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Abstract 
The idea of using diamond and diamond containing materials in separation sciences has 

attracted a strong interest in the past decade. The combination of a unique range of properties, 

such as chemical inertness, mechanical, thermal and hydrolytic stability, excellent thermal 

conductivity with minimal thermal expansion and intriguing adsorption properties makes 

diamond a promising material for use in various modes of chromatography. This Thesis is 

dedicated to the preparation and investigation of diamond based stationary phases for ultra 

high-performance liquid chromatography. The Thesis consists of 6 chapters: introduction and 

literature review, experimental Chapter, and four research Chapters. 

The information about the recent research on the preparation of diamond based 

stationary phases, their properties and chromatographic performance is summarised in 

Chapter 1. Special attention is devoted to the dominant retention mechanisms evident for 

particular diamond related materials, and their subsequent applicability to various modes of 

liquid chromatography, including liquid chromatography carried out under the conditions of 

high temperature and pressure. Advantages and drawbacks of diamond-based stationary 

phases described in literature are analysed. According to the literature review, it is decided to 

investigate chromatographic performance of non-modified non-porous high pressure high 

temperature (HPHT) diamond with 1.6 µm particles and a surface area 5.1 m2·g-1.  

Chapter 2 contains the general information on materials and instrumentation used in 

this work, as well as the description of methods and calculations.  

A purification procedure for HPHT diamond is developed and its surface properties are 

characterised using various physical chemical methods in Chapter 3. It is shown that this 

material possesses a hydrophilic surface which displays various oxygen-containing groups, 

including carboxyl, carbonyl, hydroxyl, and others. Next, optimisation of particle shape and 

size distribution is performed by means of oxidative digestion and sedimentation. After that, 

the column packing procedure is developed. It is shown that better column packings can be 

achieved by using a water-based slurry with an addition of 10 mM NaOH, while use of 

organic solvents does not provide stable packed beds. Finally, it is established that packing 

pressure has to be kept as high as possible, and column after-packing conditioning with 

HNO3 helps to improve peak shape.  

The resultant columns exhibit a maximum efficiency of 128,200 theoretical plates per 

meter in normal phase (NP) liquid chromatography, as shown in Chapter 4. The retention 

behaviour of several classes of compounds, including alkyl benzenes, polyaromatic 



 

xi 
 

hydrocarbons, alkylphenylketones, phenols, and aromatic acids and bases are studied using n-

hexane – IPA mixtures as a mobile phase. The results are compared with those observed for 

microdispersed sintered detonation nanodiamond (MSDN) and porous graphitic carbon. 

HPHT diamond revealed distinctive separation selectivity, which is orthogonal to that 

observed for porous graphitic carbon (Hypercarb); while selectivities of HPHT diamond and 

MSDN are similar. Owing to the non-porous nature of the particles, columns packed with 

HPHT diamond exhibit excellent mass transfer, and separations of 4, 6 and 9 model 

compounds are presented.  

Furthermore, HPHT diamond is tested as a stationary phase in aqueous normal phase 

(HILIC/ANP) chromatography using acetonitrile/water and methanol/water mobile phases in 

Chapter 5. The retention of several classes of compounds is investigated, including 

nucleobases, quaternary ammonium salts, carboxylic acids, phenols and their derivatives. The 

column performance is studied within a large pH range (2.2-12.7) using several buffering 

mixtures (trifluoroacetic, ammonium formate, ammonia and several hydroxides). The main 

retention mechanisms for HPHT diamond include cation exchange and hydrogen bonding. 

Both buffer and organic modifier (acetonitrile/methanol) have a crucial influence on the 

HPHT diamond column selectivity. A complete selectivity reversal is observed for different 

groups of solutes as a result of changes in mobile phase composition. 

During the research on chromatographic properties of HPHT diamond, an assumption 

is made that the adsorption of cations and anions on the surface of diamond has a strong 

effect on its chromatographic performance. For example, it is shown that column 

conditioning with HNO3, H2SO4 or H3PO4 leads to different column selectivities in NP-

HPLC, and the use of NaOH and KOH solutions of equal concentration in ANP-HPLC 

results in different retention of nucleobases and phenolic compounds. Therefore, the 

adsorption of cations and anions on the diamond surface is studied in Chapter 6. MSDN is 

used for the investigation of the adsorption of inorganic cations and anions due to the higher 

surface area of MSDN as compared to HPHT diamond.  

The selectivity series Fe3+ > Al3+ > Cu2+ > Mn2+ > Zn2+ > Cd2+ > Co2+ > Ni2+ is found 

for MSDN, and the adsorption capacity for these metals is between 2 and 5 µmol·g-1. Counter 

ions can contribute to the adsorption mechanism for transition metals, and the buffer 

influence on the adsorption of metals is revealed. Accordingly, the adsorption of inorganic 

anions (CH3COO-, Cl-, B4O7
2-, ClO4

-, I-, SO4
2-, C2O4

2-, PO4
3-) on MSDN is investigated. The 

adsorption capacity for inorganic anions is at levels of 50-150 µmol·g-1, depending on the 

anion. For the first time, an anion exchange capacity is detected for detonation nanodiamond, 
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exceeding its cation-exchange capacity. Electrostatic interactions, formation of complexes 

with hydroxyls and interactions with metal impurities contribute to the anion adsorption 

mechanism, so anion adsorption selectivity over MSDN is different from common anion 

exchangers. It is shown that the adsorption on MSDN obeys Langmuir law. The pH affects 

the adsorption of SO4
2-, PO4

3- and B4O7
2- differently due to different adsorption mechanisms. 
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Chapter 1. Literature review: Diamond based adsorbents and their 

application in chromatography. 
 

1.1. Introduction 

Current trends in chromatography are based upon a growing need for an increase in 

column performance, in terms of both resolution and efficiency, whilst simultaneously 

reducing analysis times. One route to improved chromatographic performance is to operate at 

the higher regions of both temperature and pressure. However, this route demands additional 

requirements for the stationary phases, namely greater mechanical strength, better thermal 

stability and enhanced chemical resistance to the solvents. Traditional stationary phases, 

including silica or alumina, do not satisfy these emerging requirements, and as such cannot be 

used under these severe conditions. Silica and alumina based sorbents cannot be used at 

higher temperatures due to limited hydrolytic stability, particularly outside of a rather narrow 

operational pH range (~pH 2–8). In addition, often it is very difficult to eliminate all residual 

polar hydroxyl groups from these materials during or following the attachment of non-polar 

ligands to the surface of the substrate. Such bonded phases are often themselves brittle and 

unstable, especially once again at conditions of high pressure and temperature. For these 

reasons, the search for new materials with improved chromatographic performance under a 

wider variety of conditions is an important task, which requires on-going attention [1]. 

 Diamond, in various forms, has recently become easily accessible, and at relatively 

low costs, following a series of developments in the technologies available for diamond 

production [2-6]. Such developments, which have taken place sporadically over the last 40–

50 years, include advances in high pressure, high temperature synthesis (HPHT), chemical 

vapour deposition (CVD), and detonation synthesis (DND). Diamond combines mechanical, 

thermal and chemical and hydrolytic stability with excellent thermal conductivity and 

negligible thermal expansion, absence of shrinking or swelling in the presence of inorganic or 

organic solvents. The surface of diamond can be relatively easily modified in order to 

produce either hydrophilic or hydrophobic properties. Together, all of these advantages make 

diamond a very promising material for use as a potential stationary phase for various types of 

chromatography, particularly those operational under so-called ‘harsh’ separation conditions, 

such as high temperature and ultra-high pressure modes of liquid chromatography [1,7].  

With the development of new diamond manufacturing technologies, as well as those for 

related carbon-based materials, interest in their application within chromatography has 
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obviously grown, and this is reflected in the steadily growing number of publications in this 

area [8,9]. The growth in publications is certainly likely to continue, as commercial 

manufacturing of diamond composed HPLC columns has now become a reality [10,11].  

This review is therefore focused upon recent progress in the chromatographic 

application of diamond-based materials. The review begins by covering the main physical 

and chemical properties of various diamond containing materials. Considerable emphasis will 

be placed upon the properties of diamond, which are important for chromatographic 

purposes, including particle size distribution and shape, porous structure, types and 

concentration of functional groups at the surface and stability/reactivity of particles. 

Properties of diamond may vary significantly with the type of production and nature of 

purification methods, so surface modification has become common practice to attune the 

diamond surface for subsequent applications. Therefore, the most common ways of diamond 

surface modification and functionalisation, as relevant to preparation of diamond based 

stationary phases, including composite materials, will also be covered within. Finally, the 

application of diamond-based adsorbents in different modes of chromatography will be 

critically reviewed, and the future opportunities and directions considered. 

 

1.2. Properties of various forms of diamond and preparation of adsorbents 

1.2.1. General properties of diamond 

Diamond is a transparent crystalline substance, colourless or pale yellow (diamonds of 

other colours are also known), consisting of pure sp3-carbon in a face-centred cubic lattice. 

Diamond possesses an outstanding hardness of 10 on the Mohs scale, a density of 3.5 g·cm−3, 

excellent thermal conductivity of 800–2300 W·m−1K−1, negligible thermal expansion with a 

linear thermal expansion coefficient of 8 × 10−7 K−1, and Young’s modulus of 1050 GPa [1]. 

Undoped diamond is an excellent insulator with electrical resistivity in the order of 1020 

Ω·cm at 20 °C. However, doping with boron can result in a substantial decrease in electrical 

resistivity between 5 and 100 mΩ·cm. Typical boron dopant concentrations in diamond are 

between 500 and 10 000 ppm or 1019–1021 atoms·cm−3 [2,12]. Facet dependence of certain 

properties, including electrical properties is also reported for diamond nanocrystals [13]. 

Diamond is a chemically inert material, stable until 1000 °C under vacuum and until 400 °C 

in the air [14].  

Natural diamond has obviously been a valuable resource for man for three millennia. 

Attempts to produce synthetic diamond were first undertaken towards the end of nineteenth 

century, although the first reproducible methods only emerged in the 1950s. Unsurprisingly, 
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since that time the number of publications in this area has increased dramatically [2]. 

Unfortunately, natural diamond is a low abundant precious mineral of very high value. Thus, 

the use of natural diamond in chromatography is obviously rather impractical. However, the 

demonstration of natural diamond particles as a chromatographic sorbent has indeed been 

reported [15]. 

Currently, between 8 and 10 methods for the synthesis of diamond have been 

developed, of which a number have practical value for the preparation of diamond and 

diamond composite based chromatographic stationary phases. These include (a) high pressure 

high temperature (HPHT) diamond synthesis, (b) detonation synthesis producing single digit 

detonation nanodiamond (SDND), and subsequent aggregates, including microdispersed 

sintered detonation nanodiamond (MSDN), and (c) diamond obtained by chemical vapour 

deposition (CVD) or by microwave plasma assisted CVD (MPCVD). Table 1.1 summarises 

the main methods of synthesis of diamond used for the preparation of chromatographic 

adsorbents and their properties, whilst Fig. 1.1 shows SEM images of a number of basic 

forms of diamond, prepared using the above synthetic technologies, suitable for the 

preparation of chromatographic stationary phases. 

In practical terms, only HPHT technology is currently used for the preparation of 

diamond particles of diameters greater than a few microns, which is appropriate for direct use 

as column packing, whilst CVD based processes are more suited to the preparation of 

nanofilms and nanodiamond coatings. HPHT synthetic diamond, which can be produced at 

the centimetre scale, has the closest characteristics to natural diamond, related to the fact that 

HPHT synthesis induces direct phase transitions from graphite to diamond, similar to the 

natural process. Mechanisms for other, less popular methods of diamond manufacturing such 

as laser assisted [34], electrochemical [35] or hydrothermal synthesis from silicon carbide 

[36] may vary, but normally involve the assembling of diamond crystallites from carbon 

atoms, ions or multi-atom fragments from the gas or liquid phase. Technically, such 

processes are possible at much lower temperatures and pressures, and tend to lead to smaller 

particle formation (3–200 nm). 
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Table 1.1. Types and characteristics of diamond containing materials used in chromatography. 

Substrate Comments dP, µm S, m2·g-1 Dp, nm Separation mode Refs. 

Natural diamond Properties vary on origin, impurities content may be very high 
and inconsistent 

10 ~ 1.71/dP nonporous RP-HPLC 
 

[15] 

HPHT diamond crystalline 
particles 

Contaminated by metal catalysts (Co, Ni and others), lattice 
defects and morphology depend on synthesis, surface free of 
functionalities  

1-6  ~ 1.71/dP nonporous NP- and RP-HPLC, mixer 
for post column reactions 

[16-18] 

Polymer embedded HPHT 
diamond particles  

Polymer layer provides different adsorption properties, and 
makes adsorbent less mechanically and thermally stable 

1-2 ~ 1.71/dP nonporous RP HPLC [16] 

Polycrystalline aggregates 
formed by 5-30 nm NDs 

Both DND and HPHT nanoparticles can form stable aggregates, 
high backpressure in columns 

< 0.15 160-220 no data GC  [19] 

Solid support (CaF2, SiO2, 
Al2O3, PTFE, etc) mixed 
with NDs or coated  

1 – 20 w/w % of DNDs in adsorbents, bare, hydrogenated and 
chlorinated DNDs are studied  

200-630 - - GC [20-22] 

MSDN  Sintered DND nanoparticles with developed porous structure; 
surface contains residual sp2 carbon, various functional groups 
and elemental impurities  

2-5 153-216 1.2-7.5 IC, NP- and RP HPLC, 
HILIC, high-temperature 
chromatography 

[23-26] 

Macroporous polysaccharide 
particles, pores filled with 
DND hydrosoles 

Adsorbents contains 8.2-12.0 mg·mL-1 of specially treated DND 
aggregates of 3-250 nm size 

60-200 no data no data Low-pressure affinity 
chromatography 

[27,28] 

Core-shell composites with 
DND/polymer layers 

Spherical glassy carbon or amorphous carbon microparticles 
LbL coated with PEI and DNDs; amino groups from PEI layer 
may be additionally modified with alkyl- and hydroxyl- groups  

3.3-4.0a 15-45a, 28-70a, RP-HPLC, HILIC, mixed 
mode chromatography 

[29,30] 

Diamond microparticles LbL coated with PEI and 10-50 nm 
particles of HPHT diamonds 

1.7 19.4-30.3 20.4 NP- and RP-HPLC [31] 

Microspherical particles of 
aggregated NDs coated with 
diamond layer 

Spray dried formation of DND/PEG or HPHT/PEG particles 
followed by oxidation, MPCVD diamond coating, oxidation 
and hydrogen plasma treatment 

3.5-9.0 295-333 8.1-10.2 RP-HPLC [32] 

MPCVD diamond  Smooth surface independent on the film thickness used for 
coating of diamond aggregates; crushed grains of boron doped 
diamond 

8-12 1.0 - electromodulated 
chromatography, 
preparation of adsorbents  

[32,33] 

a Shell thickness 0.2–0.25 µm.  
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Fig. 1.1. SEM/TEM images of various forms of synthetic diamond, including (a) HPHT 

diamond, (b) SDND, (c) MSDN and (d) CVD diamond. 
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The properties of diamond, especially of nanodiamond, depend on size, shape, crystal 

structure and surface chemistry of particles [37,38]. Cubic, 3C is the most abundant and stable 

crystalline form of diamond, which usually occurs in nature and is produced by HPHT 

synthesis. Hexagonal, 2H diamond, also known as lonsdaleite, was discovered in 1967 in 

meteorite residues, and lately found in DND and CVD diamond. More rare diamond 

polytypes were also recorded in CVD diamond. Obviously, electronic properties, surface 

tension, and, more significantly, adsorption properties of diamond are related to planar atom 

density at the surface of diamond and number of dangling (missing bonds with neighbour 

atoms or broken atom bonds) bonds for carbon atoms [39]. For the characteristic planes in a 

face-centered cubic (fcc) lattice of diamond crystal structure the planar density decreases in 

the following order 4/a2 (111) > 2√2/a2 (110) > 2/a2 (100), where a is the lattice constant. 

Each surface carbon atom has one dangling bond in the hexagonal (111) and square (110) 

array of atoms and two dangling bonds in case of square arrays of atoms (100). The difference 

in the surface properties could be significant for the different planes. For example, theoretical 

calculations show a possibility of the formation of different charge-transfer complexes 

between graphene and diamond (111) surfaces and no charge transfer is detected between 

graphene and diamond (100) surfaces [40]. 

The polarity of the diamond surface is important for understanding its application as a 

stationary phase for HPLC, which can be estimated by measuring contact angles (Θ, degrees) 

formed for a drop of water on a polished surface. The surface is considered hydrophobic if Θ 

> 90°. Data on the wettability of the surface with water for various carbon materials is 

presented in Table 1.2. Normally, diamond is less hydrophobic (Θ = 36–72°) than graphite 

and glassy carbon, however oxidation and hydrogenation can change the polarity of the 

surface. Accordingly, CVD diamond film oxidised in air has a contact angle of ΘO = 32°, but 

hydrogenation of the surface increases this value significantly, to ΘH = 93° [41]. Obviously, 

the polarity of DND and MSND, having many polar functional groups at their surfaces 

following oxidative purification, is much higher than for CVD or HPHT diamonds. 

Importantly, the hydrophobicity of diamond materials depends on their nanostructure and on 

the sp3/sp2 ratio of carbon at their surfaces. For comparison, the most popular HPLC 

adsorbent, octadecylsilica (ODS), exhibits contact angles of 106–113° [42]. Usually, polar 

adsorbents are better suited to normal-phase mechanism and HILIC separation modes, and 

non-polar or hydrophobic adsorbents are more applicable in reversed-phase mode of HPLC. 

 

 



 

7 
 

 

 

 

Table 1.2. Wettability of carbon materials with water as contact angles (Θ, degrees) [33,42]. 

 

Type of material ΘNO ΘH ΘO 

Single crystal natural diamond, plane (111) 36 - 72 93 ± 4 32 ± 2 

Smooth polished surface of polycrystalline diamond 40 ± 2 93 ± 2 32 ± 2 

Nanocrystalline diamond films 40 ± 3 70 ± 2 3 ± 2 

Nanoporous diamond  124 ± 3  

Graphite 78-86   

Glassy carbon 76   

Octadecyl silica 106-113   

Note: NO – naturally oxidised or as prepared, H – hydrogenated, O – oxidised.  
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1.2.2. HPHT diamond 

Among all the methods for diamond production, high pressure high temperature synthesis 

(HPHT) is by far the most common. Properties of ND produced by HPHT are dependent upon 

precise conditions of the synthetic process [6]. Commonly HPHT techniques are unable to 

produce very fine particles, typically producing diamond and diamond aggregates of 200 nm 

and upwards. Control over the particle size distribution using HPHT technology is also a 

significant challenge.  

Particles produced from HPHT processes generally have greater homogeneity and a 

uniform surface chemistry, as compared to other techniques. Additionally, lattice defects are 

less common. However, it has been reported that the nature of the carbon precursor can 

influence the structure of the resultant diamond material. For example, using amorphous 

carbon and C60 can provide uniform and homogeneous ND particles, whilst using graphitic 

carbon can lead to a mixed texture ND [43]. 

The actual mechanism of diamond phase formation is also different for different 

precursor substrates. Diamond forms due to a diffusion process and two-step martensitic 

process from graphite, whereas it forms only by the diffusion process without graphitisation 

or formation of intermediate phases from non-graphitic carbon [43]. Physical conditions of 

synthesis also have a significant effect on the structure of resultant particles. Increasing 

pressure makes the formation of the diamond phase thermodynamically favourable, whilst 

increasing temperature provides faster kinetics between graphite and diamond phases [2]. In 

practice, it is necessary to find an appropriate balance between thermodynamic and kinetic 

processes to achieve slow particle growth, providing high particle crystallinity and low levels 

of lattice defects. The size and shape in HPHT synthesis is much less controllable, particularly 

compared to other methods of ND synthesis. 

