4.4)) 

since the stability constant for Mg gluconate complex was reported to be log K = 0.7 

101 
 



 
 

at 25°C [11]; this reaction could then consume Mg2+ and enhance the dissolution of 

the LDHs.  

2CH2OH(CHOH)4COO- + Mg2+ Mg (CH2OH(CHOH)4COO)2        (4.4) 

Therefore, there was less LDH than expected in F-LDH-G samples prepared using 

higher sodium gluconate concentrations. 

    The reaction time is also an important factor for gluconate intercalation. Fig. 4.3b 

shows XRD patterns for the solid residues of G-LDH@F collected at different time 

intervals. Within 12 h, broadened peaks assigned to LDHs intercalated with gluconate 

appeared, suggesting incomplete formation of G-LDH@F. After 24 h these reflections 

became clearer, and an additional 24 h may be slightly beneficial to intercalation, 

since the interlayer spacing increased further; however, excess time lowers the 

efficiency of the synthesis. Therefore, G-LDH@F-40-24h was chosen as the optimal 

sorbent for subsequent experiments.  

 

Fig. 4.4 SEM images of (a) filter paper, (b) CO3-LDH@F, (c) Cl-LDH@F and (d) G-
LDH@F-40-24h; horizontal bars indicate 10.00 µm. Insets show expanded SEM 
images of fiber surface; horizontal bars indicate 1.00 µm. 
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    From SEM observations, the CO3-LDH@F, Cl-LDH@F and G-LDH@F-40-24h 

morphologies were altered as shown in Fig. 4.4 and the alterations were especially 

clear at higher magnification (Fig. 4.4(b)-(d), insets). Fig. 4.4(a) shows the smooth 

surface of the filter paper before hydrothermal treatment. After treatment, hexagonal 

CO3-LDH, 2 μm in size and approximately 10 nm thick, grew on the surface of the 

cotton fibers (Fig. 4.4(b) inset), since filter paper contains an abundance of hydroxyl 

groups. These hydroxyl groups may anchor the Mg2+ and Al3+ precursors to the 

cellulose fibers, thus facilitating the growth of the LDH coating (Fig. 4.4(b)) [12]. 

After deintercalation of CO3-LDH using HCl/NaCl solution, no significant change in 

shape and size of the LDH-Cl was observed (Fig. 4.4(c)). However, the shape and 

size of the LDHs in the filter paper became more uniform after ion-exchange with 

gluconate in the guest layers. In addition, the morphology was influenced by the 

molar ratios of gluconate/LDH during ion-exchange (Fig. 4.5).  

 

Fig. 4.5 SEM images of G-LDH@F prepared from different molar ratios of 
gluconate/LDH, (a) 20, (b) 40, (c) 80 and (d) 100. Horizontal bars indicate 2 µm. 
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    This may be attributed to complexation of gluconate with Mg2+ ions and the release 

of Al(OH)4
-, which was partially dissolved from the host layers in LDHs during the 

ion-exchange of Cl- with gluconate, as shown in Table 4.1. From Table 4.1, the ion-

exchange process did not change the Mg/Al molar ratio significantly (it remained 

~1.8), although the metal contents per gram of filter decreased from 1.294 to 0.482 

mmol/g for Mg and 0.706 to 0.266 mmol/g for Al (Table 4.1).  

    Table 4.1 Mg and Al contents and the molar ratio of Mg/Al in different sorbents 

Sample Mg 

(mmol/g) 

Al 

(mmol/g) 

Contents of LDHs 
in one filter paer 

(g/g) 

Molar ratio of  

Mg/Al 

CO3-LDH@F 1.294 0.706 0.167 1.83 

Cl-LDH@F 1.166 0.623 0.132 1.87 

G-LDH@F-40-24 0.482 0.266 0.098 1.81 

 

    This loss in metal content in the filter paper also caused morphological changes in 

the LDH (Fig. 4.4(d)). Fig. 4.4(a and b) show that the growth orientation of the ab 

face (Fig. 4.1) of the CO3-LDH and Cl-LDH particles is perpendicular to the fiber and 

follows the evolution selection growth mechanism first used by [12, 13] to explain the 

orientation of a Zn-Al-LDH film fabricated on pure aluminum. For the G-LDH@F-

40-24h, however, LDHs were orientated with their c-axes perpendicular to the 

substrate. This could be the result of LDHs dissolution during synthesis and damage 

to the stacking structure. The FTIR spectrum of the raw filter paper (Fig. 4.6(b)) 

shows adsorption bands at 990 and 1030 cm-1 characteristic of the skeletal vibration 

of ν(C-O) and a peak at 1110 cm-1, which is assigned to the stretching vibration mode 
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of ν(C-O) in C-OH [14]. Based on the previous report [15], the weak adsorption band 

at 1430 cm-1 is assigned to the CH2 in cellulose. 