The above processes result in diamond materials with relatively hydrophobic and 

passivated surfaces, which potentially makes them suitable as stationary phase substrates for 

RP-HPLC or GC separations (see Table 1.1). On the other hand, passive surfaces make 

functionalisation and modification of particles produced by HPHT more complicated, 

particularly compared to other method of production, such as detonation synthesis. The 

surface of HPHT diamond is terminated with hydrogen or carbon, although nitrogen 

impurities in HPHT diamond are quite common [44]. It has been estimated that approximately 

50 ppm of surface carbon atoms are connected to ionisable functional groups. These surface 

functionalities can have positive or negative charges (but these values are considerably lower 

than the equivalents for DND), with a zeta-potential (ζ) of zero at pH 6.6 reported by 
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Hongthani and Fermin [45]. At pH above 8, ND particles produced using HPHT have been 

reported as exhibiting a ζ = −40 mV, while under acid conditions, ζ = +40 mV was observed 

[45]. At high pH ζ can be modified by chemical oxidation of the surface, as approximately 

0.1% of the carbon atoms at the ND surface are associated with redox active sp2 surface 

states.  

Usually industrial HPHT diamond powders contain admixtures of dispersing or flowing 

agent at the surface such as silicates, fatty acids or surfactants, so cleaning of the surface is 

recommended by heating and alkali washing.  

 

1.2.3. Detonation nanodiamond  

Detonation nanodiamond (DND) is produced in a dynamic synthetic environment, 

based upon a controlled explosive blast, using high-grade explosives such as TNT, hexogen 

or mixtures thereof, under oxygen-deficient conditions [5,46,47]. The resultant reaction soot 

contains amorphous graphite and up to 2–10% of DND, which has to be isolated using gas 

phase or wet oxidation of the graphite. The DND must also be purified from various 

elemental impurities by washing with mineral acids [48,49].  

Despite the yield of 2–10%, detonation synthesis of nanodiamond can generate 

relatively large amounts of material, which cannot be achieved by other synthetic methods 

with proportionally higher yields (such as CVD). DND is produced by detonation of 

explosive precursors within an enclosed blast chamber, and the amount of precursor can be 

tens of kilograms [48]. Thus, manufacturing of up to 10 tons of DND per year is possible 

using a single chamber. A further potential advantage of DND arises from the non-

equilibrium conditions of synthesis, which results in a heterogeneous particle surface and a 

polyfunctional surface. This provides greater opportunity for particle modification, widening 

the potential application scope of the material, including preparation of chromatographic 

adsorbent. 

Nanodiamond particles produced during detonation synthesis consist of a diamond core 

coated with a carbon shell containing various amorphous or sp2 carbon inclusions and metal 

impurities. Oxidation of non-diamond carbon phase and removal of the impurities results in 

smooth surface of nanoparticles containing monolayer of graphene-like sheets and various 

functional groups at the surface.  

Table 1.3 includes the elemental composition of DND according to Mitev and Kulakova 

[4,49-51], with compositional data for minor impurities shown graphically within Fig. 1.2. 

The characterisation of DND has revealed a very specific set of common impurities. Apart 



 

10 
 

from amorphous sp2-carbon content, non-carbon impurities are typically present within DND 

particles at significant concentrations. These include chemically bonded and adsorbed 

oxygen, nitrogen and hydrogen, as well as metal oxides, carbides and sulfates [49]. Such 

impurities can be situated mainly on the surface of DND particles and some of them (N, Si, P) 

may be locked within the crystal structure. In the latter instance, their removal can represent a 

significant challenge.  

Numerous studies have been conducted regarding the surface properties of DND and 

how they can be influenced by post-production purification procedures. These data have been 

summarised in recent publications [4,52,53]. Wet oxidation with concentrated mineral acids 

(HClO4, HNO3, H2SO4, HF, etc.), various oxidising agents (CrO3, H2O2, etc.) is the most 

common approach applied for surface treatment, which, as mentioned above, effectively 

removes non-diamond carbon and metal impurities. Different functional groups can be also 

formed during such purification, including carbonyls, carboxyls, hydroxyls, lactones, 

anhydrides, and others connected with both sp3 and residual sp2 carbon as shown in Fig. 1.3. 

This process provides a more hydrophilic surface with a more negative ζ-potential (see Fig. 

1.3). Similar results have been achieved by purification of DND through heating under an 

air/O2/O3 atmosphere, though metal oxides and non-volatile impurities cannot be removed in 

this process. Heating of DND in an inert atmosphere (Ar or vacuum) results in DND sintering 

and desorption of functional groups, leading to a more homogeneous surface. This route may 

be more beneficial for potential GC applications. Heating under a H2 atmosphere, as well as 

the reduction of DND in liquid phase using LiAlH4 can be also applied. This type of 

purification provides a hydrophobic hydrogen terminated surface, which can provide a 

potential substrate for application in RP-HPLC. 

As should be noted, despite a wide range of purification methods, it is evident that any 

purification procedure results in unique surface properties for DND [54,55]. However, when 

referring to chromatographic applications of DND, it is crucially important to have 

reproducible technology for production of diamond materials with consistent surface 

properties. Currently, the development of a standard approach to the normalisation of DND 

from different origins is necessary before the full advantage of DND based stationary phases 

can be further realised. The typical procedure includes oxidation of DND in air at 420–450 °C 

followed by hydrogenation in atmosphere of H2 at 800 °C and, sometimes, photochemical or 

gas-phase chlorination [56,57]. 
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Table 1.3. Chemical composition of DND [4,49-51]. 

Element content of 

DND particles wt% 
Chemical forms Comments 

C, 85-92% Cdiam – 98.0-98.8%  
Cnondiam – 0.8-1.1% 

sp2-Carbon is difficult to remove 
completely 

O (5-10%),  
H (0.1-1%),  

N (2-3%) 

Adsorbed gases, 
chemisorbed water, 
functional groups 

Up to 20-25 various functional groups, 
difficulties in preparation of chemically 
homogeneous surface 

Metals 
(0.2-5.5) 

Metal oxides, carbides 
sulphates, silicates, etc.)  

Level of metal impurities can be 
reduced by using strong inorganic acids 
and complexing reagents 

 

 

 

 
 

Fig. 1.2. Profiles of maximum and minimum content of 23 elemental impurities in DND and 

comparison with profile of impurities in a sample of HPHT diamond [51]. 
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Fig. 1.3. Functional groups on the surface of DND and its ζ-potential dependence on pH (as 

compared to SiO2) [26]. 
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The presence of various polar functional groups at the surface of DND is responsible for the 

adsorption of ions and accumulation of impurities from solvents. Also, polar groups provide 

hygroscopic properties to dried powders of DND [58]. 

 

1.2.3.1. Single digit nanodiamond 

Many publications refer to the application of single digit nanodiamond (SDND), such 

that this sub-classification of DND is worthy of specific consideration herein. As the name 

suggests, SDND is material with a very narrow particle size distribution, typically between 3 

and 6 nm, with average particle size of 5 nm [59]. Stable suspensions of SDND are both 

difficult to achieve (given a strong tendency to spontaneous aggregation) and stabilise.  

Similar to all other nanomaterials, the size of SDND has a great influence on the 

chemical and physical properties of material. Such properties, including reactivity, suspension 

stability, surface composition and ζ-potential, may vary significantly with particle size [38]. 

Hence, disaggregation of DND into stable SDND suspensions represents an important step on 

the route to their utilisation for production of efficient stationary phases, particularly where 

diamond nanoparticle monolayer type structures are of interest. 

Disaggregation of DND aggregates can involve both mechanical (ball milling) and 

chemical treatments to achieve more or less stable suspensions of SDND, often requiring the 

ultrasonication in concentrated NaCl solutions [60]. It should be noted that the preparation of 

SDND suspensions is always connected with extra contamination of the surface by metals, for 

example, zirconium from milling balls or metals impurities from NaCl [51]. 

 

1.2.3.2. Microdispersed sintered detonation nanodiamond 

Similar to obtaining stable SDND suspensions, creating stable forms of larger DND 

agglomerates is equally challenging. Since the use of adsorbents with particles of diameter 

less than 1 µm in chromatography limited by high backpressure, the production of stable 

DND agglomerates with appropriate mechanical properties and size (e.g. 1–10 µm) is 

required. To achieve this, sintering of DND at high temperatures (1500 °C) and pressures (8 

GPa) is considered the easiest and most effective solution [14]. Sintering of DND leads to the 

formation of mechanically stable particles up to 50 µm in size and a well-developed porous 

structure. Micron size sintered nanodiamond particles (MSND) preserve a high surface area 

(130–200 m2/g), bimodal distribution of pores on size with maxima at 1.5 nm and 3.0 nm and 

heterogeneous surface functionality as shown in Fig. 1.3. MSND is particularly beneficial for 

application in different modes of liquid chromatography [23,24,26,61,62]. 
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1.2.4. CVD and related techniques 

The chemical vapour deposition (CVD) method of growing diamond from the gas phase 

using hydrocarbons as a source of carbon has been known since the late 1980s [63]. CVD or 

the more common microwave plasma assisted CVD (MPCVD) diamond growth process does 

not require high pressure, so it can be easily used in research laboratories. 

With CVD, incorporation of non-carbon impurities into the diamond lattice and on the 

surface is unlikely and much less common than in the case of detonation synthesis [2,6]. 

Therefore the preparation of very pure diamond is possible. The CVD preparation of diamond 

precisely doped with other elements (boron, nitrogen, phosphorus, etc.) is also possible in 

order to modify the physico-chemical properties of diamond. For example, electrical 

conductivity of boron doped diamond is substantially higher than of pure diamond [12]. 

Importantly, CVD methods provide the production of diamond particles and films of 

controlled dimensions. Therefore, CVD process should be useful for the preparation of 

composite adsorbents [32] and for construction of microfluidic separation units [64]. 

Overall, the surface of CVD-formed diamond is relatively hydrophobic as it is normally 

terminated with hydrogen. The terminal hydrogen atoms are quite reactive, so the surface of 

this material can be additionally modified, e.g. with 1-octadecene, to increase its hydrophobic 

properties for potential use in RP-HPLC [32]. Also, there are some possibilities for 

production of diamond with different polytype crystal structures as described in Section 1.2.1.  

 

1.2.5. Composite adsorbents 

Clearly, using the above technologies, diamond materials with a broad range of 

physico-chemical properties can be produced [65]. This diversity is further amplified when 

such materials are used to produce composite phases. 

One of the major disadvantages of using diamond based materials in chromatography is 

the difficulty associated with the preparation of microspherical particles with sufficiently 

developed porous structures. Existing sintering technology applied to nanodiamond can be 

used for the preparation of porous micro-particles of irregular or oval shape, as shown in Fig. 

1.1 (c). However, recently significant progress in the development of diamond composite 

stationary phases was reported by Linford et al. [29-31,66], who designed a new type of 

pellicular phase, consisting of a central core (diamond, glassy carbon or carbonised 

microporous PS-DVB microspheres), covered with multilayers of ND particles and 

poly(allylamine) (PAA) “glue” (see Fig. 1.4, top left). The layer-by-layer structure in these 

composite particles is cross-linked with 1,2,5,6-diepoxycyclooctane [31] or 1,2,7,8-
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diepoxyoctane [29,30], and residual amino groups from PAA can be additionally modified 

with octylisocyanate [66], 1,2-epoxyoctadecane [29-31], octadecylisocyanate or 

3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10-heptadecafluorodecyl isocyanate [66] to adjust the 

hydrophobicity of the resulting adsorbent. The geometrical structure of the prepared 

adsorbents includes a central core of diameter 2.8–4.0 µm, and up to 25–30 bilayers formed 

by PAA of Mw 17,000 or 65,000, and NDs of size 4–400 nm. The average composite particle 

diameter dp,total can be described by the following equation:  

dp,total = dp,core + 0.0398·n     (Equation 1.1) 

where dp,core is the diameter of the central core in microns and n is the number of bilayers 

[29]. The surface areas of these composites are between 15 and 45 m2·g−1, with pore 

diameters of 30–70 nm, depending on the size of NDs forming the shell. The prepared phases 

are stable over the pH range 1–13, and can operate at temperatures up to 100 °C. 

Obviously, in the case of the above composite materials, having both anion-exchange 

and hydrophobic functional groups, the stationary phase should be considered as a mixed-

mode substrate. Three variants of this type of phase are now commercially available from 

Diamond Analytics (USA), under the trade names, FlareC18 Mixed-Mode, Flare C18+ and 

Flare HILIC. The latest Flare C18+ phase is similar to that described above, namely Flare 

C18 Mixed Mode phase, but with all amino groups quaternised to provide a permanent 

positive charge to the surface across the whole pH range.  

The preparation and characterisation of a new composite micro-spherical porous particle (Fig. 

1.4, right), produced solely from diamond materials, was recently described by Kondo et al. 

[32]. The authors applied spray-drying technology for the preparation of microspherical ND 

aggregates, using a suspension of 20, 30 or 50 nm nanoparticles of HPHT diamond in 1% 

aqueous polyethylene glycol (PEG). The PEG was subsequently removed by air oxidation at 

300 °C for 1 h, and the prepared ND-agglomerated spherical particles were coated by an 

additional layer of diamond using microwave plasma assisted CVD (MPCVD), in order to 

improve mechanical properties. The composite particles were oxidised in air at 425 °C for 5 h 

to remove sp2-carbon impurities, followed by treatment with hydrogen plasma to produce a 

reactive hydrogenated surface. Finally, octadecyl groups were grafted to the surface by 

reaction of the hydrogenated surface with 1-octadecene in an argon atmosphere.  
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Fig. 1.4. SEM images of pellicular particles comprising glassy carbon central core and 5 

bilayers of PAA and NDs of particle size 10–400 nm (top left), and of surface structure of 

microspherical porous particles fabricated from ND particles using spray drying and MPCVD 

coating for 10 min (top right and bottom left). [30,32]. 
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The porous structure of the above composites depends on size of NDs used. The use of 

three fractions of ND particles, with sizes of 24±6, 35±9 and 52±12 nm resulted in products 

having Dp of 4.6, 5.9 and 9.3 nm, respectively, and specific surface areas of 201, 152 and 85 

m2·g−1. Clearly, such material only consists of HPHT and CVD diamond, and thus exhibits 

great potential for application under harsh separation conditions. Obviously, there is also 

potential for immobilisation of other functional groups on the surface of hydrogenated 

intermediate, to produce stationary phases for different HPLC modes. The only drawback of 

the reported process is a relatively broad particle size distribution, as shown in Fig. 1.4, 

(bottom left), so careful size fractionation of particles in the future is required before column 

packing. 

 

1.3. Modification of diamond surface chemistry 

Diamond materials produced by different methods have different physical and chemical 

properties. Producers of diamond materials often use special additives (silicates, fatty acids, 

amines, etc.) in order to modify product properties for particular applications (prevent caking, 

improve suspendability, adjust mechanical properties). However, for the use in 

chromatography diamond based phases often require homogeneous surfaces. Hence, physical 

and chemical surface modification is an important and necessary step in preparation of 

diamond adsorbents. There are three main objectives from surface modification: 

•  The removal of undesirable additives from the surface 

• The homogenisation of the diamond surface (to-date a standard approach is not 

available) 

• The introduction of new selectivity to the diamond surface towards specific 

chromatographic applications.  

Aside from the above, surface functionalisation of such diamond based materials 

provides an opportunity to control the stability of diamond suspensions in various solvents, 

improves interfacial adhesion of ND within composite matrices, and influences the electronic 

properties of ND crystallites [67]. Modification techniques applied to diamond particles can 

involve physical and chemical modification (or both), the latter of which may involve either 

covalent or non-covalent surface functionalisation (see Fig. 1.5).Physical modification does 

not typically aim to change the surface properties of diamond phases, but normally is used to 

modify the mechanical and structural properties of the material, such as particle aggregation, 

particle size distribution, sintering of nanodiamond, etc. 
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Fig. 1.5. Modification of diamond materials for use in chromatography and solid-phase extraction.  

[4,5,14,20,21,25,29-34,51,59,64,68-74] 

Diamond 

HPHT 

DND Purification  

[5,21,51] 

CVD [32,64] B-doped CVD 

[33] 

MSDN  

 (sintering) [14] 

SDND 

(disaggregation) [59] 

Hydrogenation with LiAlH4, H2 

[4,20,25,32,68,72,74] 

Oxidation 

O2, air, O3 [4,32,68] 

Chlorination 

Cl2, CCl4 [20,25,72] 

Amination with NH3, 

NaCN/LiAlH4 [20,68,70,72] 

Grafting of alkyls  

(C8, C18) [32,71] 

Embedding in polymers  

[29,30,31,34] 
Hydrosols for entrapment  

[69,73] 



 

19 
 

As mentioned previously, obtaining stable disaggregated ND suspensions is an important step 

prior to further modification, and narrow particle size distribution is required to improve 

column packing. 

A simple and effective method for the disaggregation of DND agglomerates and 

reducing particle size is ultrasonication [75]. This not only allows a reduction in average 

particle size of DND aggregates, but also can change the surface chemistry and ζ. This shift 

in ζ is related to the appearance of new hydroxyl groups at the surfaces during ultrasonication 

of DND. The size distribution of ND agglomerates can be controlled by adjusting the 

ultrasound intensity. It has been demonstrated that ultrasonically treated particles can 

conserve suspension stability and particle size distribution for a period of up to 150 days [76].  

In the case of increasing diamond agglomerate sizes, sintering within the 

thermodynamic boundaries of diamond stability can be done [14]. As mentioned previously, 

sintering can improve the morphology of agglomerates and lead to materials with high 

porosity and homogeneous surfaces. 

In terms of chemical modification of diamond surfaces, the simplest route is liquid 

phase acid treatment [55,77]. Oxidative treatment with HNO3 or HClO4 can be used both for 

removal of on-diamond carbon and metal impurities and for creating additional oxygen 

containing functional groups (carbonyls, carboxyls, hydroxyls, etc.) [74]. Simultaneously the 

presence of non-diamond carbon and impurities of metal oxides can be reduced [51]. 

Oxidised diamond can be used in cation-exchange chromatography [26]. 

Heating of diamond in various controlled atmospheres, or within the presence of a 

plasma, is another efficient way for chemical modification of the diamond surface [78,79]. 

Oxidation of diamond in the air starts at 430–650 °C, depending on the type of diamond, and 

increases the concentration of carboxyl groups at the surface of diamond and its cation-

exchange capacity. Alternatively, heating of diamond at 800–900 °C in the presence of H2 

can be used for hydrophobisation and surface homogenation [71]. Chlorination at 400–600 

°C has been shown to be effective in the introduction of C-Cl bonds onto diamond surfaces 

[56]. Somewhat similar results can also be achieved via plasma treatment. Both H2 and Ar 

plasmas have been applied to remove functionalities from ND surfaces and increase particle 

hydrophobicity [32], whilst treatment with O2 plasma resulted in more hydrophilic particles 

with higher content of carbonyl and carboxyl groups [80]. 

The non-covalent functionalisation of diamond surfaces can be achieved through 

adsorption of specific molecules. Adsorption modification has been frequently used to 

stabilise ND suspensions [81,82], or as a step for the preparation of ND composites [30,32]. 
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For example, simple addition of surfactants, such as sodium oleate [83] or AlCl3 [81], can 

increase the absolute value of the ND surface ζ and electrostatically stabilise ND suspensions 

in non-polar solvents and water, respectively [83]. 

The surface modification of diamond particles with inorganic material layers is a less 

common approach, but has been demonstrated with materials such as SiO2 or SnO2 [84]. In 

this case the diamond particle simply acts as a stable, inert and heat dissipating core, while 

the attached shell, with its different adsorption properties, could be used for the construction 

of the stationary phase for UHPLC as reported recently by Waters [10]. 

Covalent modification of the surface of diamond is a very significant topic, as this 

approach can bring a selectivity desired for specific chromatographic applications. Since 

diamond surfaces are normally covered by weakly acidic carboxylic groups, using various 

amines has become the most common way of attaching different moieties to the diamond 

surface. For example, long-chain aliphatic amines have been used for preparation of amide 

coatings with a reduced surface charge and enhanced hydrophobicity [31]. The use of 

poly(allylamine) coated NDs is reported for solid-phase extraction (SPE) and as intermediate 

for the preparation of various composite adsorbents functionalised with octadecyl-, octyl- and 

heptafluorodecyl- groups [30,66,85,86]. Another useful approach includes conversion of 

carboxyl groups at diamond surface into primary hydroxyls by reaction with LiAlH4 and 

subsequent treatment either with alkyl isocyanates, chloroanhydrides or other reactive 

substances to introduce a desired functional group [87]. 

Another useful approach to the covalent functionalisation of diamond surfaces involves 

radical reactions using benzoyl peroxide to attach carboxylic or alkyl groups [88]. This 

method is less common than using nitrogen containing substances; however, it can potentially 

lead to the formation of more stable bonds between diamond and the attached functional 

group, as compared to amide or diazo bonds. 

The use of radical initiator di-tert-amyl peroxide for mono- and multi-layer coating of 

hydrogen terminated diamond particles of 70 µm size is reported by Linford et al. [89]. The 

prepared adsorbent is used for SPE of pesticide cyanazine. Lately this research group used 

similar surface chemistry for diamond surface initiation and encapsulation of particles into 

poly(styrene-divinylbenzene) layer [90,91]. The prepared adsorbent and its sulfonated 

analogue are tested for SPE of 1-naphtylamine. 

Overall, in practice, multistep modification is usually required for the preparation of 

diamond based adsorbents with desirable surface characteristics. Theoretically, presence of 
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reactive carboxyl-, hydroxyl and hydrogen groups allows attachment of all types of 

functional groups normally used in chromatographic stationary phases. 

 

1.4. Application of diamond materials in adsorption and chromatography 

Diamond adsorbents were first applied as column packings for GC and HPLC 

separations in 1965–1973 [15,19]. These early studies into applications within adsorption GC 

and RP-HPLC attracted only limited interest of the mainstream chromatographers, as 

diamond packed columns had serious practical limitations including high backpressure, poor 

separation efficiencies [19], limited loading capacities [15] and poorly characterised retention 

mechanism. A renewed interest emerged 30 years later, possibly following the development 

of new technologies for the preparation of nanodiamond adsorbents [1,92], improvements in 

chromatographic equipment and a better understanding of the properties and chemistry of ND 

in particular [5]. Importantly, ultra-high performance liquid chromatography (UHPLC) and 

high-temperature liquid chromatography (HTLC) also appeared at this time, and initiated an 

intensive search for new separation media having improved mechanical, chemical and 

thermal stability. To some degree, porous graphitic carbon (PGC) satisfied these 

requirements, and numerous applications of this type adsorbent in HPLC emerged [8,9]. An 

intriguing property of carbonaceous adsorbents including active carbon, graphitised carbon 

black, glassy carbon, etc. is their unique separation selectivity [9]. The complex surface 

chemistry of diamond, and DND in particular, provides unique selectivity, so multiple 

separation mechanisms can be realised with diamond based stationary phases, as detailed 

within Table 1.4. 

 

1.4.1. Gas adsorption chromatography 

Excellent thermal stability and intriguing selectivity of carbonaceous adsorbents 

produced an interest to diamond as a promising stationary phase for use in gas 

chromatography (GC). Indeed, the first use of “diamantiferous material” in GC relates back 

to 1965, when Allied Chemical Corporation applied for a patent on the preparation of, 

“synthetic diamond containing material, consisting of individual diamond particles with mean 

size less than 0.1  µm, surface area 40–400 square meters per gram and having at least 10% 

of the surface area containing hydroxyl, carbonyl and carboxyl groups” [19]. The column 

used in this early work was 244 × 0.64 cm I.D. and packed with 5–30 nm DND particles (S = 

200 m2·g-1).   
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Table 1.4. Chromatographic applications of diamonds and diamond containing phases. 

Stationary phase Structure Column size,  
L x ID Eluent Separated compounds 

 
Ref. 

GC 

DND aggregates < 0.1 µm, 40-400 m2·g-1 244 cm x 6.4 mm Helium  CF4, C2F4, C2H2F2, CH2F2,  [19] 

DND aggregates (10%) deposited 
on surface of CaF2 carrier (90%) 

DND: 10 nm, 200-260 
m2·g-1,  
Carrier: 0.2-0.6 mm, < 1 
m2·g-1 

549 cm x 3.2 mm Helium, argon, 350-500oC HF, HCl, ClF3, F2 [22,93] 

Various DND aggregates (10%) 
deposited on surface of Chromaton-
N-AW DMCS carrier (90%) 

DND: 10-12 nm, 246-300 
m2·g-1,  
Carrier: 0.40-0.63 mm, < 
1 m2·g-1 

250 x 3.0 mm Nitrogen, 120-200oC Alkanes, benzene, nitromethane, 
acetonitrile, acetone, methanol, 
ethanol, diethyl ether 

[20,21,68,7
2,94] 

RP HPLC 

Natural diamond particles  10 µm, nonporous 250 x 3.0 mm 50% methanol – 50% water benzene, anthracene [15] 

 
HPHT diamond particles 

2 µm, nonporous 290 mm x 75 µm 70% acetonitrile – 30% 10 mM 
NH4Ac, pH 3.5  

Methyl-, ethyl-, propyl- and butyl- 
parabens 

[16] 

1 µm, nonporous 215 mm x 75 µm 

HPHT diamond particles with 
chemically grafted octyl groups 

2 µm, nonporous 200 mm x 75 µm 70% acetonitrile – 30% water Methyl-, ethyl-, propyl- and butyl 
4-hydroxybenzoates 

[16] 

Polybutadiene coated HPHT 
diamond particles 

2 µm, nonporous 188 mm x 75 µm 30% acetonitrile – 70% water Methyl-, ethyl-, propyl- and butyl 
4-hydroxybenzoates 

[16] 

1 µm, nonporous 160 mm x 75 µm 

MSND 3-6 µm, 153-216 m2·g-1, 
1.2-7.5 nm pores 

100 x 4.6 mm, 
150 x 4.0 mm, 
100 x 4.0 mm 

Methanol – water, acetonitrile - 
water 

Phenols, benzoic acids, benzene 
derivatives, nucleic bases, 
nucleosides, alkylanilines 

[7,23,24,95
-97] 

CVD diamond coated HPHT 
aggregated particles 

3-5 µm, 109 m2·g-1, 4.6-
9.3 nm 150 x 2.0 mm Acetonitrile - water Alkylbensenes, uracil, methyl 

benzoate, toluene, naphtalene 
[32] 

Core-shell composite with up to 25 
nanodiamond/PAA bilayers treated 
with 1.2-epoxyoctadecane 

2.8-4.0 µm, 15–45 m2·g-1, 
30-70 nm pores 

50 x 4.6 mm; 
50 x 2.1 mm 

Acetonitrile - water Alkylbenzenes, phenols, pesticides, 
essential oils, pharmaceuticals  

[29-31] 
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Table 1.4 (continued). Chromatographic applications of diamonds and diamond containing phases. 

NP HPLC 

MSND 3-6 µm, 153-216 m2·g-1, 
1.2-7.5 nm pores 

150 x 4.0 mm Isooctane, pentane, hexane-IPA Alkylbenzenes, dialkylphtalates, 
derivatives of benzene 

[7,25,61,96
,98,99] 

4 µm, 216 m2·g-1, 1.2-7.5 
nm pores 

100 x 4.6 mm Heptane, pentane Positional isomers of xylenes [95-97] 

Core-shell composite with 28 
nanodiamond/PAA bilayers 

1.7µm, 30 m2·g-1, 20.4 nm 
pores 

30 x 4.6 mm 70% hexane –30% ethylacetate 
(each containing 0.2% 
triethylamine) 

Benzophenone, nitrobenzene [31] 

HILIC 

MSND 4 µm, 216 m2·g-1, 1.2-7.5 
nm pores 

100 x 4.6 mm 80% methanol – 20% water Methyl- and ethylanilines [95,97] 

3-6 µm, 153-216 m2·g-1, 
1.2-7.5 nm pores 

150 x 4.0 mm, 
100 x 4.0 mm 

Methanol – water, acetonitrile - 
water 

Phenols, benzoic acids,  
nucleic bases, nucleosides 

[23,24,62] 

IC 
MSND 3-6 µm, 153-216 m2·g-1, 

1.2-7.5 nm pores 
150 x 4.0 mm HNO3 with 0.1-0.5 M KNO3 Alkaline-earth and transition metals  [26] 

HNO3 Alkali metals [100] 

Electromodulated chromatography 

HPHT, covered with a layer of 
boron doped CVD diamond 8-12 µm, 1m2·g-1, 78 x 3.0 mm 0.1M LiClO4, -1.2 to +1.2V aromatic sulphonates [33] 

Low pressure ion-exchange chromatography 

Hydrosol of particles entrapped in 
polysaccharide matrix 

DND: 4-250 nm;  
Carrier: Sepharose 2B  

60 x 16 mm Gradient 20 mM Tris-HCl, pH 
7.0 - 100 mM TrisHCl, pH 8.8 
with 50 mM EDTA and 10 mM 
dithiothreitol 

luciferaze, apoobelin [27] 
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It was used for the GC separation of CF4, C2F4, C2H2F2 and CH2F2 using 30 mL·min−1 of He 

as the carrier gas and a column temperature 40 °C. This diamond material was shown to 

maintain its efficiency during heating up to 350 °C. However, application of diamond, treated 

in a H2 atmosphere at 800 °C was also demonstrated in this work [19]. 

Two years later, researchers from Allied Chemical Corporation patented the use of 

mixed-bed columns in GC, where the stationary phase comprised 0.2–0.6 mm particles of 

inert support (CaF2, diatomaceous earth, firebrick, silica, alumina, PTFE, etc.) containing at 

least 1 wt% of above described ND type material [93]. The use of larger particles loaded with 

ND aggregates of diameter less than 0.15 µm, was in response to high backpressures seen for 

columns packed with ND aggregates only. A stationary phase comprising 80% CaF2 and 20% 

ND, with a surface area of 160–200 m2·g−1 was successfully applied for the separation of 

gases (F2, Cl2, HF, carbon and nitrogen oxides, etc.), fluorinated alkanes and alkenes, hydro-

carbons (CF4, C2F4, C2H2F2, CH2F2, CHClF2, C3F8), various organic compounds (alkanes, 

alkenes, cycloalkenes, etc.), and inorganic compounds, such as WF6, SF6 and ClF3. It should 

be noted that the contribution of CaF2 to the surface area was approximately 0.15 m2·g−1, so 

the retention of the above species was almost entirely due to interaction with the incorporated 

ND aggregates. 

Soon after, the excellent thermal stability and chemical resistance of diamond was once 

again confirmed by Hirshmann and Mariani [22], who separated F2, HCl, ClF3 and HF using 

a 548 × 0.32 cm I.D. nickel column packed with a mixed bed stationary phase containing 

90% CaF2 particles (dp= 0.2–0.6 mm) and 10% DND aggregates (dp = 10 nm, S = 200–260 

m2·g−1). An example of the early separation achieved is shown in Fig. 1.6. No indications of 

reactions between these corrosive species and the stationary phase were reported. 

GC was also used to investigate specific adsorption properties and retention 

mechanisms on diamond surfaces, providing data which can still be used in other areas of 

chromatographic separations [72]. This information includes specific and dispersive 

interactions between various molecules and the stationary phase, adsorption energy and 

selectivity. An intensive GC characterisation of the thermodynamic parameters of adsorption 

and retention mechanisms was accomplished by Belyakova et al. [20,21,68,72,94,101], 

which was obtained using a mixed bed type adsorbent containing various types of DND, that 

are listed within Table 1.5. PTFE columns, of dimensions 25 cm long and 3 mm I.D., and 

packed with diatomite matrix, Chromaton-N-AW-DMCS (dp= 0.40–0.63 mm, S = 1 m2·g−1), 

with various immobilised DND aggregates, were used with a nitrogen carrier gas.   
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Fig. 1.6. GC separation of F2 and HF at room temperature on a 548x0.32 cm I.D. column, 

packed with stationary phase comprising 10% DND and 90% CaF2, carrier gas –helium, 80 

mL·min−1 [22]. 
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The authors calculated and compared the differential enthalpy of adsorption (−∆H) and the 

standard differential molar entropy of adsorption (∆S) for the adsorbent listed, using a set of 

probes (four n-alkanes, benzene, acetonitrile, acetone, nitromethane, methanol, ethanol, 

diethyl ether and ethyl acetate). The corresponding data are shown in Table 1.6. According to 

authors, the adsorption properties of the initial DND-DP samples were similar to the 

properties of activated carbon [102,103], while modified samples behaved similarly to 

graphitised carbon black [104]. The impact of the methylene group upon adsorption enthalpy 

was estimated as 20 kJ·mol−1. This value is close to the value obtained for activated carbon, 

which may indicate the presence of amorphous carbon on the surface of the DND. 

Subsequent modifications of DND-DP led to the removal of the main portion of amorphous 

carbon from the surface and changed the adsorption properties. Surprisingly, all 

modifications caused a decrease of retention times for the majority of the compounds, as 

compared to the original DND-DP. Partly, this decrease in retention times can be attributed to 

a decrease in specific surface area for modified DNDs. 

Despite the fact that trends within the above data are rather inconsistent, some 

conclusions on the properties of the modified DND surface can be made through comparison 

of the thermodynamic parameters for differently modified DNDs. Modification with H2 or 

CCl4 resulted in a more hydrophobic surface and higher enthalpy values for the adsorption of 

hydrocarbons and other nonpolar molecules. Modification with Cl2 provided surface 

passivation, with subsequent reduced adsorption enthalpies for all the classes of compounds. 

Ozone is a much stronger oxidising agent than the K2Cr2O7/H2SO4 mixture, so ozone 

treatment of DND resulted in hydrophilic charged surface having higher affinity to polar 

molecules such as alcohols, ketones and nitriles. 

In a separate study, Vereshchagin et al. suggested the preparation of an adsorbent for 

GC by heating DND agglomerates in argon at 1000 °C [105]. A chromatographic column of 

1000 × 3 mm I.D. was packed with 100–160 µm diameter particles with surface area of 40–

400 m2·g−1, and applied to the GC separation of common gases using helium as the carrier 

gas. The column was shown to be operational at temperatures up to 500 °C without notable 

changes in adsorption properties. However, some caution should be applied, as the 

transformation of diamond into amorphous graphite is possible under heating of diamond in 

an inert atmosphere at such high temperatures [57,106]. 
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Table 1.5. Properties of DND samples used for GC characterisation (see Table 1.6). KD and KA are electron-donor and electron acceptor 
characteristics, respectively [72,94]. 

Adsorbent Preparation S, m2·g-1 Dp, nm KD, kJ·mol-1 KA, kJ·mol-1 
DND-DP DND purified with overheated HNO3 300 12 

  
DND-DP-H2 H2, 850 °C, 1h 286 12 0.60-0.65 0.5-0.73 

DND-DP-CCl4 CCl4, 500 °C, 1h, Ar 246 - 0.20-0.28 0.25-0.4 

DND-DP-Cl2-NH3 Cl2, 600 °C, 1h; NH3, 400 °C, 1h 289 10 0.30-0.85 0.80-1.26 

DND-DP-Cr boiling K2Cr2O7/H2SO4 258 - 0.40 1.4 

DND-DP-Cl2 Cl2, 450 °C, 1h 258 - 0.2-0.5 0.4-0.9 

DND-E oxidized with O3 218 - - - 

 

Table 1.6. Adsorption enthalpy (∆H, kJ·mol−1) and entropy (∆S, J·mol−1·K−1) for model compounds [20,21,68,72,94,101]. For description of 
types of DND see Table 1.4. 

Analyte 
 DND-DP  DND-DP-H2  DND-DP-CCl4 DND-DP-Cl2-NH3 DND-DP-Chr  DND-DP-Cl2  DND-E 
 ∆H ∆S  ∆H ∆S  ∆H ∆S  ∆H ∆S  ∆H ∆S  ∆H ∆S  ∆H ∆S 

n-C6H14  -25 -26  -49 -71  -49 -81  -36 -40  -29 -59  0 0  -35 -79 
n-C7H16  -46 -63  -60 -83  -56 -91  - -  -31 -55  0 0  -43 -87 
n-C8H18  -63 -90  -68 -89  -61 -94  - -  -33 -54  0 0  -55 -106 
n-C9H20  -90 -139  -78 -103  -70 -107  - -  -36 -57  - -  -60 -109 

C6H6  -38 -45  -58 -82  -45 -66  - -  -35 -62  - -  -42 -79 
CH3CN  -43 -75  -35 -36  -35 -39  -41 -50  -17 -19  -24 -50  -33 -61 

(CH3)2CO  -38 -32  -46 -61  -28 -24  - -  -28 -36  - -  -57 -94 
CH3OH  -26 -15  -25 -25  -21 -  -22 14  -42 -79  -1.6 -10  -95 -190 
C2H5OH  -30 -20  -36 -35  - -  - -  -61 -119  -2 -6  -53 -91 
CH3NO2  -62 -86  -38 -36  -37 -48  -27 42  - -  -9 -27  - - 
(C2H5)2O  -31 -30  - -  -39 -56  - -  - -  - -  - - 
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1.4.2. Liquid chromatography 

The majority of diamond based adsorbents are hydrolytically stable and fully 

compatible with various types of organic solvents. The surface of bare diamond is usually 

oxidised and hydrophilic due to presence hydroxyls-, carboxyl- and other polar groups, but it 

can be easily converted to hydrophobic or to more specific types of functional groups. So, 

depending on the surface properties these adsorbents can be used in various LC modes. In 

many cases, the occurrence of a single retention mechanism is impossible, so mixed-mode 

interactions should be expected, particularly for stationary phases comprising DND, MSND 

and composite phases. 

A special attention should be paid to the packing of HPLC columns with diamond 

based adsorbents. A special care should be taken for standard slurry packing procedures due 

to friability and strong abrasive and cutting capabilities of diamond particles. This may result 

in blockage or cuts of column frits. The use of gravity or gradient of pressure as well as of 

more concentrated slurry can eliminate these problems [17,100]. 

 

1.4.2.1. Normal phase and hydrophilic interaction liquid chromatography (HILIC) 

As indicated in Table 1.2 both natural and synthetic diamonds can be considered as 

rather hydrophilic materials. As both normal-phase (NP) and HILIC modes of LC are based 

on the use of polar adsorbents and non-polar mobile phases, many types of diamond 

(prepared without additional chemical modification) can potentially be applied in these areas. 

In 2002, Patel et al. [97] were the first to publish a report on the use of MSND in NP-

HPLC of organic com-pounds. The study used a 100 × 4.6 mm ID chromatographic column 

packed with 3.8 ± 0.1 µm MSND particles, with a surface area of 216 m2·g−1, using heptane 

as the mobile phase for the separation of ortho- and para-xylenes. Despite very low column 

efficiency (only 1300 N·m−1) and incomplete resolution of solute peaks due to tailing, 

interesting separation selectivity (α = kortho/kpara = 2.63/2.29 = 1.15) was observed for these 

positional isomers. No such selectivity could be seen with a bare silica column for these 

analytes in heptane.  

Emelina et al. [98] used NP-HPLC for comparison of the adsorption properties of two 

MSND phases: the first purified with CrO3/H2SO4 mixture and the second gas-phase purified 

with ozone. Two columns (75–80 mm long, 2.0 mm ID) were dry packed with 3–4 µm 

sintered DND particles. The authors did not find any substantial difference in separation 

selectivity between the two adsorbents, but slightly stronger retention selected analytes was 

found for ozone treated MSND, which is in good agreement with data showing a higher 
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concentration of polar groups for this phase (see discussion in Section 1.4.1). The retention 

order for the following solutes was obtained, toluene < bromobenzene < o-dichlorobenzene < 

benzophenone < anisole. However, no actual separations were reported due to very low 

column efficiencies, of the order 630–790 N·m−1. Later, the same group used NP-HPLC for 

characterisation of the adsorption properties of hydrogenated MSND, although once more no 

separations were demonstrated [25]. Using benzylamine as a probe, the authors identified the 

presence of hydroxyl groups of varied acidity at the surface of hydrogenated MSND. 

The first successful NP-HPLC separation was reported by Nesterenko et al. [7,26,61] in 

2007, who used a 150 × 4.0 mm ID column, packed with carefully fractionated 3–6 µm 

MSND particles, and a bimodal pore size distribution, with a surface area of 153 m2·g−1. 

Separations of 8 alkylbenzenes and 10 dialkylphthalates were achieved using n-hexane/IPA 

(95:5, v/v) or pure pentane as mobile phases (see Fig. 1.7). Nesterenko and co-authors 

compared the selectivity of their diamond phase with that of PGC and conventional NP 

adsorbents, such as silica and alumina [26]. Obviously, hydrogen bonding plays a very 

important role in retention of polar molecules under NP-HPLC conditions, however results 

indicated the presence of a graphitic layer on the surface of the sintered ND, resulting in 

selectivity close to that of the planar PGC. As expected, selectivity of silica and alumina were 

very different to that of the MSND substrate (see Fig. 1.8). 