 

Fig. 4.6 FTIR spectra from 400 to 1800 cm-1 for (a) filter paper, (b) CO3-LDH@F, (c) 
Cl-LDH@F and (d) G-LDH@F-40-24h. Inset shows FTIR spectra from 400 to 4000 
cm-1 for (a) filter paper, (b) CO3-LDH@F, (c) Cl-LDH@F and (d) G-LDH@F-40-24h. 

 

    Additionally there is one broad band at 3300-3400 cm-1 and noisy signals at 3600-

3650 cm-1, which are attributed to ν(OH) in all spectra (Fig. 4.6(a)). The former is 

assigned to hydrogen-bonded O-H stretching and the latter to free O-H stretching in 

adsorbed water molecules included in the LDHs [16]. A peak around 1616 cm-1 is 

also assigned to the H-O-H bending vibration mode of water molecules (Fig. 4.6(b)) 

[17]. The hydroxyl groups on the surface of the fibers supply preferable conditions for 

growth of LDHs. Compared with the raw filter paper, CO3-LDH@F has a strong peak 

at 1354 cm-1 (Fig. 4.6(b)) attributed to the asymmetric stretching vibration mode of 

νas (C-O) in CO3
2- [6]; a similar peak was reported previously when CO3-LDH was 

prepared using the urea method [18]. After treatment with HCl/NaCl solution, 

105 
 



 
 

elimination of CO3
2- can be confirmed from the FTIR spectrum of Cl-LDH@F, where 

the asymmetric stretching vibration mode of νas (C-O) at 1354 cm-1 almost 

disappeared (Fig. 4.6(b)). Subsequently, Cl- in LDH@F was replaced with gluconate, 

resulting in an increase in the intensity of a band at 1634 cm-1, assigned to the 

asymmetric stretching vibration mode of νas (C=O) compared with that found in Cl-

LDH@F (Fig. 4.6(b)); this increase in intensity was probably due to the carboxylate 

in gluconate. Since the characteristic peaks derived from gluconate are not clear in the 

FTIR spectra, 13C-NMR was used for further confirmation.  

    Fig. 4.7 represents the liquid 13C-NMR spectra of sodium gluconate and the acid-

extracted solution of G-LDH@F. In 13C-NMR spectrum for sodium gluconate, a peak 

assigned to the carboxylic carbon was located at the highest chemical shift, around 

178.66 ppm [19]. Another five peaks located at 74.28, 72.81, 71.44, 71.18 and 62.89 

ppm are assigned to carbons bound to -OH groups (Fig. 4.7(a)). The peak at 62.89 

ppm is assigned to -CH2-OH. Compared with the 13C-NMR spectrum of F-LDH-G-

40-24h, similar chemical shifts were observed, although some small peaks may 

originate from the acid-extraction process (Fig. 4.7(b)). Combining the results of 

XRD, FTIR and 13C-NMR shows that gluconate was successfully intercalated into the 

LDH@F.   
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Fig. 4.7 Liquid 13C-NMR spectra for (a) sodium gluconate and (b) acidic solution of 
G-LDH@F-40-24h. 

 

4.3.2 Boron removal by F-LDH 

    The sorption densities of borate (Fig. 4.8) after 20 min by filter paper, CO3-

LDH@F, Cl-LDH@F and G-LDH@F-40-24h were 0, 0, 0.01 and 0.18 mmol/g, 

respectively. However, the sorption densities of borate by different materials changed 

when the reaction time was increased to 24 h and also depended upon the initial 

borate concentration. 
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Fig. 4.8 Sorption densities of borate after 24 h on (a) filter paper, (b) CO3-LDH@F, 
(c) Cl-LDH@F and (d) G-LDH@F-40-24h. Inset shows sorption density of different 
sorbents after 20 min. Amount of sorbent: one piece of filter paper (0.5 g) in 40 mL; 
initial boron concentration: 2.5 mM; initial pH: 7.0. 