The high concentration of very polar groups on the surface of MSND could result in an 

adsorbed water layer and, hence, be applicable in “aqueous normal-phase chromatography”, 

more commonly known as hydrophilic interaction liquid chromatography (HILIC). 

Fedyanina and Nesterenko [23,24] studied the retention mechanism of substituted phenols 

and benzoic acids on an MSND column using both methanol-water and acetonitrile-water 

mobile phases. In both cases the retention of solutes decreased with increases of organic 

solvent, up to 75–80%. Beyond this, any further increase of organic solvent caused an 

increase in the retention time for all solutes, as shown in Fig. 1.9, left. Interestingly, it was 

noted that the retention order of ionogenic solutes did not depend on the concentration of 

organic solvent in the mobile phase. Linear correlations for logk – pKa and logk – Cmethanol 

were obtained for both phenols and benzoic acids. The corresponding plot of logk – pKa for 

phenols is in Fig. 1.9, right. These observations indicate that the main retention mechanism in 

this system is in fact hydrogen bonding, though some hydrophobic interactions were also 

present. However, both selectivity and efficiency did depend on the nature of the organic 

solvent. In the case of water–methanol, the column efficiency was on average 1.3 times 

higher than in the case of a water–acetonitrile based mobile phase.    
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Fig. 1.7. Separation of 8 alkylbenzenes (a) and 10 dialkyl phthalates (b) on MSDN. 

Conditions: n-pentane, 1.0 mL·min-1, detection UV 254 nm (a); n-hexane/IPA (95:5,v/v), 0.6 

mL·min-1, 30 °C, detection UV 254 nm (b). Analytes, (a): (1) 1,3,5-triisopropylbenzene, (2) 

1,3-diisopropylbenzene, (3) tert-butylbenzene, (4) isopropylbenzene, (5) benzene, (6) toluene, 

(7) n-amylbenzene, (8) n-nonylbenzene. Analytes, (b): in order from di-n-decyl- (C10) to di-

n-methyl-phthalate (C1) [61]. 

 

 

 

Fig. 1.8. Comparison of selectivity of MSND with silica gel, alumina and PGC [26]. The left 

side of the plot presents data obtained for polymethylbenzenes (data points 10, 11, 13, 16 and 

18) and right side presents data for monoalkylbenzenes with differing chain length of n-alkyl 

groups. 
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Fig. 1.9. Indication of typical HILIC retention behaviour for derivatives of phenol on MSND column with an increase of methanol content 

(left) and correlations between logk and pKa obtained for phenols (right) on porous graphite (1) and MSND (2,3) columns in mobile phases 

containing 90% methanol (1, 3) and acetonitrile (2). [23]. 
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This comparative study also showed how DND exhibits a high separation selectivity for 

structural isomers, such as 2,4- and 2,5-dichlorophenols, which can be separated on MSND, 

but cannot be separated on the Hypercarb PGC phase. Some indications of the impact of 

hydrophobic and π–π interactions on the retention of phenols and benzoic acids were also 

observed [23,24]. 

 

1.4.2.2. Reversed-phase and related mixed-mode HPLC 

For reversed-phase liquid chromatography (RP-HPLC) it is important to have a 

hydrophobic surface as the stationary phase. Potentially, diamond materials produced using 

HPHT synthesis or CVD could therefore be applied without surface modification, as their 

surfaces are typically free of functionalities and relatively hydrophobic, as presented in Table 

1.2. The first study of adsorption and chromatographic properties of HPHT synthetic 

diamonds in HPLC was reported in 2000 by Ford et al. [107]. It was found that the retention 

on the surface of HPHT diamond appears to involve both typical RP interactions and an 

element of hydrogen bonding, that depended on the origin of substrate [17,107]. Natural 

diamond also possesses similar properties [15], but due to its obvious drawbacks, including 

cost, presence of various impurities and availability, it is impractical. However, an attempt to 

use natural diamond in HPLC was reported in 1973 (see details in Table 1.3). 

As stated previously, the outstanding mechanical properties of diamond make it a 

candidate material for chromatography at ultra-high pressures. Liu et al. packed 1 and 2 

micron particles of non-porous synthetic diamond into 75 µm capillaries of length 215 and 

290 mm, respectively, and used them for the reverse-phase separation of polar phenols and 

parabens at pressures up to 180 MPa [16]. Within these studies, the authors also used 

modified diamond phases, using butadiene coatings in an unsuccessful attempt to improve 

separation selectivity for the bare diamond phase. The efficiency achieved in this work, 

which ranged from 10,000 to 126,000 N/m for bare diamond phase, and 16,000–112,000 N/m 

for the diamond-poly(butadiene)phase. The same researchers also tried to prepare diamond 

with a more hydrophobic surface by heating diamond microparticles in a H2 atmosphere at 

900 °C with subsequent radical grafting of octyl groups. The surface of the prepared 

adsorbent was extremely hydrophobic and strong retention for test compounds was achieved. 

However, no improvements in separation selectivity or efficiencies were obtained. 

The surface of MSND is very hydrophilic, so the retention of hydrophobic neutral 

molecules is much weaker than upon other types of diamond. So far, no separation of neutral 

organic molecules has been reported for MSND. Clearly, the retention and separation of polar 
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solutes like phenols or benzoic acid on this type of material is due to other types of 

interactions, as discussed in the previous section. 

Considerable progress in the application of diamond based phases in RP-HPLC became 

evident after the appearance of new pellicular phases in 2010 [29-31]. As discussed in 

Section 1.2.5, these phases consist of a diamond or carbon core, covered with multilayers of 

ND particles and a polyamine bonding agent (see Fig. 1.4). These particles can be cross-

linked with 1,2,5,6-diepoxycyclooctane to create a mixed-mode stationary phase containing 

amino, hydroxyl, and cyclooctyl groups. Particles that were 2–3 µm in size with a much 

improved surface area were produced using this method and packed into 4.6 mm × 30 mm 

columns. Chromatographic applications of these phases, in both HILIC and RP-HPLC modes 

for separations of polar compounds, alkylbenzenes, phenols, pharmaceuticals and pesticides 

have been shown [29-31]. The results have demonstrated that despite the complicated 

structure of this form of stationary phase, stability and efficiency are impressive and 

separations reproducible. For example, a mixture of four alkylbenzenes can be separated 

within 9 min (Fig. 1.10), showing ca. 36,300 N/m for the peak of mesitylene, respectively. 

Efficiency of the majority of these composite adsorbents was significantly higher than values 

mentioned previously for many alternative diamond based phases, reaching HETP = 18 µm 

for diazinon in RP-HPLC, using a 50/50 v/v water/methanol mobile phase. 

Wiest et al. extended the above work, using similar composite phases obtained by 

layer-by-layer deposition of ND and PAAm, but instead using 3 micron spherical glassy 

carbon as the core support, in-place of micron-sized diamond [30]. The ND-PAAm 

composite was also cross-linked with 1,2,7,8-diepoxyoctane and packed within 50 × 4.6 mm 

ID columns, for application in RP and mixed-mode HPLC. Not only did the cross-linked 

phase show admirable efficiencies for a diamond-based phase, ca. 71,000 N/m on a 

conventional HPLC system, but it also exhibited good stability under extreme pH conditions: 

pH 11.3–13. Efficiencies of HETP = 9-10 µm could be achieved using these columns with 

UHPLC chromatographs, applying “sandwich” injections. Separations of pharmaceuticals at 

high (11.3) and low (2.7) pH were performed, and phenols and phenolic derivatives were 

separated under acidic conditions. While no stability studies were performed under acidic 

conditions, there appeared to be no degradation of the phases under these conditions. 

Recently, the same research group evolved the structure of this type of composite phase 

once more, with the development of carbonised PS-DVB particles, of diameter 2 µm as the 

central core in place of the above glassy carbon, or non-porous diamond particles.  
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Fig. 1.10. Reversed-phase (mixed-mode) separations on 30 × 4.6 mm ID column packed 

with diamond/polyamine/ND composite. Mixed mode conditions, eluent – 0.2 mL·min−1 of 

acetonitrile–water (50:50) + 0.1% triethylamine [31]. 

 

 

 

 
Fig. 1.11. UHPLC separation of alkylbenzenes (1. ethyl-, 2. butyl-, 3. hexyl-, 4.octyl-, and 5. 

decylbenzene) using a 2.1 × 50 mm ID column packed with the particles 3.3 µm. The 

mobile phase was 40:60 H2O/ACN at 35 °C with a flow rate of 0.15 mL·min − 1. The 

efficiency of the decylbenzene peak was 89,000 N/m with a tailing factor of 1.08 [29]. 

  



 

35 
 

The new adsorbent offers extremely high separation efficiencies of up to 112,000 N/m, a 

typical example of which is shown in Fig. 1.11. However, this type of stationary phase 

includes a significant concentration of protonated amino groups, due to presence of 

poly(allylamine) within the shell structure, so the resulting retention mechanism must be 

considered as mixed reversed-phase/anion-exchange, with limited suitability for the 

separation of aromatic organic acids [29]. 

A unique type of technology based on microwave plasma-assisted CVD (MPCVD) 

deposition of diamond layers upon microspherical aggregates of ND has recently been 

developed by Kondo et al. [32]. A detailed description of the synthesis of the composite is 

given in Section 1.2.5. This method for the preparation of pure diamond composite offers 

new possibilities for the control of the porous structure of particles, and for modification of 

the surface chemistry. The RP-HPLC separation of a model mixture of n-alkylbenzoates (see 

separation conditions in Table 1.3) was obtained, although column efficiency was poor, in the 

range 700–1700 N. 

 

1.4.2.3. Ion-exchange chromatography 

HPHT and CVD produced diamonds have no charged groups at the surface and do not 

exhibit any significant ion-exchange selectivity without oxidative treatment. Hence, retention 

of neither anions nor of cations has not been reported using HPHT diamond based phases. 

However, DND possesses pronounced cation exchange properties, due to the 

functionalisation of its surface with carboxyl and hydroxyl groups, following the oxidative 

treatment applied during isolation and purification of DND from detonation soot. According 

to the results of potentiometric titrations [108,109], Boehm titrations [110] and FT-IR 

spectroscopic data [4], the surface of this form of synthetic diamond contains three types of 

cation-exchange groups, including strong acidic carboxylic, weak acidic carboxylic and 

phenolic. The type and surface concentration of such ionogenic groups depends on the type 

of oxidative purification procedure applied. Chukhaeva and Cheburina evaluated cation-

exchange capacity of DND purified with strong oxidising acids as being equal to 0.7 

mmol·g−1 [111]. Chiganova [110] reported the total concentration of protogenic groups as 

0.66 and 0.91 meq·g−1 for DND samples with surface areas of 270 m2·g-1, which had been 

purified by wet (nitric acid) or gas phase oxidation in the air, respectively. The corresponding 

values for total surface concentrations of acidic functional groups were 1.47 and 2.02 groups 

per nm2, while the concentrations of strongly acidic carboxylic groups in these samples were 

0.47 and 1.33 groups·nm−2.These values are comparable with the maximum concentration of 
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silanols known for silica, namely 4.6 groups·nm−2 [42]. The ratio of strong and weakly acidic 

functional groups evaluated by the Boehm method is significantly higher for the gas phase 

oxidised sample (0.60 mmol·g−1 against 0.18 mmol·g−1 = 3.33), as compared with wet 

oxidised sample (0.21 mmol·g−1 against 0.39 mmol·g−1 = 0.54). Obviously, the latter sample 

has a less charged surface (ζ = −30.1 mV) than gas phase sample (ζ = −36.6 mV) [110]. pKa 

values of carboxylic groups at the surface of diamond are usually around 4–6 [108,109]. 

As expected, most of the publications in this area are devoted to the investigation of 

cation-exchange properties of DND, while only a few papers have reported data on 

adsorption of inorganic anions [112]. Cation exchange selectivity of the following order, 

Ca2+> Ba2+> Li+> Na+> К+ has been reported for both oxidised synthetic diamond [113] and 

DND [110]. This selectivity is in agreement with the ion-exchange selectivity of nonaromatic 

carboxylic type cation exchangers towards alkali metal (Li+> Na+> Cs+> K+) and alkaline-

earth metal ions (Ca2+> Sr2+> Ba2+), as recorded in basic media [114]. This typical retention 

order for alkali and alkaline-earth metals were obtained in acidic eluent on a column packed 

with MSND, and is shown in Fig. 1.12b. Obviously, MSND exhibits strong ion-exchange 

selectivity, as the baseline separation of alkali metal cations was possible (Fig. 1.12a). 

However, all chromatographic peaks tailed due to the microporous structure of MSND and 

slow diffusion of metal cations within these pores. 

The complexing properties of the same type of MSND were evaluated by Nesterenko et 

al. [26]. A chromatographic column of dimensions 100 × 4 mm I.D. was used for the 

separation of Cd2+, Ca2+, Zn2+, Co2+, Mn2+, Mg2+, Sr2+, Ba2+, Ni2+, Pb2+, Cu2+, using 1.5–5.0 

mM HNO3–0.1 M KNO3 as the eluent. Alkaline-earth, transition and heavy metal cations 

were retained under these conditions in an order correlating to the stability of the complexes 

formed with carboxylic groups at the surface of MSND [115]. Under optimised conditions, a 

mixture of Cd2+, Co2+, Mn2+, Mg2+could be separated within 20 min. The retention order for 

these metals on DND was similar to that obtained on commercially available carboxylic type 

cation exchangers. The effect of the column temperature and ionic strength on the retention 

of cations was evaluated, and the results confirmed the dominance of surface complexation 

within the retention mechanism. 

For DND, there are some indications on the significant effect of counter-ions on the 

adsorption of cations [100], whilst no effect of counter ions was recorded for adsorption of 

cations on natural diamond [116]. 
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Fig. 1.12. Separation of alkali metal cations on MSDN column 150 × 4.0 mm I.D. (dp = 3–6 

µm). Eluent: 0.05 mM HNO3, 0.35 mL·min−1, 23 °C. Conductivity detector. Unpublished 

results. 
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1.4.2.4. Electro modulated liquid chromatography 

The elevated electrical conductivity of boron doped diamond powder facilitates its use 

as a stationary phase in electromodulated chromatography [33]. This type of chromatography 

exploits the possibility of retention and selectivity control through changing the electric 

potential applied to the surface of the conducting stationary phase. The electric resistivity 

measured for 8–12 µm HPHT diamond particles powder was greater than 40 MΩ·cm, 

however after the coating of these particles with a boron doped CVD diamond layer, this 

resistivity dropped to 2.4 Ω·cm [33]. Therefore, boron doped diamond powder was packed in 

specially constructed columns, dimensions of 78 × 3.0 mm I.D., and applied to the 

electrochemically modulated separation of a mixture containing benzenesulfonate, 4-

toluenesulfonate, 1,3-benzenedisulfonateand 1,5-napthalenedisulfonate, with 0.1 M LiClO4 as 

the mobile phase, delivered at a flow rate of 0.4 mL·min−1 [33]. A rise in applied electric 

potential from −1.2 V to +1.2 V increased the retention times for all solutes, in the order of 

0.5–10 min. A linear correlation between voltage and retention factors was demonstrated for 

all solutes and separation of three aromatic acids within 3 min was achieved. Due to its inert 

nature and the wide potential window of conductive diamond, there is a possibility to use this 

adsorbent at higher positive and negative potentials without undesirable effects, such as 

surface oxidation, microstructural changes or solvent electrolysis, which are more likely with 

other carbon-based materials commonly applied to this niche variant of liquid 

chromatography. However, the very low specific surface area of nonporous borondoped 

diamond powder (~1 m2·g−1) greatly limits column loading capacity and influences 

interaction strength between solutes and such stationary phases. 

 

1.4.3. Microfluidic separations 

The capabilities of CVD based methods for the growth of diamond films and coatings 

make it an ideal tool for preparation of microfluidic chips. As discussed earlier in Section 

1.2.1, diamond can be converted from an insulator into an electric conductor by doping with 

B or N, thus making it a suitable material for chemically resistant electrodes. Also the 

excellent thermal conductivity of diamond allows very efficient dissipation of Joule heating 

during electrophoresis in the narrow channels of microfluidic chips [70,117], which is a 

problem in CZE at high voltage. CVD can therefore provide formation of both conducting 

and non-conducting, smooth and homogeneous diamond films on various surfaces, with great 

flexibility for the preparation of diamond microfluidic chips of varying geometries [101]. 



 

39 
 

Such devices present inert surfaces and perfect mechanical stability, and can be used under 

extreme separation conditions. 

Application of a diamond based microfluidic chips for the fast chromatography of 

proteins was reported by Bjorkman et al. [64]. The authors used CVD deposited diamond 

films of 10–20 µm on top of a silica carrier with subsequent lithography and sacrificial silica 

etching with HF, for the fabrication of a purely diamond microfluidic device. The resulting 

platforms had separation channels of 4.0 cm length, with rectangular, 40 × 100 or 70 × 100 

µm, cross sections (see Fig. 1.13). The hydrophobicity of the prepared diamond films was 

estimated using contact angle measurements with water, and was reported as 47° and 65° for 

the original and a hydrogenated surface of diamond, respectively. Obviously, the surface of 

the diamond surface is rather hydrophilic, and serves to eliminate hydrophobic interactions 

between proteins and the channel walls of the microfluidic chip. In this case, the channels 

were filled with continuous polymer beds derivatised with ammonium groups and the 

chromatographic separation of myoglobin, conalbumin, ovalbumin and trypsin inhibitor was 

achieved in 30 s with a 20 mM phosphate buffer (pH 7.8), and a linear gradient of sodium 

chloride concentration delivered at a flow rate of 0.1 µL·min−1 and pressure of 9 bar. The 

resolution of chromatographic peaks was comparable with that obtained with continuous beds 

synthesised in fused-silica capillaries and quartz microfluidic chips [118]. Although diamond 

only plays the role of a support here, whilst the separation takes place upon the polymer bed, 

this work does represent a new approach to creating microfludic chips with improved 

mechanical and chemical stability, and also shows increased possibilities for on-chip 

electrochemical, spectrophotometric and fluorescent detection. 

 

1.4.4. Low pressure column liquid chromatography 

A further type of diamond containing adsorbent is described by Bondar’ et al. 

[60,73,119], who used a 5% DND hydrosol, entrapped within 60–200 µm particles of the 

macroporous polysaccharide adsorbent, Serpharose 2B. This sorbent was packed in 80 × 16 

mm I.D. columns and used for the low pressure ion-exchange chromatography of proteins, 

using a 20 mM Tris-HCl buffer (pH 7.0) as the eluent, delivered at 1 mL·min−1. The authors 

isolated 40% of luciferase from a crude extract of proteins in a single step separation in 140 

min [27]. Chemical inertness, low cytotoxicity, biocompatibility and the unique selectivity of 

DND towards cytochrome C, luciferase, lysozyme and others, as discovered by this research 

group, make this new adsorbent potentially very significant for the separation and 

purification of biomolecules [69].  
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Fig. 1.13. SEM image of capillary microchip constructed from diamond using CVD [64]. 
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However, the application of the polysaccharide phase is limited by a narrow pH window of 

hydrolytic stability (pH 4–9), and a relatively soft matrix. Additionally, the exact role of 

DND in this experiment is yet to be established, although the authors believe that the DND 

played a key role in the chromatographic performance of the composite material. 

Sevostyanova et al. [28] described an application of a similar adsorbent for the 

separation of proteins. Laboratory made highly permeable diacetate cellulose microspherical 

particles, of diameter 100–300 µm, were used in place of Sepharose 2B, which contained 

differing amounts of DND. A column of internal diameter 4.8 mm, with a 3.9 cm bed of the 

prepared adsorbents, produced selective and efficient separations of insulin and ribonuclease 

in 0.1 M acetate (pH 2.5) and 0.1 M phosphate buffers (pH 6.5), respectively, at flow rates of 

0.1 mL·min−1. Adsorbents with higher concentrations of DND demonstrated more favourable 

thermodynamics of adsorption for targeted proteins, while phases with lower content of DND 

had faster kinetics of adsorption due to an optimum porous structure for the diffusion of 

proteins inside of the particles. 