 

    After 24 h, the sorption densities of G-LDH@F-40-24h and Cl-LDH@F were 0.18 

mmol/g and 0.19 mmol/g. To compare the sorption densities of borate by LDHs in the 

filter with other reports, the sorption densities of LDHs in G-LDH@F-40-24h and Cl-

LDH@F were calculated based on the weight of LDH in one filter (mmol/g-LDH). 

The sorption densities of borate by different LDHs in G-LDH@F-40-24h and Cl-

LDH@F were calculated in this way as 1.83 mmol/g-LDH and 1.44 mmol/g-LDH, 

respectively. These values are greater than the 1.29 mmol/g-LDH and 1.20 mmol/g-

LDH reported by [20] and [21]. This may be because the LDHs powders were 

dispersed onto the surface of filter paper to avoid agglomeration.   

    Furthermore, the greatest boron-sorption density value was achieved by G-

LDH@F-40-24h at low initial borate concentration while Cl-LDH@F had the greatest 

sorption density at higher initial borate concentration. Differences in sorption density 
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may arise because of different sorption mechanisms in G-LDH@F-40-24h and Cl-

LDH@F, CO3-LDH@F and filter paper. CO3-LDH and Cl-LDH appear to have a 

similar ion-exchange mechanism; that is, intercalation to immobilize pollutants. The 

attraction between the carbonate and LDH metal layer, which is stronger than that of 

the chloride ion, results in a smaller sorption density of borate. Owing to their better 

performance, the sorption mechanisms of G-LDH@F-40-24h and Cl-LDH@F were 

studied further. 

 

Fig. 4.9 Solid 11B MAS NMR of Cl-LDH@F and G-LDH@F-40-24h after sorption of 
borate. 

 

    11B MAS NMR spectra for the solid residues after borate sorption are shown in Fig. 

4.9. Comparison of Cl-LDH@F and G-LDH@F-40-24h after borate sorption shows 

that the coordination of borate was different. In Cl-LDH@F, the chemical shifts of the 

main boron peaks are at 1.6 and 16.8 ppm, indicating that B(OH)4
- and H3BO3 are 

present in the solid residues [22,23]. The existence of B(OH)4
- demonstrates that the 
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sorption of borate onto Cl-LDH@F is explained by ion-exchange of Cl- with B(OH)4
-. 

Some H3BO3 molecules may enter into the interlayers of the LDHs structure together 

with the aqueous solution or be present and become fixed in the filter paper interspace. 

In the F-G-LDH@F-40-24h, however, boron is mainly immobilized in four forms. 

The first gives a peak at 5-6 ppm, and was assigned to mono-complexes. The second 

is located at 10.1 ppm and exists in bis-complexes, similar to the complexes formed 

by boron-specific resins [24]. The other two peaks are located at 1.7 and 16.7 ppm 

and are assigned to B(OH)4
- and H3BO3, as they were for Cl-LDH@F. These B 

species could enter into the LDH’s structure and/or exist in filter paper through ion-

exchange or by entry with the aqueous solution, analogous to Cl-LDH@F. In addition, 

from the Fig. 4.9, it could be noticed that different type of monodentate and bidentate 

compounds may be existed in the products since there are several peaks with different 

chemical shift in the similar range. Base on previously reports, reaction between 

multi-hydroxyl molecule and borate can form different compounds [25]. But there are 

difficult to distinguish from the 11B-NMR.  

    Meanwhile, in the reaction process, the structure is undamaged, because the XRD 

patterns are similar to those before sorption (Fig. 4.10). However, it is worth noting 

that the interlayer distance changed with sorption of borate. The layer distance of Cl-

LDH@F increased from 7.54 Å to 7.74 Å when the chloride ions were replaced with 

borate after sorption, resulting in an expanded layer distance because of the larger 

molecular size of borate. In contrast, the interlayer distance of G-LDH@F-40-24h 

decreased from 14.47 Å to 12.64 Å after borate sorption. This occurred because a part 

of the gluconates is released for each borate molecule adsorbed during the sorption 

process. The second reason is that the gluconates between the layers are arranged in a 

bilayer structure, and the carboxylic groups with negative charge may face mainly 
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towards the Al3+ ions in the metallic layers before sorption. When borate is 

complexed with gluconate, the negatively charged sites should change. Therefore, 

complexation leads to different arrangements in the LDHs, which may decrease the 

interlayer distances.  