 

1.4.5. High temperature liquid chromatography 

The combination of very high thermal conductivity (900–2300 W·m−1K−1), and 

extremely low linear thermal expansion coefficients, in the order of 5 × 10−8 K−1 [1], 

mechanical stability and high thermal stability up to 400 °C, make diamond a perfect 

stationary phase for HPLC at high temperatures. Diamond sorbents can be used under harsh 

separation conditions, where conventional phases like silica, alumina, and organic polymers 

are not stable. In liquid chromatography, an increase in column temperature decreases 

viscosity of the mobile phase and provides for faster diffusion and kinetics of sorption–

desorption processes, which in turn allows the use of higher flow rates, and the development 

of faster separations with increased column efficiency. Recently, Nesterenko et al. 

demonstrated a 14-fold increase in the number of plates for a column packed with MSDN 

following an increase of column temperature from 35 to 180 °C (see Fig. 1.14a) [99]. 

Additionally, an improvement in resolution of chromatographic peaks for a three-component 

model mixture on the MSDN phase was noted for the separation at elevated column 

temperature (see Fig. 1.14b), although the increase of column temperature decreased the 

retention of the solutes. 
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Fig. 1.14. The effect of column temperature on separation efficiency (a) and resolution of 

chromatographic peaks (b). 150 × 4.0 mm I.D. column packed with 3–6 µm MSDN. Eluent: 

90:10 (v/v) methanol – 5 mM MES buffer pH 6.0, 0.3 mL·min−1. Peaks: 3-nitrophenol (a); (1) 

toluene, (2) aniline, (3) 4-chlorophenol (b). Unpublished results. 
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1.5. Conclusions and aims 

Diamond is a unique material with extraordinary physical and chemical properties, 

which potentially may be beneficial for its use in chromatography. However, for many years 

the application of diamond based materials in chromatography was limited by the absence of 

porous materials having developed surface area, optimum pore size and of good 

understanding of surface chemistry and adsorption properties for different types of diamond. 

The remarkable progress in all these areas has been achieved in the last decade.  

Three main types of diamond materials, including 1-2 micron particles of HPHT 

diamond, 3–4 micron particles of HPHT diamond and MSND, are found to be the most 

suitable for various chromatographic applications. The application of new technologies for 

the preparation of diamond based composites opens new possibilities in construction of 

special stationary phases such as fully porous microspherical diamond particles with 

chemically grafted molecules or pellicular type particles with multiple 

nanodiamond/polyamine bilayered structure of porous shell. The maximum separation 

efficiency reached the level of 10,800–112,000 theoretical plates per meter for both 

microparticulated HPHT diamond and composite adsorbent. The clear future for diamond 

based stationary phases is associated with UHPLC at elevated column temperatures. The 

possibility of using MSND packed column in HPLC at 200 °C has been demonstrated.  

Significant progress has been made towards understanding retention mechanisms and 

the separation selectivity of diamond adsorbents in various chromatographic modes. 

However, a systematic study of pure diamond particles in different modes of liquid 

chromatography has not been reported. Therefore, the overall aim of this Thesis is the 

development of stationary phases based upon unmodified synthetic polycrystalline high 

pressure high temperature (HPHT) diamond and investigation of their chromatographic 

properties. The specific aims are: 

 the preparation and characterisation of HPHT diamond stationary phases and 

development of a column packing procedure for this sorbent 

 investigation of the performance of HPHT diamond columns in NP-HPLC with a focus 

on the retention mechanism, separation selectivity, and comparison with other carbon 

based stationary phases 

 investigation of the performance of HPHT diamond columns in HILIC conditions. 

Special attention will be dedicated to the influence of mobile phase composition on the 
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retention mechanism and selectivity, as well as to the performance of the HPHT 

diamond column under the conditions of elevated temperature and high pH. 

 Investigation of the ion-exchange properties of microdispersed sintered detonation 

nanodiamond (MSDN). Adsorption of both anions and cations on MSDN will be 

studied, and the influence of cations and anions on the adsorption of each other will be 

explored.  
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Chapter 2. General experimental 

 
2.1. Instrumentation 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 

carried out on a Labsys EVO instrument (Setaram, Box Hill, VIC, Australia); Calisto 

Processing software was used for data acquisition and management. All runs were performed 

using UHP nitrogen or air, with Al2O3 crucibles and a scanning rate of 10 °C per minute. 

Titration experiments were done with a Metrohm 809 Titrando autotitrator with Tiamo 

1.2 software (Mitcham, VIC, Australia). Fytik software (GitHub, San-Francisco, CA, USA) 

was used for Gaussian peak-fitting.  

A Nanoseries zetasizer Model Zen3600 (Malvern Instruments, Malvern, 

Worcestershire, UK) was used for ζ-potential measurements. The Smoluchowski 

approximation for large particle sizes (1-2 µm) and high ionic strengths (100 mM) was used 

according to [1]. pH of suspensions was adjusted with either NaOH or HNO3. 

Specific surface areas were calculated based upon BET adsorption/desorption method 

using a TriStar II 3020 (Micrometrics Gemini, Georgia, USA) instrument. Before 

measurements the samples were heated at 100 °C in vacuum overnight.  

Imaging of HPHT diamond particles was carried out using Hitachi SU-70 (Hitachi Ltd., 

Chiyoda, Tokyo, TKY, Japan) field emission scanning electron microscope and 1.5 keV 

electron beam. All samples were platinum-sputtered prior to analysis. An Oxford AZtec 2.3 

EDS/EBSD system was used for the investigation of diamond surface composition and the 

presence of impurities by EDS*.  

FTIR spectra of HPHT diamond were obtained using Bruker MPA infrared 

spectrometer (Billerica, MA, USA). Prior to measuring FTIR spectra, HPHT diamond 

powder was dried overnight at 100 °C in a vacuum oven (0.4 atm). Potassium bromide tablets 

containing 5% w/w dried diamond powder were used for collecting spectra. Raman spectra 

were measured with Bruker FRA 106 Raman spectrometer coupled with a Raman Scope 

(microscope) (Billerica, MA, USA)*. 

Accela 1250 UHPLC (Thermo Fisher Scientific, Waltham, MA, USA) was used for 

evaluation of HPHT diamond and PGC columns. Photometric detection at 254 nm was used 
                                                             
* The author gratefully acknowledges use of the services and instruments of Central Science Laboratory of 
University of Tasmania. Special thanks to Dr Karsten Goemann and Dr Sandrin Feig for their assistance in 
acquisition and interpretation of SEM images and EDS spectra, and to Dr Thomas Rodemann for the help with 
FTIR spectra measurements 
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unless otherwise stated. ChromQuestTM software (Thermo Fisher Scientific, Waltham, MA, 

USA) was used for operating the UHPLC system and processing the chromatographic data. 

Retention factors for the analytes were calculated based on the peak maximum, and void 

volume was determined as described in the Section 2.4.2. Column efficiency and peak 

asymmetry were calculated according to IUPAC recommendations [2] using peak width at 

10%  height. For the peaks with high asymmetry factors (As > 1.2), Exponentially Modified 

Gaussian (EMG) model was applied for the calculation of peak parameters [3]. 

 

2.2. Reagents 

Industrial non-porous high pressure high temperature (HPHT) diamond (Grade 2, 

fraction of 1-2 µm particle size) was purchased from Hunan Real Tech Superabrasive & Tool 

Co. Ltd. (Changsha city, Hunan, China). Empty stainless steel columns (100 × 4.6 mm ID 

and 50 × 4.6 mm ID) were purchased from Phenomenex (Lane Cove West, NSW, Australia). 

A HypercarbTM column (100 × 4.6 mm ID) packed with 5 µm porous graphitic carbon (PGC) 

particles (Shandon HPLC, Runcorn, Cheshire, UK) and a 150 × 4.0 mm ID column packed 

with 3-6 µm particles of microdispersed sintered detonation nanodiamond (MSDN, see 

description in [4]) were used for comparative studies. 

Deionised water (DIW) was obtained from a Milli-Q (USA) system and was used for 

the sedimentation and purification of diamond, as well as for mobile phases and solute 

standards. 2-propanol (IPA), n-hexane (both from Chem-Supply, Gillman, SA, Australia), 

dimethyl sulfoxide (DMSO), acetonitrile (ACN), methanol (MeOH) (all from Sigma-Aldrich, 

Castle Hill, NSW, Australia), CH3COONH4 (Univar, Ingleburn, NSW, Australia), formamide 

(Ajax Chemicals, Thermo Fisher, Scoresby, VIC, Australia), were used for the preparation of 

mobile phases, titration experiments and column packing. Solutions of NaOH and HNO3 

(both from Chem-Supply, Gillman, SA, Australia) were used for fractionation by 

sedimentation, and purification of HPHT diamond. KOH (Sigma-Aldrich, Castle Hill, NSW, 

Australia), NH4OH (Chem-Supply, Gillman, SA, Australia), tetramethylammonium 

hydroxide (TMAOH) (Sigma-Aldrich, Castle Hill, NSW, Australia), NaCl (Ajax Chemicals, 

Thermo Fisher, Scoresby, VIC, Australia), formic acid (Univar, Downers Grove, IL, USA), 

acetic acid (BDH chemicals, Murarrie, QLD, Australia), trifluoroacetic acid (TFA) (Sigma-

Aldrich, Castle Hill, NSW, Australia) and HCl (Merck KGaA, Darmstadt, Germany) were 

used for the preparation of buffers and titration experiments. Potassium hydrogen phthalate 

(KHP) (Sigma-Aldrich, Castle Hill, NSW, Australia) was used for standardisation of buffers 

and titration standards. Pure solute standards for the chromatographic characterisation of 
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HPHT diamond were supplied by Sigma-Aldrich (Castle Hill, NSW, Australia). All solvents 

were HPLC grade; all chemicals used in buffer preparation were at least >99% grade, and all 

solute standards were at least >98% grade. All solvents were degassed prior to use and stored 

in airtight containers. All aqueous solutions were handled in plastic containers, and solutions 

containing organic phase were stored in glass bottles and vials. 

 KOH (Sigma–Aldrich, Castle Hill, NSW, Australia), methanesulphonic acid (Thermo 

Fisher, Scoresby, VIC, Australia), NaNO3 (VWR International, Murarrie, QLD, Australia), 

Na3PO4 (VWR International, Murarrie, QLD, Australia), Na2SO4 (Sigma–Aldrich, Castle 

Hill, NSW, Australia) and Na2CO3 (Ajax Chemicals, Thermo Fisher, Scoresby, VIC, 

Australia) were used for the preparation of buffers, and for the investigation of the influence 

of column conditioning upon the retention.  

The following substances were used for the preparation of adsorbate solutions of 

cations and anions, buffer solutions and as reagents for UV-determination: MnSO4, NaClO4, 

Hexamine (99%, all from AJAX Chemicals, Thermo Fisher, Scoresby, VIC, Australia), 

Zn(NO3)2, CoSO4, CuCl2, CuSO4, Na2SO4, Cu(NO3)2, Na2C2O4, NaCl, Na2B4O7, o-

Cresolphtalein (99%, all from Sigma-Aldrich, Castle Hill, NSW, Australia), Cd(NO3)2, 

NiSO4, Al(NO3)3, Na3PO4, NaI, CH3COOH (99%, all from VWR International, Murarrie, 

QLD, Australia), Fe(NO3)3, HNO3, H2SO4 (99%, all from Chem-Supply, Gillman, SA, 

Australia), 4-(2-pyridylazo)resorcinol (98%, Kodak, Rochester, NY, USA), Chromeazurol-S 

(85%, Riedel-de-Haёn, Sigma-Aldrich, Seelze, Germany), CH3COONa, KH2PO4, H3PO4  

(99%, all from Univar, Ingleburn, NSW, Australia), NaOH (99% Scharlau, Sentmenat, 

Barcelona, Spain). 

 

2.3. Methods 

2.3.1. Preparation of HPHT diamond microparticles 

As it was previously reported, this batch of diamond powder showed the presence of 

the following major impurities: Si, W, Ta, Al, and Mn [5,6]. According to Dolmatov, 

treatment with concentrated HNO3 is the most effective method for removal of metal 

impurities and non-diamond carbon from diamond materials [7]. Accordingly, it was decided 

to use this method in order to eliminate W, Ta, Al and Mn from HPHT diamond. 

Additionally, purification with boiling 40% NaOH (2.5 mL per 1.0 g of diamond) was 

applied for 30 min in order to dissolve silica (or silicate) impurities, which have amphoteric 

character and are soluble in hot concentrated NaOH. Since Si is a major impurity (see Section 

3.3.1.1), the treatment with NaOH was done first and the excess of 5 M HNO3 was applied 



 

57 
 

afterwards, followed by intensive flushing with DIW between and after treatments. The 

HPHT diamond was removed from the solutions by means of centrifugation with subsequent 

decanting. The washoffs after the treatment with 40% NaOH were used for the determination 

of silica presence, as described in the Section 3.3.1.1. 

After the HPHT diamond had been purified, it was subjected to multiple sedimentations 

in the presence of 10 mM aqueous NaOH. This solution was chosen based on test 

sedimentation experiments described is Sections 3.3.2.2. Sedimentations were carried out in 

tall measuring cylinders (500 cm3 or 1000 cm3, height of solvent (H) 21 cm was used, see 

Fig. 2.1). Slurry with a concentration of 10 mg·mL-1 was used. Fractionation was done in two 

steps. First, long time intervals were applied (18 or 24 hours), after which the supernatant 

along with the fine fractions of diamond (<1 µm particle size) were discarded. This step was 

performed at least 30 times, until the supernatant was clear and did not precipitate 

agglomerates of fine diamond dust upon acidification. During the second step, shorter time 

intervals were used (6 or 12 hours). Particles of diamond which were large enough (>1.4 µm) 

to sediment during this time were discarded, and the supernatant was re-dispersed and 

subjected to another 6 or 12 hour sedimentation. This was repeated until no sediment was 

formed within 6 or 12 hours (at least 30 times). Finally, after the last sedimentation cycle, the 

diamond was washed with the excess of DIW and dried in air. The yield of fractionated 

diamond was typically within 10-20% (w/w). 

 

2.3.2. Aqueous titration 

An aqueous solution of ~5 mM KOH and of 1 M NaCl (for the maintaining of the ionic 

strength) was used for titration. Prior to each run, KOH was standardised by titration with 

KHP. The HPHT diamond was previously subjected to the sedimentation in the presence of 

10 mM NaOH (see Section 2.3.1), so it was assumed that all surface COOH groups would be 

dissociated. 1.000 g of HPHT diamond was placed in an 80 mL beaker followed by an 

addition of 30.0 mL of 2.271 mM HCl (again, 1 M NaCl was added to HCl solution for 

maintaining ionic strength). This ensured that all surface groups were reprotonated (pH of 

suspension was around 3.0). During titration, the excess of HCl was titrated first. The second 

titration peak was a broad one and can be attributed to carboxyl groups which have different 

pKa values depending on their environments. By subtracting the total amount of KOH used 

for the titration from the amount of HCl added prior to the titration, the amount of the 

residual NaOH can be obtained, which was present in the HPHT diamond after the 
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sedimentation. Overall, the value for the amount of carboxylic groups per gram of HPHT 

diamond was calculated from each experiment.  

 

2.3.3. Titration in water-organic mixtures  

Volumetric titration in water-organic mixtures was performed using in 80% CAN – 

20% DIW and 80% MeOH – 20% DIW. TMAOH, standardised with KHP was used as 

titration agent. Again, 1.000 g of HPHT diamond was taken and an excess of HCl (23.6 

µmol) was added in order to protonate all surface groups. Similar to above, two values were 

obtained for the excess of HCl added prior to titration and the amount of COOH groups per 

gram of the HPHT diamond. Last value was compared with the results obtained in aqueous 

conditions to understand how the dissociation processes on the diamond surface are affected 

by the presence of an organic phase. 

 

2.3.4. Column packing  

The system for column packing consisted of a Haskel DSF-122 air driven liquid pump 

(Haskel International Inc., Burbank, CA, USA), a 30 mL stainless steel slurry reservoir, 150 

× 4.6 mm ID column connection and 100 × 4.6 mm ID or 50 × 4.6 mm ID empty columns 

with 0.5 µm pore size frits. For comparison purposes, another 50 × 4.6 mm ID column was 

packed into a Thermo Fisher column body (Thermo Fisher Scientific, Waltham, MA, USA), 

in order to assess the influence of column design on the chromatographic performance of 

HPHT diamond*. A slurry containing 0.2 g·mL-1 of HPHT diamond powder was prepared in 

10 mM NaOH. Volume of slurry was chosen considering the packing density of 2.2 g·mL-1 

with 20% excess (11 mL and 22 mL for 50 and 100 mm long columns, respectively). Slurry 

was placed in the reservoir and the rest of the reservoir was filled with 10 mM NaOH 

solution. DIW was used as the pump fluid. 

During the packing procedure, the pump was operated manually. A fast pressure 

increase is important to minimise sedimentation of the diamond particles. However, as 

mentioned in introduction, brittle diamond may be fractured if the pressure wave applied is 

too intense. Accordingly, the pressure program included a surge from 0 to 5500 psi within 2-

3 seconds at the beginning of packing, followed by a further linear rise from 5500 psi to a 

target pressure (usually 10000 or 15000 psi) within 2-3 min. Pressure was held at a target 

level until 250 mL of water was pumped through the column. Then the slurry reservoir was 
                                                             
* Author gratefully acknowledges Prof. Andrew Shalliker for the column provision and useful discussions of 
van Deemter experiments. 
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disconnected and the column was reconnected to an UHPLC instrument and conditioned by 

passing 6 mL of IPA at flow rate 0.1 mL·min-1. Finally, the column was conditioned with the 

mobile phase (n-hexane/IPA) at 0.5 mL·min-1 until constant (±1%) retention times were 

observed for the test substances. 

Different packing temperatures were tried in order to obtain ideal packing conditions. If 

high temperature packing was used, packing was performed in two steps. First, pressure was 

increased to 5500 psi, and held until 30 mL of liquid had been eluted. After that, the pressure 

was released, slurry reservoir removed, and the column with extension was placed inside a 

column heater. After the required packing temperature was achieved, pressure was increased 

to its target value (usually 15000 psi) again, and the packing continued until 250 mL of liquid 

had passed through the column. After pressure was released, fittings were connected to the 

column while it was still hot.  

 

2.4. Calculations 

2.4.1. Sedimentation analysis of particle size distribution 

Particle size distribution for HPHT diamond was established by sedimentation analysis. 

The main idea for the sedimentation analysis was taken from [8]. For a uniformly descending 

particle in liquid, gravitational force (including buoyancy) is equal to liquid friction. 

Archimedes law was used for calculating gravitational force, and Stokes law – for liquid 

friction (for spherical particles): 

4/3πr3g(ρD-ρA) = 6πηrU    (Equation 2.1) 

Here, r is particle radius (m), g is gravitational constant (9.81 m·s-2), ρD is density of 

diamond (kg·m-3), ρA is density of solvent A (kg·m-3), η is viscosity of dispersant (Pa·s) and U 

is velocity of diamond particle (m·s-1). U can be written as: 

U(dx) = H/tx     (Equation 2.2) 

where U(dx) is velocity of particle with diameter dx (m·s-1), H is the path length (height 

of cylinder for sedimentation, m), and tx is the time for sedimentation for particle with size dx 

(s). After substituting d = 2r, and combining Eqn. 2.1 and Eqn. 2.2, it can be written: 

tx = 18ηH/(dx
2·g(ρD-ρA))    (Equation 2.3) 

This equation describes the time tx when all particles with size dx, will be completely 

sedimented in a cylinder of height H in solvent A. Clearly, sedimentation time correlates with 

the inverse second order of particle size. 

The following setup was used for the sedimentation analysis (Fig. 2.1). A cylinder (21 

cm height) was taken and filled with suspension of HPHT diamond. A glass plate, with a 
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diameter slightly smaller than that of the cylinder was submerged into the suspension, so it 

did not touch the bottom or the walls of the glass. By means of a scale beam and stainless 

steel wire, this plate was connected to a plummet on a balance. Therefore, during the 

experiment the weight of the plate with diamond sediment was increasing, and the weight of 

plummet on the balance was decreasing. The value from balance was recorded on a computer 

with a sampling rate of 1 Hz using an RSR232 Data Logger (software by Eltima, Frankfurt, 

Germany). A plot of plate weight v time was built afterwards and used for calculation of 

particle size distribution. 

Fig. 2.2 presents the typical dependence obtained as described above. In the beginning, 

sedimentation of particles with all sizes happened, so the weight gain (W) on the plate was 

highest and constant. This resulted in linear dependence of W on t at the beginning. After 

certain time tmin, all particles size bigger than dmax were sedimented, so the curvature was 

observed on the graph. As the time went on, more particle size fractions were completing 

their sedimentation, until finally all the smallest particles (dmin) reached the plate by the time 

tmax. After this time weight of the plate was constant and the curve on the graph levelled off. 

Total weight of particles on the plate was W0 at the end of sedimentation. 

As it is clear from Fig. 2.2, each time, tx, can be matched to the weight of diamond 

sedimented during that time (W(tx)) and the fraction size, dx, above which all particles have 

already completed sedimentation. Value of the intersection point between y-axis and tangent 

to the sedimentation curve at tx yielded the weight, Wx, of all particles with size above dx. The 

following formula was used to find Wx values, using the value of weight gradient at the 

moment, tx: 

Wx = W(tx) – tx·(∂W/∂t)x    (Equation 2.4) 

Accordingly, the weight fraction Qx of particle with sizes above dx was found as: 

Qx = Wx/W0 = (W(tx) – tx·(∂W/∂t)x)/W0    (Equation 2.5) 

By taking the derivative of Qx in respect to dx, a classic particle size distribution was 

obtained, in terms of sedimentation time, rather than particle size: 

qx = ∂Qx/∂dx = (1/W0)·∂[W(tx) – tx·(∂W/∂t)x]/∂dx   (Equation 2.6) 

Here qx is the fraction of particles with size dx. In order to build this dependence in 

terms of particle size, it was necessary use Eqn. 2.3, which correlates these two parameters. 

Substituting Eqn. 2.3 into Eqn. 2.6 gives: 

qx = (1/W0)·∂[W(tx) – (18ηH·(∂W/∂t)x)/(dx
2·g(ρD-ρA))]/∂dx  (Equation 2.7) 
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Fig. 2.1. Scheme of a setup for sedimentation analysis. 

 

 

 

 

 

 
 

Fig. 2.2. Sedimentation curve (weight of diamond v time) obtained for calculation of particle 

size distributions. Each time, tx, can be matched to the weight of diamond sedimented during 

that time (W(tx)) and the fraction size, dx, above which all particles have already completed 

sedimentation. 
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This last equation was used to build particle size distributions. Values of W0 and W(tx) 

were measured from sedimentation curve, dx values were taken with increments of 0.1 or 0.2 

µm, and other values are constants.  

 

2.4.2. Determination of void volume and phase ratio of HPHT diamond column 

On a daily basis the void volume was evaluated by the injection peak of hexane in NP-HPLC 

or ACN in HILIC/ANP chromatography modes. Additionally, the true void volume of the 

column was calculated by measuring the difference between weight of the column filled with 

either CH2Cl2 (ρ = 1.326 g·mL−1) or hexane (ρ = 0.659 g·mL−1) at the room temperature (20 

°C). The calculated volume of mobile phase in the column (VM) was 352.8 ± 3.5 µL for 50 × 

4.6 mm I.D. column at 20 °C, which matches the void volume (V0) calculated from the void 

time (t0) of 0.73 min measured from the peak of injected hexane at flow rate 0.5 mL·min-1. 

The volume of diamond particles in the column (VS) was also calculated by subtraction of VM 

value from the volume of empty column as VS = 830.5–352.8 = 477.7 µL.  

It should be noted that the VS value does not change with the variation of temperature or 

mobile phase composition, due to negligible thermal expansion of the diamond and absence 

of swelling in organic solvents. VM(T), however depends on the temperature due to the 

difference in thermal expansion of column body and stationary phase. Void volume of the 

instrument V0(T) (which depends on the temperature) can be calculated at each temperature 

by carefully recording the solvent mismatch peak and multiplying this value by the flow rate: 

V0(T) = F·t0(T)      (Equation 2.8) 

Where F is flow rate (mL·min-1) and t0(T) is void time (min), which depends on temperature. 

This instrument void consists of the true volume of mobile phase in the column VM(T) and 

volume of connectors and tubing (VC+T  = 11.7 µL which should not be considered in 

calculations of the phase ratio). VM(T) can be found accordingly at each temperature: 

VM(T) = V0(T) – VC+T = F·t0(T) – VC+T   (Equation 2.9) 

Finally, phase ratio can be calculated at each temperature: 

   β(T)  = VM(T)/VS = (F·t0(T) – VC+T)/VS      (Equation 2.10) 

Although usually for non-porous adsorbents phase ratio is calculated using the ratio of 

the surface area of stationary phase to the volume of mobile phase, in the present work this 

approach was not applied. This is because β values calculated in such manner would have the 

units of m-1 and depend on the units used, making the calculation of logβ meaningless. At the 

same time, no error is introduced in this work when β is defined as in the Eqn. 2.10, because 

only particles with the same size distribution are compared. 
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2.4.3. Van’t Hoff plots 

Van’t Hoff’s equation (Eqn. 2.11) was used for calculation of thermodynamic 

parameters of retention.  

lnk = -∆H°/RT + ∆S°/R + lnβ(T)    (Equation 2.11) 

Here k is the retention factor, ∆H° is enthalpy, ∆S° is entropy and β(T) is column phase 

ratio. Retention factors were measured in the temperature interval 5 – 75 ºC, and phase ratio 

was calculated at each temperature, as described in Section 2.4.2.  

As mentioned above, due to the expansion of the column body, the column phase ratio 

exhibited a linear dependence on the temperature. A situation where the phase ratio is not 

constant was analysed by Chester and Coym [9], who proposed a way of calculating 

thermodynamic parameters using selectivity values instead of k, to account for the influence 

of the variable phase ratio on the thermodynamic parameters. However in [8] non-linear lnβ 

and k vs 1/T plots were analysed, which is a more complicated setup, as compared to the 

linear plots observed for the HPHT diamond column. Therefore aqa more simple approach 

can be used for calculating enthalpy and entropy for diamond columns. In order to account 

for the linear change in phase ratio with temperature, lnβ can be presented in the form of: 

lnβ = const1/T+const2      (Equation 2.12) 

Accordingly, the van’t Hoff equation can be written as: 

lnk = -∆H°/RT + ∆S°/R + const1/T + const2 = (-∆H°/R+ const1)/T +       (Equation 2.13) 

(∆S°/R+ const2)  

Parameters const1 and const2 can be calculated from the lnβ v 1/T plot and substituted 

to Eqn. 2.13. Finally, by analysing the slope and y-intercept in the lnk vs 1/T plot and 

subtracting the values of const1 and const2, the true enthalpy and entropy can be calculated 

for each compound.  
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Chapter 3. Preparation and characterisation of synthetic diamond stationary 

phase for liquid chromatography and optimisation of column packing procedure 
 

3.1. Introduction 

As discussed in Chapter 1, the majority of modern LC techniques are based on the use 

of silica based stationary phases, with polymer sorbents being the second most abundant. 

Since these silica and polymeric sorbents share some certain disadvantages in terms of their 

applicability under conditions of high temperature, pressure and aggressive mobile phases, 

carbon materials, especially diamond, are considered as a promising alternative.   

Advantages of diamond based adsorbents for application in HPLC, such as chemical 

and mechanical stability, thermal conductivity and the possibility of surface modification 

have been discussed previously in Chapter 1. However, there are also several problems 

related to the use of HPHT diamond in HPLC, which need to be solved in order to prepare a 

suitable chromatographic column. First of all, HPHT diamond is a hard but brittle material, 

and no spherical particles are commercially available. Secondly, due to its non-porous 

structure, the surface area of HPHT diamond is quite small (5.1 m2·g-1 for 1.55 µm particles), 

so small particles have to be used in order to achieve sufficient column loading capacity. This 

also means that the application of ultra high pressure (UHPLC conditions) should be 

considered due to high backpressure associated with small particles. Furthermore, the 

properties of the diamond surface are hard to control, since they depend largely on 

manufacturing process and conditions of synthesis. Until now no standard approach has been 

accepted for the preparation of a uniform diamond surface [1]. Despite the fact that the 

development of a standardisation technique for diamond materials is outside of scope of this 

thesis, it is important to acquire all possible information about HPHT diamond properties. 

This information is especially important since chromatographic selectivity and adsorption 

properties, which are investigated here, cannot be explained without a complete 

understanding of the surface chemistry. Additionally, such information is required for the 

comparison of results obtained here with those obtained by other research groups using 

different sources of diamond. Overall, in the first part of this Chapter, the preparation and 

surface characterisation of HPHT diamond as a stationary phase will be presented. Special 

attention will be paid to the purification of diamond material and size fractionation of 

particles. 
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Another important aspect in the development of a new stationary phase is optimisation 

of the column packing procedure, which will be considered in the second part of this Chapter. 

The ultimate goal will be to elucidate a repeatable and reliable procedure for the preparation 

of columns with maximum possible efficiency. There is a plethora of information in the 

literature on column packing with conventional silica and polymeric stationary phases [2]. 

However, diamond is a very different material, and column packing conditions have still not 

been optimised. The development of a packing procedure for diamond particles is a non-

trivial challenge which requires resolution of several complicating issues.  

Firstly, diamond is a brittle material, and the pressure wave packing procedure, which 

is commonly used for packing silica, is not applicable. There are already some indications in 

the literature that a pressure wave may result in diamond particle fractures and formation of 

the ultrafine fragments which would negatively affect separation efficiency [3]. Another 

important issue is the high density of diamond (3.5 g·cm-3), which makes preparation of the 

stable diamond slurries complicated. Therefore, it is necessary to choose an appropriate slurry 

solvent with the required density and viscosity in order to avoid fast sedimentation during 

column packing. Otherwise, sedimentation can influence the quality of the bed and resultant 

column efficiency. Finally, other parameters, such as temperature, pressure and column 

conditioning need to be optimised, since they can also significantly influence both column 

efficiency and chromatographic peak shape.  

Overall, there were a number of research problems that required addressing, and they 

are, therefore, investigated in this Chapter, including: 

 Development of a purification procedure for HPHT diamond 

  Characterisation of the purified diamond with various physical and chemical methods 

in order to establish its surface properties 

 Selection of an appropriate slurry solvent for HPHT diamond, to reduce sedimentation 

rate and provide stable suspensions and dense firm sediments  

 Preparation of HPHT diamond particles with improved shape and size distribution 

 Elucidation of column packing procedure for the HPHT diamond stationary phase. 

Special attention will be paid to the investigation of the influence of packing pressure, 

temperature and after-packing column conditioning on the column performance.  

 Comparison of the prepared HPHT diamond columns with other commercial and test 

column in terms of their performance and efficiency.  
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3.2. Experimental  

General information on materials, chemicals and instrumentation is summarised in 

Chapter 2. Information on the preparation of HPHT diamond material (including purification 

and fractionation), methods of investigation (titrations and sedimentation analysis), 

calculations (particle size distribution, void volume and phase ratio) and column packing 

procedure are also given in Chapter 2. 

 

3.2.1. Calcination of HPHT diamond 

Calcination of HPHT diamond was done using Woodrow AF-3 furnace (Woodrow 

Kilns, Bankstown, NSW, Australia). Air and UHP N2 were used. 1 g of diamond was used 

for each run. The heating rate was 5 °C per minute until a target temperature was reached 

(400 °C, 600 °C, 700 °C, 800 °C or 900 °C). After holding the target temperature for 1 hour, 

the sample was cooled down to room temperature at a rate of 10 °C per minute. 

 

3.2.2. Determination of adsorption capacity of diamond 

Adsorption of aurintricarboxylic acid (ATA) was used in order to determine the 

adsorption capacity of HPHT diamond and how it is affected by calcination. ATA was 

purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). 10 mL of 0.1 mM solution of 

ATA (0.422 mg of ATA) in water was added to 1 g of the HPHT diamond sample. After 

sonication for 30 s the mixture was set to equilibrate for ~10 min and finally centrifuged. The 

supernatant was separated and used for the determination of the remaining ATA 

concentration.  

In a 25 mL volumetric flask, 5 mL of pH 5.0 sodium phosphate buffer (0.05 M) was 

placed, to which 15 mL of 0.25 mM Cu(NO3)2 was added and mixed well. 2.5 mL of the 

supernatant with the unknown ATA concentration was added, and the volumetric flasks was 

filled with DIW up to 25 mL. The flask was shaken vigorously and the formed Cu-ATA 

complex was detected at 520 nm using Metertech SP-8001 spectrophotometer (Nankang, 

Taipei, Taiwan).  

 

3.3. Results and discussion  

3.3.1. Purification and characterisation of diamond packing material  

3.3.1.1. Purification of HPHT diamond particles 

As previously reported, ICP-MS analysis of this HPHT diamond showed the presence 

of 2.96 wt. % of elemental impurities (H%, N% and O% are not counted) [4,5]. The major 
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impurities include 25.3 mg·g-1 of Si, 1.3 mg·g-1 of W, 0.6 mg·g-1 of Ta, 0.5 mg·g-1 of P, 0.4 

mg·g-1 of Al and 0.3 mg·g-1 of each of Mn and S. The origin of silicon at such a high 

concentration level was due to the presence of 5.4 wt % of silica used as an anti-caking agent 

for the processing and storage of the diamond powder. The elevated concentrations of W and 

Ta are due to the reaction of diamond with construction materials containing these metals and 

formation of respective carbides during high temperature synthesis. These major impurities 

must be located at the surface of non-porous diamond particles and may significantly affect 

the adsorption and chromatographic properties of diamond. For this reason, before all 

experiments HPHT diamond particles were purified as described in Section 2.3.1, where the 

rationale for the selecting this particular purification procedure (firstly with boiling 40% 

NaOH, then with 5 M HNO3) is also provided. 

In order to determine the successful removal of silica from the HPHT diamond, a test 

for the presence of silicates in wash solutions was performed. Wash solutions after the 

following treatment of HPHT diamond with 40 % NaOH were collected and acidified with 

concentrated HNO3. In the case of the formation of a white precipitate of SiO2·nH2O, 

indicating the presence of silicate in washoffs, treatment with boiling 40% NaOH had to be 

repeated. Accordingly, the purification procedure was repeated until no white precipitate was 

observed upon acidification.   

EDS was additionally used to confirm the removal of the major impurities from HPHT 

diamond. This method allows the detection of elements heavier than Li at the level of 0.1 wt. 

%  [6] and can be used to assess purification of diamond with regards to Si, W and Ta. EDS 

spectra of HPHT before and after the purification are shown in Fig. 3.1. Before the 

purification, a broad band at 1.7 – 1.8 keV composed of Kα line 1.739 keV for Si and M lines 

1.774 and 1.709 keV for W and Ta was observed. The purification procedure provided 

removal of these three elements (Si, W and Ta), as can be concluded from disappearance of 

the corresponding peak in Fig. 3.1. The presence of the other impurities, namely Mn, P and S 

was not detected in HPHT samples before and after purification due to a lack of EDS 

sensitivity towards these elements, presented in the original sample at concentration levels of 

0.3 – 0.5 mg·g-1 [4,5]. Both samples before and after purification showed peaks of Al from 

the aluminium plate used as a sample holder, and Pt from sputtering procedure before 

analysis. Overall, the purification of HPHT diamond provided sufficient removal of various 

impurities from the diamond surface, including silica, which can otherwise strongly 

contribute to the retention of organic substances. 
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Fig. 3.1. EDS spectra of HPHT diamond before and after purification. Characteristic lines 

values taken from [7]. 
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3.3.1.2. Surface characterisation of purified HPHT diamond 

Since 5 M HNO3 was applied to the purification of HPHT diamond (see Section 2.3.1), 

surface oxidation may occur, resulting in an increased concentration of oxygen containing  

groups [8]. Therefore, FTIR spectra were recorded to evaluate the presence of the functional 

groups and purity of the material (Fig. 3.2).  

Both HPHT diamond samples before and after purification exhibited broad bands from 

3000 to 3600 cm-1 and a band at 1630 cm-1, which can be attributed to physically adsorbed 

water. This is in agreement with the previous reports on the hygroscopic properties of 

diamond [9], and indicates that the diamond surface is polar. Carbonyl related stretches νC=O 

from carboxylic groups with characteristic band at 1730 cm-1 are also clearly presented in 

both samples [10]. Interestingly the intensity of the δOH band at 858 cm-1 was higher for the 

purified sample, which can be due to a higher concentration of C-OH groups at the diamond 

surface. The intensity of a broad adsorption band at 1000-1100 cm-1 was largely decreased 

after purification. Previously this band was attributed to silica by Loktev et al., who had also 

observed its disappearance after purification procedure [11]. Interestingly, two sharp bands at 

1385 cm-1 and 2426 cm-1 were only present in the diamond before purification. Presumably 

they belong to an unknown anticaking agent used by the manufacturer (Hunan Real Tech 

Superabrasive & Tool Co. Ltd., Changsha city, Hunan, China), and can also be removed 

during the purification procedure. It can be concluded from the IR spectra that the surface of 

purified HPHT diamond is a highly oxidised hydrophilic surface with a dominant presence of 

hydroxyl groups and smaller amount of carboxylic groups, and it is free of silica. 

These conclusions about the surface state of HPHT diamond can also be confirmed 

using Raman spectroscopy (Fig. 3.3). According to Prawer et al., the Raman spectrum of 

diamond contains a characteristic first order line at 1325 cm-1 [12], which can clearly be seen 

in Fig. 3.3 for both purified and non-purified samples. In contrast, bands at  1250 and 1650 

cm-1, which are normally present in the spectra of diamond due to the amorphous carbon and 

sp2 carbon impurities, respectively, are absent for both HPHT diamond samples. Therefore it 

is reasonable to conclude that even before the purification procedure, HPHT diamond did not 

contain “non-diamond” carbon.  

Again, the band at 3000-3400 cm-1 can be assigned to adsorbed water. Removal of 

silica can also be confirmed by Raman spectroscopy due to a decrease in a small band at 

1050-1080 cm-1. This band is quite strong in the FTIR spectrum, but is a much weaker one in 

the Raman spectrum, which is in full agreement with literature data [13].  
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Fig. 3.2. FTIR spectra of HPHT diamond before and after purification (see Section 2.1 for 

details). 
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Fig. 3.3. Raman spectra of HPHT diamond before and after purification (see Section 2.1 for 

details). 
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Finally, some other bands were observed to decrease after purification, such as 1400 and 

2700 cm-1, which, however, are unidentified. 

The purification procedure has a strong impact on the ζ-potential of HPHT diamond 

surface (see Fig. 3.4). Before purification, the ζ-potential value was observed to decrease 

steadily towards a more alkaline pH, probably due to the presence of silica on the surface, 

while diamond after purification has two obvious regions. Under acidic conditions, the 

surface carries slightly negative charge (>-15 mV), which starts to decrease rapidly between 

pH 5 and 7. This is related to the dissociation of COOH groups which are abundant on the 

surface of HPHT diamond according to the FTIR data (Fig. 3.2). The presence of hydroxyls 

and carboxyls at the surface of HPHT diamond provides a constant ζ-potential of <-70 mV 

for the purified HPHT diamond particles at pH values above 7, where dissociation of all 

functional groups with a labile proton takes place. Overall, the surface of HPHT diamond is 

negatively charged across the whole pH range, which is different from the ζ-potential profile 

obtained for other form of diamond, such as MSDN [14]. 

 

3.3.1.3. Quantification of functional groups by means of acid base titration 

Once it had been found that carbonyl, hydroxyl and carboxyl groups were present on 

the surface of HPHT diamond, it was also necessary to understand what their concentration 

was. In order to do this, acid base titration experiments were performed as described in 

Sections 2.3.2 and 2.3.3. Three types of suspensions were used for the titration – 1 M NaCl 

aqueous, 80% ACN – 20% water and 80% MeOH – 20% water. 1 M NaCl was chosen rather 

than DIW in order to maintain a high ionic strength during titration and obtain better 

resolution of titrated groups [15]. Additionally, water – organic mixtures were tested in order 

to understand how the dissociation of surface groups is affected by the presence of organic 

solvents. According to the literature, an addition of 80% of organic solvent to solutions of  

carboxylic acids increases their pKa values by 1.5-3.0 units [16], so this study is important 

for the further understanding of chromatographic properties of HPHT diamond, when mobile 

phases containing polar organic solvent additives  could be used.  