Fig. 4.10 XRD patterns for (a) Cl-LDH@F and (b) G-LDH@F -40-24h before and 
after borate sorption. 

 

    Based on the above discussion, a boron-sorption mechanism is proposed in Fig. 

4.11. H3BO3 and B(OH)4
- that may enter into the LDHs of the filter paper react 

differently with different materials. In the Cl-LDH system, B(OH)4
- is removed from 

solution through ion-exchange with the Cl- ion in the LDHs guest layers. However, 

the removal of borate by G-LDH@F-40-24h occurs mainly through complexation as 

mono- and bidentate complexes. 
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Fig. 4.11 Schematic illustrations of sorption mechanism of borate onto Cl-LDH@F 
and G-LDH@F-40-24h. 

 

4.3.2 Sorption of borate in the presence of coexisting anions 

    Coexisting anions such as hydrogen carbonate, sulfate and chloride occur in 

aqueous environments and may interfere with the absorption of borate onto LDHs. 

Polyvalent anions and ions that can be ionized into polyvalent anions may be 

especially problematic in practical cases. This is because polyvalent anions have a 

strong electrostatic interaction with the metallic layers in LDHs and can be easily 

exchanged into the guest layers in LDHs, occupying absorption sites and impacting 

pollutant removal. The sorption density of borate onto G-LDH@F-40-24h was 

investigated at an initial pH of 7.00 in the presence of coexisting anions (sulfate and 
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chloride), which are common in natural and industrial environments (Fig. 4.12). The 

sorption density of borate onto Cl-LDH@F decreased from 0.03 mmol/g to almost 0 

mmol/g in the presence of coexisting anions. This occurs because the binding force of 

the LDH host layers with sulfate is greater than that with B(OH)4
-. However, for G-

LDH@F-40-24h, the sorption density of borate was not seriously influenced by 

coexisting anions. The amount of borate removed by G-LDH@F-40-24h is 

approximately 0.05 mmol/g, which is almost equal to that in borate solution without 

coexisting anions. This may occur because the mono-complex of borate with 

gluconate has a charge of -2, while the bi-complex of one borate with two gluconate 

groups has a charge of -3. Anions with larger valence states are more easily 

immobilized into the LDH layers. As a consequence, G-LDH@F-40-24h showed 

stronger sorption densities and selectivity for borate removal. 

Fig. 4.12 Effects of coexisting anions on boron-sorption density onto Cl-LDH@F and 
G-LDH@F-40-24h. Amount of sorbent: one piece of filter paper (0.5 g) in 40 mL; 
coexisting anion concentration: 50 mM; initial boron concentration: 2.5 mM; initial 
pH: 7.0; reaction time: 24 h. 
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4.4 Conclusion 

    In this work, we synthesized a novel composite for borate sorption by in situ 

microwave-assisted crystal growth, in which gluconate-intercalated LDHs was 

assembled on the surface of filter paper. Inexpensive and environmentally friendly 

gluconate was intercalated as the interlayer LDHs anion in this composite filter paper 

to enhance the sorption density of the modified filter paper. The sorption results 

demonstrated that G-LDH@F-40-24h removes borate efficiently from solution in the 

presence of coexisting anions, and does so more rapidly and steadily than Cl-LDH@F 

or CO3-LDH@F. Based on FTIR, XRD and 11B-NMR characterization of solid 

residues of G-LDH@F-40-24h and Cl-LDH@F after sorption, a possible adsorption 

mechanism was proposed. It is suggested that the borate is removed by G-LDH@F-

40-24h mainly because gluconate intercalation results in rapid borate complexation. 
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Chapter 5   Conclusions  

 

    Boron and its compounds have a wide variety of applications, such as in the 

chemical industry, electronics and medicine. However, excess boron is harmful to 

organisms.  Methods for borate removal are developed and LDHs, which is similar in 

structure to the naturally occurring hydrotalcite mineral, has been proved that it can 

remove borate from the water solution efficiently. However, some shortcomings of 

LDHs that limited the application in engineering were also suggested by many 

researchers. Therefore, this thesis focuses on weak points of LDHs and solved them 

by using different modified methods. All the products are characterized and their 

application and mechanism in boron removal were investigated from the perspective 

of environmental and engineering. 