Fig. 3.5 presents titration curve for HPHT diamond suspension in 1 M NaCl. As was 

described in Section 2.3.2, diamond with fully dissociated surface COOH groups was added 

to an excess of diluted HCl prior to the titration in order to protonate the surface. At the 

beginning of titration the pH of the suspension is acidic, so the first observed peak in the 

titration curve is related to the neutralisation of excessive HCl. The second peak appeared 

only a few millilitres after the first one, so it is hard to see it on the integral titration curve.  
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Fig. 3.4. ζ-potential v pH curves for HPHT diamond before and after purification (see Section 

2.1 for details). 
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Fig. 3.5. Potentiometric titration of HPHT diamond in 1M NaCl and  Gaussian peak-fitting. 
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However, the first derivative of the titration curve clearly shows two components in the 

mixture. A Gaussian peak-fitting procedure was applied, which provided the amount of titrant 

used for the neutralisation of excess of HCl, and for the titration of HPHT diamond. As 

shown in Table 3.1, the total amount of titrant used for the titration does not equal the amount 

of HCl added, which indicates that some residual NaOH was present in the HPHT diamond 

after the sedimentation procedure.  

Potentiometric titration of the HPHT diamond suspensions was also performed in 80% 

ACN or MeOH suspensions of HPHT diamond (Fig. 3.6). In this situation a lesser amount of 

functional groups were expected to be detected, since it is known that the acidity (or basicity) 

of all groups decreases in the presence of organic solvents [16]. For both ACN and MeOH, 

resolution between peaks of neutralisation of excessive HCl and titration of COOH groups is 

poor, but the Gaussian peak-fitting of the first derivative of titration curve provided two 

peaks (Fig. 3.6). In contrast to the titration in 1 M NaCl, peaks for COOH groups were much 

broader for both ACN and MeOH. This is due to the large differentiating effect of organic 

modifiers, namely that the pKa of some COOH groups may have similar values in 1 M NaCl, 

but differ significantly in the presence of organic solvent [16]. 

The data derived from all three titrations is summarised in Table 3.1, and provides 

useful information about the surface properties of HPHT diamond. As it could be expected, in 

1 M NaCl, a much higher number of COOH groups is dissociated (4.5 µmol·g-1) as compared 

to MeOH (2.5 µmol·g-1) and ACN (2.3 µmol·g-1). This is logical considering the increased 

pKa values of carboxylic groups in organic-water mixtures, as compared with their true pKa 

measured in water [17]. Accordingly, the dissociation of COOH groups in ACN is suppressed 

to a slightly higher extent than in MeOH. The value of 4.52 µmol·g-1 for the COOH groups 

detected on the surface of the HPHT diamond in 1 M NaCl corresponds to the value of 0.6 

groups per nm2 (for comparison, this value for silica is ~4.6 nm-2 [18]). The amount of the 

residual NaOH in HPHT diamond is consistent for all titration experiments and is at the level 

of ~7.5 µmol·g-1.  

3.3.2. Fabrication of HPHT diamond particles with improved shape and particle 

size distribution 

The next step after purification and characterisation of HPHT diamond was to obtain 

fractions of HPHT diamond with a narrow particle size distribution and to improve particle 

shape. This is necessary in order to ensure a better packed bed, better peak shape, and column 

efficiency in HPLC.  

 



 

75 
 

 

 

  Amount of 
TMAOH, mol0 20 40

dU
/d

V,
 m

V/
m

L

-3

-2

-1

0

1

U
, m

V

-200

-100

0

100

200

300

1st derivative, dU/dV
Approximation
Deconvolution

Titration curve

  Amount of 
TMAOH, mmol0 20 40

dU
/d

V,
 m

V/
m

L

-3

-2

-1

0

1

U
, m

V

-200

-100

0

100

200

1st derivative, dU/dV
Approximation
Deconvolution

Titration curve

 
Fig. 3.6. Potentiometric titration of HPHT diamond in 80% ACN (left) and 80% MeOH 

solution and Gaussian peak-fitting. 

 

 

 

Table 3.1. Calculation of the content of surface functional groups of HPHT diamond in 

different conditions*.  

 

Dispersant 

1 M NaCl 80%ACN 80%MeOH 

Amount of HCl added initially, µmol 68.136 23.620 23.620 

Amount of KOH or TMAOH used for 

neutralisation of excess of HCl, µmol 
56.126±0.004 13.813±0.004 13.816±0.004 

Amount of KOH or TMAOH used for 

titration of diamond, µmol 
4.523±0.004 2.340±0.004 2.480±0.004 

COOH on the diamond surface, µmol·g-1 4.52±0.09 2.34±0.06 2.48±0.06 

Residual NaOH, µmol·g-1 7.49±0.09 7.47±0.06 7.32±0.06 

*Results are derived from deconvoluting titration curves in Fig. 3.5 and 3.6. Amount of COOH groups 

which can be titrated with ~5 mM base was calculated by subtracting amount of titrant used for neutralisation of 

HCl from total amount of titrant used. Amount of residual NaOH in the HPHT diamond was calculated by 

subtracting total amount of titrant used from amount of HCl added initially. Further details are presented in 

Sections 2.3.2 and 2.3.3. 
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According to the literature, even a slight improvement in particle size distribution can 

drastically increase column efficiency for particles with the same mean size [19]. Usually, the 

D90/10 value is used to characterise particle size distribution, and means the diameter of 

particles at 90% distribution divided by the diameter at 10% distribution. 

According to Henry, a decrease in D90/10 value from 1.4 to 1.1 results in 40% 

improvement in column efficiency [19]. In contrast, there is no clear evidence in the literature 

regarding the better efficiency of spherical particles over irregular ones [20]; however, 

generally this assumption is quite common. Therefore, a refinement of particle shape was 

attempted, with the aim of making more spherical particles, helping to decrease the 

backpressure of resultant packed columns. 

According to the manufacturer, the original HPHT diamond particle size was between 1 

and 2 µm. A target fraction of 1.2-1.5 µm was selected for isolation. Despite the fact that 

fractions with smaller sizes are harder to obtain, a 1.2-1.5 µm fraction was preferred over a 

1.5-2.0 µm fraction for two reasons. Firstly, particles of smaller diameter should provide 

better column efficiency. Secondly, column loading capacity grows as a negative second 

order of particle size. Since HPHT diamond is a non-porous material, loading capacity could 

be a potential problem, so the application of 1.2 – 1.5 µm particles as a stationary phase was 

investigated. 

Fractionation by means of sedimentation is a proven method for narrowing particle size 

distribution. However, as it was mentioned above, HPHT diamond has an irregular shape 

with sharp edges and needled apexes, which need to be reduced. In order to achieve this, it 

was decided to first test calcination of HPHT diamond at high temperatures, which could help 

in the removal of sharp edges and surface defects. This is due to the fact that the carbon 

atoms near the edges have excessive energy and tend to be oxidised at lower temperatures 

[21]. 

 

3.3.2.1. Improvement of particle shape by means of thermal oxidation 

Prior to the investigation of the effect of calcination on the particle shape and size 

distribution, it was necessary to check the limits of thermal and chemical stability of HPHT 

diamond. Fig. 3.7 presents the results of TGA-DSC analysis of material carried out in UHP 

nitrogen atmosphere and in air. On the TGA curve under nitrogen it is clear that no weight 

loss is observed up to 1000 °C, which means that only negligible decomposition of some 

surface groups occurs. However, from the DSC curve under the nitrogen atmosphere it is 

clear that a phase transition from diamond to graphite happens at around 800 °C. This phase 
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transition is exothermic and results in a positive peak on the differential curve for the DSC 

signal. It is known that the rate of phase transition for diamond is extremely slow at 

temperatures below 1600 °C [22], however, the presence of certain metals can reduce these 

temperatures down to 650-970 °C [23]. Clearly, traces of W, Ta and Mn, which are present in 

the HPHT diamond may catalyse its phase transition at lower temperatures [5].   

A different situation was observed during the heat treatment of diamond under air. 

Oxidation began at 600 °C and continued with the temperature gradient up to 800 °C. 

Usually, diamond is stable in air until 650 °C [24], but for diamond nanoparticles thermal 

oxidation can start at temperatures as low as 400 °C due to their excessive surface energy 

[25]. Therefore, the beginning of HPHT diamond oxidation under air at 600 °C in Fig. 3.7 is 

in good agreement with what could be expected for ~1 µm particles. Overall, HPHT diamond 

is stable to oxidation until 600 °C and stable towards graphitisation up to 800 °C. The 

temperature range of 25 to 700 °C was selected for further investigation, with a focus on the 

effect of calcination on particle shape and size distribution. Fig. 3.8 shows the SEM 

micrographs of HPHT diamond before and after calcination. 

It is clear from Fig. 3.8 that heating of diamond at 400 °C and 600 °C does not have a 

visible influence on the particle shape. However, heating at 700 °C produced a small effect 

on the sharpness of the diamond particle edges. As noted in the beginning of this Section, 

surface and edge atoms possess excessive energy due to missing bonds, and are much more 

susceptible to oxidation. Therefore, oxidation of the HPHT diamond particles near the edges 

observed at 700 °C was expected. Although a reduction in visibly sharp edges was evident 

after calcination at 700 °C, this effect was obviously too small to have significant impact on 

the overall particle shape. 

Despite the failed attempt to improve the particle shape by thermal oxidation, it was 

necessary to check the possibility of the removal of fine particles from the stock diamond 

material during heating.  

Again, due to the excessive surface energy, smaller particles are expected to burn off at 

lower temperatures. As shown in Fig. 3.9, the low particle size cut-off value for HPHT 

diamond is 240 nm before calcination. After calcination, some reduction in the number of 

fine particles was observed, starting from 600 °C. 



 

78 
 

T, oC
0 200 400 600 800 1000

W
ei

gh
t l

os
s,

 %

20

40

60

80

100

H
ea

t f
lo

w
, 

V

-0.1

0.0

0.1

0.2

0.3

1

2

3

4

 
Fig. 3.7. TGA and DSC analysis of HPHT diamond. Bold solid line (1) is weight loss 

observed in UHP nitrogen, normal line (2) is weight loss observed in the air, bold dashed (3) 

is DSC signal in UHP nitrogen and simple dashed (4) is 1st derivative of DSC. 

 

 
Fig. 3.8. SEM micrographs of HPHT diamond before (a) and after calcinations at 400 °C (b), 

600 °C (c) and 700 °C (d).  
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A sample heated at 700 °C had the low particle size cut-off value of 280 nm. Further heating 

can improve this even more, but as previously mentioned, strong oxidation was observed at 

higher temperatures, along with graphitisation. Oxidation also results in more negative ζ-

potential for the samples heated above 700 °C, although samples heated below 700 °C did not 

change their surface charge significantly. 

Fig. 3.10 shows the influence of calcination on the surface area of HPHT diamond and 

on its adsorption characteristics. As it could be expected, oxidation of smaller particles during 

heating causes a decrease in the surface area of the material. The original diamond had a 

surface area of 5.6 m2·g-1, while heating at 700 °C reduced this value to 4.9 m2·g-1. Oxidation 

at higher temperatures results in a further decrease to 3.6 m2·g-1. In order to assess the 

changes in adsorption capacity of HPHT diamond during calcination, the adsorption of 

aurintricarboxylic acid (ATA) on the diamond was investigated. ATA was chosen due to its 

flat structure and hydrophilic properties, which should provide a strong adsorption on HPHT 

diamond. As shown in Fig. 3.10, a reduction in surface area leads to a lower adsorption 

capacity of HPHT diamond towards ATA. Interestingly, the decrease in adsorption of ATA 

was much steeper than what was expected based on the surface area of the samples. Diamond 

heated at 900 °C had a 50% drop in surface area, but essentially did not adsorb ATA. 

Presumably, this is a result of a more negative ζ-potential of -90 mV for oxidised HPHT 

diamond, which repels negatively charged ATA molecules. 

Finally, the heating of diamond in air as a method for optimising particle structure is 

considered below in terms of its advantages and disadvantages. First of all, the sharp edges of 

the particles can be reduced during the oxidation at high temperatures, and this can 

potentially be beneficial for the preparation of a column with improved hydrodynamic 

characteristics. Similarly, the removal of fine particles and the decrease in HPHT diamond ζ-

potential is favourable and can improve the stability of suspensions and the quality of packed 

columns. On the other hand, all these effects are relatively small and do not compensate the 

50% drop in the surface area of HPHT diamond, which is also a crucial parameter for the 

preparation of columns with sufficient loading capacity, as demonstrated with the adsorption 

capacity for ATA on oxidised HPHT diamond after heating, which was decreased 

substantially. Therefore, it was decided that the use of raw diamond was preferred over its 

calcinated derivatives, and was employed in further experiments. However, the desired 

improvement in particle size distribution was achieved via another technique – sedimentation 

(see Section 3.3.2.3). 
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Fig. 3.9. Influence of heating temperature on the ζ-potential of HPHT diamond (pH 10), and 

low particle size cut-off. 

 

 

Calcination temperature, oC
0 200 400 600 800 1000

BE
T 

ar
ea

, m
2. g-1

0

1

2

3

4

5

6

Ad
so

rp
tio

n 
ca

pa
ci

ty
, m

g. g-1

0.0

0.1

0.2

0.3

0.4

0.5

BET surface area
Adsorption capacity
(measureed with ATA)

 
 

Fig. 3.10. Influence of heating temperature on the BET surface area of HPHT diamond, and 

on its adsorption capacity towards ATA. 
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3.3.2.2. Slurry solvent selection for particle sedimentation and column packing 

According to the data provided by the manufacturer (Hunan Real Tech Superabrasive 

& Tool Co. Ltd., Changsha city, Hunan, China) the batch of HPHT diamond had particles 

with a size distribution between 1 and 2 µm. Therefore, it was necessary to fractionate the 

material to obtain a more narrow distribution, which could provide improved performance in 

subsequent chromatographic experiments. One possible way of fractionating particles based 

on size is sedimentation [26]. This is not only an accepted method of fractionation of 

particles, but is also a way of preparing the particles with optimised geometry, providing 

similar flow resistance, which can be beneficial in chromatography. Other methods of 

improving particle size distribution, such as filtration or sieving, are based purely on the 

difference in linear dimensions. However, for irregular particles, flow resistance is not 

directly proportional to their size, since particle shape plays a significant role. Therefore, for 

our purposes, sedimentation was selected for the preparation of a diamond fraction with the 

desired narrow particle size distribution. 

The first problem to be addressed is the determination of an optimal solvent for 

sedimentation. Properties of the solvent have a strong effect on the slurry behaviour during 

sedimentation and column packing [26]. A diamond slurry should be stable in terms of 

agglomeration, with slow particle sedimentation, which allows careful fractionation. The 

formation of a dense sediment which is hard to re-suspend is essential. Since diamond was 

shown to be a hydrophilic material with a range of oxygen containing groups at the surface 

(see Section 3.3.1.2), the use of polar solvents and their mixtures was the first investigated.  

As discussed in Section 2.4.1, several factors influence the velocity of sedimentation. In 

an ideal case, when interactions between particles can be neglected, velocity is directly 

proportional to the difference between densities of the particle and the solvent. Accordingly, 

due to the high density of diamond (3.5 g·cm-3), high density solvents should be selected. 

This approach has never been reported before in the literature, since the density of non-

porous silica is 2.6 g·cm-3 and it can easily form compact sediments in water [26]. Secondly, 

sedimentation velocity is inversely proportional to solvent viscosity (η), so viscous solvents 

need to be considered in order to provide lower sedimentation velocity (see Eqn. 2.1). 

Finally, in the case of strong interactions between particles, agglomeration stability of the 

suspension has to be achieved, and solvent properties should prevent agglomeration. Based 

on these factors a set of solvents was chosen, as presented in Table 3.2.  

The solvents in Table 3.2 were compared based on their viscosity, density and polarity. 

NaOH was added to each solvent to give a concentration of 10 mM in order to provide a 
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maximum negative charge for the surface of HPHT diamond and to enhance particle 

repulsion. Since the velocity of each particle is a function of solvent viscosity, and the 

difference in density between diamond and solvent (see Eqn. 2.1), it is possible to introduce a 

parameter of relative velocity (UA/UW). This relative velocity is the ratio of particle velocities 

in solvent A and water, respectively, in the ideal case of non-agglomerating particles (solvent 

polarity contribution is neglected). UA/UW values for different solvents can be derived from 

Eqn. 2.1: 

UA/UW = (ηW/ηA)·(ρD-ρA)/(ρD-ρW)    (Equation 3.1) 

where UA is velocity of sedimentation in solvent A, UW is velocity in water, ρD is density of 

diamond, ρA and ρW are densities of solvent A and water, respectively, ηW and ηA are 

corresponding viscosities. Values UA/UW are also presented in Table 3.2, and can provide 

some predictions on the velocity of diamond in different solvents. 

Eight solvents were selected covering a large range of polarity and relative velocity. 

Special attention was paid to the use of very polar solvents to match the polarity of the 

diamond surface. Fig. 3.11 presents the correlation between the polarity and relative velocity 

of the solvents in Table 3.2, and demonstrates that the chosen range of solvents is sufficiently 

diverse. 

Based on the values of relative velocities, an assumption was made that the solvents 

with low UA/UW values should provide better sedimentation conditions due to the slower 

moving particles. However, the experimental section of Table 3.2 indicates that this was not 

true for most of the solvents – recorded velocities in water and formamide were much lower 

than in other solvents. Obviously, this observation points to the fact that the polarity of 

solvent and its ability to form hydrogen bonds with HPHT diamond surface, thus preventing 

agglomeration, has a much stronger effect on the behaviour of the suspension. As shown in 

Table 3.2, six solvents out of eight are insufficiently polar to prevent agglomeration of HPHT 

diamond particles. Only water and formamide allowed the formation of true suspensions and 

satisfactory sediments. This is surprising, considering the fact that polarity of water/MeOH 

and water/IPA mixtures is only slightly less than that of water, but their viscosity is much 

higher. Presumably, the polarity of a solvent and its ability to form hydrogen bonds with the 

HPHT diamond surface has a very strong influence on the suspension stability, and cannot be 

fully compensated by lower relative velocities.  
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Table 3.2. Properties of solvents (taken from [27-29]) tested as a potential slurry dispersant for HPHT diamond, and sedimentational behaviour 

of such slurry. Each solvent contained 10mM NaOH to provide highly negative particle surface charge of particles. 

 
1. 

Water 
2. 

MeOH 
3. 

IPA 

4. 
50% water- 
50% MeOH 

5. 
50% water-
50% IPA 

6. 
30% MeOH 

70% IPA 

7. 
Formamide 

8. 
DMSO 

Solvent 
properties 

Polarity, normalised 
(ET

N scale [27]) 
1.00 0.76 0.55 0.84 0.72 0.61 0.78 0.44 

Viscosity, cP 0.89 0.60 2.0 1.62 2.85 1.20 3.34 2.0 

Density, g·mL-1 1.000 0.792 0.786 0.912 0.926 0.786 1.129 1.101 

Calculated relative 
velocity, UA/UW (see 

Eqn. 3.1) 
1.00 1.61 0.48 0.57 0.32 0.81 0.25 0.43 

Results of 
sedimentation 
experiments 

Velocity observed, 
mm·min-1 <0.1 8 20 5 9 14 2 6 

Complete time for 
sedimentation, min 

1000 12 5 15 10 7 80 13 

Visible 
agglomeration, Y/N 

N Y Y Y Y Y N Y 

Sediment height after 
24 hours, mm 

4 13 15 13 14 15 10 16 

Image of sediment at the  
end of experiment 
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Fig. 3.11. Correlation between polarity and sedimentation velocity for eight solvents 

proposed for use as slurry dispersants. Solvents marked as in Table 3.2. 
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Therefore, the choice had to be made between water and formamide. Despite the fact that 

formamide is more dense and more viscous, and was supposed to provide four times slower 

sedimentation, it actually exhibited 12.5 times faster particle velocities. Again, the only 

explanation here is the 6% lower polarity of formamide and less stable suspensions. 

Nevertheless, the crucial factor favouring water over all other solvents is the formation of a 

much denser sediment, which is important for the following column packing procedure, 

where density of the packed particle bed is of highest priority. Thus, water (with 10 mM 

NaOH) was chosen for further investigations, including sedimentation analysis and column 

packing. 

 

3.3.2.3. Sedimentation 

HPHT diamond was subjected to sedimentations as described in Section 2.3.1, in order 

to improve particle size distribution. Two batches of diamond were prepared this way and 

compared with the original diamond. Fig. 3.12 presents the SEM images of these three 

diamond materials and their particle size distribution calculated by means of sedimentation 

analysis (see Section 2.4.1). 