    In Chapter 1, a brief background of previous works regarding the environmental 

distribution and harmful of boron compounds was overviewed and then the 

conventional methods on boron compounds removal were also introduced.  Finally, 

the structure and application of LDHs were summarized and the reasons and purposes 

of this thesis were explained.   

    A hydrotalcite-like compound prepared through chemical deposition using calcined 

dolomite as the magnesium source (DLDH) was synthesized and applied to remove 

borate in Chapter 2. DLDH calcined at different temperatures was characterized by 

specific surface area measurements, scanning electron microscope images, X-ray 

diffraction (XRD) patterns, and Fourier transform infrared (FTIR) spectra to optimize 

the calcination temperature and maximize the sorption capacity of borate. Greater 
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sorption density of borate was observed at higher calcination temperature, and the 

sample calcined at 700 °C showed the maximum sorption density. In addition, the 

sorption density of borate by DLDH calcined at 700 °C decreased with increasing 

initial pH. Solid residues after the sorption of borate were characterized by FTIR, 11B 

NMR (11Boron nuclear magnetic resonance), and XRD to explore the sorption 

mechanism of the calcined product at 700 °C. 

    In Chapter 2 and other previous reports, coexisting anions in the solution 

influenced the sorption of borate by traditional LDHs. In Chapter 3, LDHs 

intercalated with gluconate (G-LDH) was synthesized through a one-step microwave-

assisted treatment and characterized by XRD, TEM, FTIR, TG/DTA and two-

dimensional 11B NMR. Several factors that influence sorption of borate were 

investigated: gluconate content in the LDH, G-LDH dosage, coexisting anions, initial 

pH of borate solution and sorption temperature. The synthesized adsorbent exhibited a 

greater borate sorption rate than the traditional hydrotalcite (NO3-LDH) or a boron-

specific resin. The maximum sorption capacity was 1.27 mmol/g (obtained by fitting 

to the Langmuir model). The G-LDH sorption density increased with increasing initial 

borate concentration and adsorbent dosage. In the presence of 50 mM sulfate, sorption 

of borate by NO3-LDH significantly decreased and no obvious sorption could be 

observed, whereas the sorption of borate by G-LDH was maintained at 0.57 mmol/g. 

11B NMR indicated that the sorption mechanism of borate by G-LDH is mainly 

through bischelate and monodentate types of complexation with borate. This 

mechanism is similar to that of CRB05, and fundamentally different from that of 

NO3-LDH. Moreover, this prepared also can use dolomite as raw materials to instead 

of Mg(NO3)2. 
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    LDHs intercalated gluconate has shown good performance in the borate removal in 

Chapter 3. However, this kind of product with small particles is difficult to separate 

from water solution and apply to industrial application. In Chapter 4, novel 

composites of Mg-Al type of LDH, synthesized onto filter papers and then 

intercalated with gluconate (G-LDH@F) were prepared. LDHs with interlayer of 

carbonate form was first immobilized onto the surface of filter paper (CO3-LDH@F) 

by in situ hydrothermal crystallization, and then ion-exchanged sequentially with 

chloride (Cl-LDH@F) followed by gluconate. The influence of the molar ratio of 

gluconate/LDH and reaction time on G-LDH@F synthesis was explored. Products 

were characterized by XRD, SEM, FTIR and NMR as well as measurements of borate 

sorption. The optimal molar ratio of gluconate/LDHs and reaction time for preparing 

G-LDH@F from Cl-LDH@F were 40 and 24 h (G-LDH@F-40-24 h), respectively. 

G-LDH@F-40-24 h had higher sorption density and greater stability than both the 

original filter paper and the filter papers containing other LDHs, even in the presence 

of other anions. 11B NMR and XRD results indicate that the principal mechanism for 

borate immobilization on G-LDH@F-40-24 h is complexation of gluconate with 

borate in both bischelate and monodentate forms. The novel composite is boron-

specific and facilitates solid/liquid separation. 

In Chapter 5, the main experiments and important conclusions of this research 

were summarized. From these chapters, the results of the removal of borate from the 

solution by the products we synthesized are satisfactory. However, at the present stage, 

new sorption materials such as LDHs cannot compete against the resin in market 

competition for the reason that the stability, recycling capability, toxicity and 

environmental impact of them still need to be further studied.  But due to the special 

sorption capability of LDHs or other new materials, they can still be used to deal with 
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the environmental emergency. Hence, I also believe that new materials will be playing 

an increasingly significant role in the field of environment after further development. 
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