According to the manufacturer (Hunan Real Tech Superabrasive & Tool Co. Ltd., 

Changsha city, Hunan, China), the supplied fraction of HPHT diamond particles was between 

1 and 2 µm. This is obviously far from the accurate particle size distribution, as SEM images 

of the original diamond (Fig. 3.12, left) clearly show the presence of fine particles below 0.5 

µm as well as particles bigger than 2 µm. The size distribution graph for the original HPHT 

diamond sample shows that although the majority of the particles are within 0.7-1.5 µm, there 

is a considerable number of ultra-fine and large particles present. This material is unsuitable 

for the use in HPLC, and an additional particle fractionation based on size was required.  

Two batches of fractionated HPHT diamond were prepared as described in Section 

2.3.1. HPHT diamond in both batches exhibited a significantly improved size range, as can be 

seen from central and right images in Fig. 3.12. No particles below 0.5 µm were present in 

either sample, which is a crucial criterion for obtaining a practical working backpressure for 

the resultant packed columns. Particle size distribution plots in Fig. 3.12 also confirm this 

hypothesis. For the first batch, most particles lie within the range 0.8-1.4 µm, while for the 

second batch it is 1.3-2.0 µm. Particle size distribution for all three diamond samples is 

compared in Table 3.3. 

As it is shown in Table 3.3, the original HPHT diamond has a very broad particle size 

range 0.1-3.6 µm with a mean of 1.1 µm. This results in D90/10 value of 4.24.  
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Fig. 3.12. SEM images of original (left), and two fractionated samples of HPHT diamond (batch 1 in the centre and batch 2 on the right). The 

particle size distribution is shown below the image of each sample, and calculated as described in Section 2.4.1. 
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Table 3.3. Properties of original and two isolated fractions of the HPHT diamond. 

 

 Raw diamond Batch 1 Batch 2 

Smallest particle size, µm 0.1 0.5 0.8 

Mean particle size, µm 1.1 1.1 1.55 

Biggest particle size, µm 3.6 2.1 2.5 

D90/10 value 4.24 1.85 1.82 
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The first batch of diamond also had mean dp value of 1.1 µm, but the sedimentation allowed 

removal of the majority of fine and large particles, so the D90/10 value for the diamond 

particles in the first batch was 1.85. The first batch was obtained using sedimentation times of 

24 and 12 hours (H = 21 cm) for the removal of fine and large particles, respectively. For the 

second batch of diamond, these times were reduced to 18 and 6 hours. This allowed the 

production of fractions with bigger mean size (1.55 µm), while D90/10 values did not change 

significantly. 

It should be noted that the particles used for packing of commercial HPLC columns 

have a much more narrow size range – D90/10 values of 1.15 or even 1.12 are quite common 

[30]. However, the values of 1.85 and 1.82 for HPHT diamond are certainly promising for a 

newly developing phase, where optimisation of particle shape and sedimentation procedure 

has not been fully optimised [31].  

 

3.3.3. Development of column packing procedure for HPHT diamond 

3.3.3.1. Influence of packing conditions on the performance of the column  

In the previous Section purification and fractionation procedures for HPHT diamond 

are described. It was found that HPHT diamond possesses a hydrophilic surface with an 

abundance of carbonyl, carboxyl and hydroxyl surface groups. The concentration of 

carboxyls is approximately 4.5 µmol·g-1, and for OH groups this is ~5.5 µmol·g-1. 

Additionally, it was established that 10 mM aqueous NaOH is the best slurry dispersant for 

HPHT diamond. Despite its low density and viscosity, this solvent was the only medium 

where agglomeration of the HPHT diamond particles was substantially reduced. 

As was discussed in Section 3.1, pressure-packing using a shock wave may result in 

fractures of brittle HPHT diamond particles [3]. Therefore, as a preliminary study it was 

decided to try an alternative approach involving “gravitational packing”*. In order to carry 

out “gravitational packing”, an extra long (2 m long × 15 mm ID) column extension was 

connected to the column and filled with a diluted diamond slurry suspension (0.05 g·mL-1). 

The column with the extension was positioned upright and left for 1 week until HPHT 

diamond has completed sedimentation inside the column. Afterwards, the extension was 

removed and the column was connected to the pump at a pressure of 13,000 psi in order to 

compress the packed bed, thus avoiding the pressure shock wave. The described procedure 

proved satisfactory for a column with a large ID (7.8 mm), but presented two problems 
                                                             
* The author gratefully acknowledges the suggestions from Dr John Ford regarding the column packing 
procedure for the HPHT diamond. 
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during packing of the standard 4.6 mm ID columns. Firstly, air bubbles were trapped between 

the column and the extension, which prevented sedimentation of HPHT diamond inside the 

column. Secondly, due to the use of such a long packing procedure (1 week), the particles 

were distributed inside the column based upon their size and sedimentation velocity (see Eqn. 

2.1), which resulted in poor column efficiency and peak shape. Therefore, “gravitational 

packing” was not further utilised in the packing experiments. Instead, classic pressure 

packing was employed, involving a pressure gradient rather than a shock wave, in order to 

avoid HPHT diamond particle fractures (see Section 2.3.4). 

According to Styskin et al., the correct choice of slurry solvent for pressure packing is a 

key factor in the preparation of highly efficient columns [26]. Depending on the choice of 

solvent, three main techniques of packing can be utilised. First of all, the “balanced density” 

method requires the use of solvents with density comparable to that of the stationary phase in 

order to avoid fast sedimentation during packing. The second method utilises a highly viscous 

liquid for preparation of the slurry, also greatly reducing sedimentation velocity. Obviously 

for HPHT diamond these two methods cannot be applied, since only 10 mM NaOH is 

suitable (see Section 3.3.2.2). Therefore, a last method, referred to as “dynamic packing”, had 

to be explored. 

“Dynamic packing” involves the use of solvent with a relatively low viscosity, such 

that packing is carried out quickly and sedimentation processes do not affect the quality of 

the packed bed. Usually, an extension before the column is used in this method in order to 

collect the excess of packing material including the smaller particle fractions. 10 mM NaOH 

should work well for “dynamic packing”, since its viscosity (0.89 cP) is low enough to allow 

rapid packing. In order to achieve further acceleration of the packing procedure, other 

parameters can be varied. For example, an increase in temperature and pressure of packing 

will lead to lower viscosity and a higher flow rate through the column, respectively, 

according to Eqn. 3.2.  

 Ф = 100 · ∆푃·t0·푑p
2

휂·퐿2      (Equation 3.2) 

where, ∆P is column backpressure (bar), t0 is void time (s), dp is particle size (µm), η is 

viscosity of mobile phase (mPa·s) and L is column length (mm). Table 3.4 summarises the 

parameters of four packing procedures, performed at different pressures and temperatures for 

packing 50 or 100 mm long 4.6 mm ID columns.  

Clearly, a 50% increase in the packing pressure results in a big difference in column 

efficiency. Column 6, which was packed at 10000 psi, recorded an efficiency of 5211 plates 
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per meter, while a 50 mm column packed at 15000 psi (number 8) displayed efficiency of 

almost 37000 plates per meter. This result demonstrates a quicker packing procedure due to 

the higher pressure, and a reduced impact of sedimentation during packing on the quality of 

the packed bed. Surprisingly, an increase in temperature did not improve column efficiency, 

as can be concluded from comparison of columns 2 and 3. Presumably, the lower efficiency 

of column 3 can be attributed to the fact that a higher temperature leads to a lower viscosity 

of the slurry. A lower slurry viscosity enhances the rate of the sedimentation processes during 

the packing, which affects the uniformity of the packed bed. 

The shape of chromatographic peaks for benzophenone obtained for each of the 

columns also confirms this hypothesis (Fig. 3.13). It is obvious from Fig. 3.13, that column 6 

packed at 10000 psi displayed some packing problems, resulting in poor peak shape with 

several shoulders. Both columns 2 and 3 display severe peak fronting. However, column 2 

shows more pronounced fronting at the beginning of benzophenone elution and a normal 

profile for the rest of the peak. In contrast, for column 3 the entire left portion of the peak is 

equally fronted. One of the possible reason is perhaps related to more intense sedimentation 

during packing caused by the higher temperature, disturbing a bigger section of the column, 

as compared to column 2. 

The 50 mm long column 8 exhibited no peak fronting. Clearly, the use of a shorter 

column length and a faster packing process results in a reduced influence of sedimentation on 

the packed bed and improved column quality. The benzophenone peak for column 8 has 

some tailing, but considering the fact that the column packing conditions, as well as solvent 

composition, had not been optimised, this was deemed acceptable. Therefore, it was decided 

to use 50 mm columns and to conduct packing at 15000 psi and room temperature in further 

experiments. Packing pressure could be further increased and potentially improve column 

efficiency further, however, this work was limited by the maximum pressure of the pump 

used. Accordingly, the next step to improve column performance was to choose appropriate 

solvent systems for post-packing conditioning. 

 

3.3.3.2. Influence of post-packing conditioning on the performance of the column 

There are no general rules about on choice of solvent systems for post-packing column 

conditioning [26]. Usually, the purpose of such conditioning is to compact the stationary 

phase and increase the column efficiency, as well as to provide a smooth transition between 

slurry solvent and the mobile phase in HPLC. Therefore, four conditioning systems were 

tested, as presented in Table 3.5.  
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Table 3.4. Performance of several HPHT diamond columns packed at different pressures and 

temperatures. All columns were packed from 10 mM NaOH diamond slurry without further 

conditioning/flushing. 

 

Column number 

2 3 6 8 

Dimensions, length × 
ID, mm 

100 × 4.6 100 × 4.6 50 × 4.6 50 × 4.6 

Packing temperature, °C 25 90 25 25 

Packing pressure, psi 15000 15000 10000 15000 

Void time, min 1.39 1.43 0.73 0.73 

k, benzophenone 3.32 3.33 2.77 3.38 

Efficiency, plates·m-1, 
benzophenone 

55229 43547 5211 36942 

Asymmetry@10%, 
benzophenone 

1.52 1.64 1.80 1.78 

Pressure at 0.1 mL·min-

1 of IPA and 25 °C, bar 
303 296 139 148 
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Fig. 3.13. Elution profile of benzophenone for four columns packed as described in Table 3.4: 

column 2 (red), 3 (green), 6 (black), 8 (blue). Mobile phase – 0.5 mL·min-1 of 0.1% IPA in n-

hexane, 1 µL injection of 50 mg·mL-1 of propiophenone in mobile phase, 25 °C, UV 

detection at 254 nm. 
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Table 3.5. Performance of several HPHT diamond 50 × 4.6 mm ID columns packed from 10 

mM NaOH (aq.) and conditioned using different solvents. All columns were packed at 15000 

psi and temperature 25 °C. 

 

Column number 

04 05 11 12 13 14 

1st flushing Water Water IPA 10 mM 
HNO3 

1 M aq. 
NH4Ac 

Form-
amide 

2nd flushing - - - water water IPA 

Void time, min 0.94 0.94 1.11 0.95 0.96 0.94 

k, propiophenone 1.03 1.05 0.85 0.88 0.84 0.88 

Efficiency, plates·m-1, 
propiophenone 

72580 70660 6340 57709 6259 20784 

Asymmetry@10%, 
propiophenone 

1.13 1.12 0.47 1.95 0.55 0.65 

Van 
Deemter 

terms 

A × 10-4, cm 5.73±0.14 - - 8.18±0.18 146±27 24.0±1.3 

B × 10-4, 
cm2·s-1 

0.51±0.02 - - 0.40±0.02 0.61±0.11 0.96±0.07 

C × 10-3, s 2.80±0.08 - - 6.56±0.13 16.2±2.2 11.9±0.8 

R2 for van Deemter 
model 0.997 - - 0.993 0.858 0.981 

Optimal linear     
velocity, mm·s-1 1.11 - 0.33 0.78 0.61 0.90 

HETP at optimal 
velocity, µm 13.2 - 213 18.4 166 45.5 

Pressure at 0.1 mL·min-1 
of IPA and 25 °C, bar 151 154 132 143 142 154 
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IPA (column 11) is compatible with both polar and non-polar solvents in HPLC, so it 

can provide a smooth transition between packing conditions and conditions of HPLC 

experiments. 10 mM HNO3 (column 12) will protonate carboxylic groups on the diamond 

surface and decrease repulsion between particles, increasing packing density. A similar effect 

may be achieved using high ionic strength solutions (1 M NH4Ac, column 13), which can 

shield the surface charge of diamond particles and improve the packed bed. Column 

conditioning with formamide followed by flushing with IPA (column 14) can also provide a 

transition between aqueous and NP-HPLC solvents, but more smoothly than in the case of 

column 11, due to the use of polar formamide as an intermediate solvent. Finally, columns 4 

and 5 were conditioned with DIW only and used for comparison. Table 3.5 summarises the 

parameters of column packing and their performance after conditioning with various solvents. 

Useful information about the quality of packed columns can be obtained through van 

Deemter plots (Fig. 3.14 and Eqn. 3.3): 

HETP = A+B/u+(Cs + Cm)·u    (Equation 3.3) 

where A is eddy-diffusion term, B is longitudinal diffusion term, and Cs and Cm reflect 

resistance to mass transfer in stationary and mobile phases, respectively. According to the 

data provided in Fig. 3.14 and Table 3.5, conditioning did not improve column efficiency, as 

compared to column 4. The highest performance of 72580 plates·m-1 was achieved using 

water for conditioning, while columns 11 and 13 exhibited low efficiencies. Column 11 also 

produced an unusually shaped van Deemter curve, where efficiency at very low flow rates 

and very high flow rates was higher than at intermediate flow rates. Therefore, the van 

Deemter plot for this column is not presented in Fig. 3.14. Due to the use of an intermediate 

conditioning reagent with high polarity (formamide), column 14 has shown improved 

efficiency, as compared to column 11, but performance of this column was still far below that 

of column 4. 

The only conditioning approach which provided results comparable to using water 

was the conditioning with 10 mM HNO3. Column 12 has only 20% lower efficiency as 

compared to column 4, which is mostly due to a higher A and C terms in van Deemter 

equation (Eqn. 3.3). In contrast, the B-term is better for column 12 (0.40 versus 0.51), which 

indicates that protonation of carboxylic groups at the diamond surface can affect longitudinal 

diffusion. However, the packing density for column 12 is lower as compared to column 4, 

perhaps due to the aggregation of particles in the presence of nitric acid. This resulted in a 

higher A-term parameter and reduced HETP value for column 12. Though it was expected 

that use of 1 M NH4Ac will have similar effect on the packed bed, column 13 was very 
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poorly packed and only an had efficiency of 6260 plates·m-1. The differences observed 

between columns 12 and 13 could be attributed to adsorption of NH4
+ on the negatively 

charged diamond surface 

Further comparison of column performance, depending on the conditioning, can be 

made based on the peak shape. As shown in Fig. 3.15, columns 11 and 13 have problems 

with packing, which resulted in the appearance of shoulders in the chromatographic peaks. 

Column 14 produced asymmetric peaks with extensive fronting. This is possibly caused by 

the strong adsorption of formamide on the surface of diamond, and difficulties in the 

complete removal of formamide via washing with IPA. This adsorbed formamide can result 

in the occurrence of multiple retention mechanisms in NP-HPLC and, consequently, in bad 

peak shapes. In the case of column 4, which has the best efficiency, the peak shape for 

propiophenone exhibited noticeable fronting. In contrast, the peak shape for column 12 was 

more symmetrical, but this column’s overall efficiency was lower.  

In conclusion, the best columns with HPHT diamond are produced by using 10 mM 

NaOH as slurry solvent, packing at room temperature and the highest possible pressure, 

whilst avoiding shock waves. Conditioning can be done either with water, or with 10 mM 

HNO3, which helps to compact the bed and reduces peak fronting. This approach was used 

for the preparation of columns for further investigation in NP-HPLC and HILIC. While such 

packing procedures seem to provide columns of satisfactory quality, it would be interesting to 

compare the properties of HPHT diamond columns with the properties of columns packed 

with other carbon and silica sorbents. 

 

3.3.3.3. Comparison of HPHT diamond column performance with other 

carbonaceous phases in HPLC 

The main concern regarding the application of HPHT diamond particles in HPLC is 

their non-porous structure and irregular shape. Though there are no proven advantages of 

using spherical particles over irregular particles in terms of separation efficiency in HPLC 

[20,32], the majority of work to-date has focused on the development of spherical porous or 

core-shell particles. Interestingly, the results of characterisation studies on 18 commercial 

columns indicated the tendency of reduced h values for irregularly shaped porous particles, 

when compared with spherical porous particles, with particle size less than 5 µm [32]. Also, 

according to the literature, there appears to be only one work presenting van Deemter plots 

for a column packed with fine irregular nonporous particles [33].  
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Fig. 3.14. Van Deemter curves for five columns (see Table 3.5): column 4 (circles), 12 

(squares), 13 (diamonds) and 14 (downward triangles). Analyte – propiophenone, injection 

1µL, mobile phase – 0.1% of IPA in n-hexane, 25 °C. 
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Fig. 3.15. Elution profile of propiophenone for five columns packed from 10 mM NaOH (aq.) 

and conditioned as described in Table 3.5: column 4 (black), 11 (blue), 12 (green), 13 

(purple) and 14 (red).  Mobile phase – 0.5 mL·min-1 of 0.1% IPA in n-hexane, 1 µL injection 

of 50 mg·mL-1 of propiophenone in mobile phase, 25 °C, UV detection at 254 nm. 
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The parameters A, B and C = Cs + Cm  in van Deemter equation (Eqn. 3.3) were 

calculated for columns packed with the nonporous angular HPHT diamond, spherical PGC, 

rounded porous MSDN, a spherical nanodiamond/polyamine composite and nonporous 

spherical silica particles. It is known that in order to achieve better accuracy in calculating the 

van Deemter parameters, largest possible range of linear velocities has to be examined [34]. 

In the case of HPHT diamond, linear velocities of 0.2 to 3.5 mm·s-1 were examined, 

providing 20 data points. This allows an accurate and reliable calculation of A, B and C 

coefficients and determination of the optimal flow rate. The corresponding data is presented 

in Table 3.6 and van Deemter plots for HPHT diamond and the PGC columns are presented 

in Fig. 3.16. The most significant contribution to the HETP value for the HPHT diamond 

column comes from to the high values for the external obstruction γ parameter in the term B 

= 2γDm, responsible for longitudinal diffusion and eddy dispersion coefficient, λ, in the term 

A = 2λdp.  

The calculated C-term of 2.8·10-3 s for HPHT diamond is lower than the values  

11.6·10-3 s obtained for 5.0 µm size porous PGC and 9.07·10-3 s for the 4.0 µm size 

nanodiamond/crosslinked polyamine (ND/PAA) layer-by-layer structured composite phase. 

However, this value is still 5 times higher than the 0.52·10-3 s reported for nonporous 

spherical 1.5 µm silica particles. This shows the potential application of HPHT diamond at 

higher flow rates (above optimal), without losing significant separation efficiency. Taking 

into consideration the excellent thermal and hydrolytic stability of HPHT diamond and its 

superior thermal conductivity, the use of elevated column temperatures might expand the 

possibilities of using such HPHT diamond columns for fast separations. The minimum HETP 

value of 13 µm was obtained for a 50 × 4.6 mm ID column packed with HPHT diamond at a 

linear velocity of 1.1 mm·s-1, and a flow rate of 0.52 mL·min-1. It should be noted that Liu 

[33] used a sophisticated procedure for slurry packing a capillary column (29.4 cm × 75 µm 

ID) with 2 µm synthetic diamond using ultrasonication of both slurry reservoir and capillary 

column and a pressure gradient up to 20,000 psi. The minimal HETP value of this column 

was 4.7 µm, which is equivalent to 213,000 theoretical plates per meter. Interestingly, the 

HETP calculated for the column packed with similar synthetic diamond coated with a 

poly(butadiene) layer was significantly higher, with a value of 11.1 µm. 

Reduced plate height h is usually used for evaluation of quality of column packing: 

h = HETP/dp      (Equation 3.4) 

where HETP is height equivalent to theoretical plate at optimal flow rate.  
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Table 3.6. Comparison of van Deemter A-, B- and C- terms and related parameters for columns packed with HPHT diamond, PGC, 

nanodiamond/polyallylamine (ND/PAA) composite and nonporous silica. 

Parameter 
HPHT 

diamond 
column 4a 

HPHT diamondb HPHT 
diamondc 

polymer 
coated HPHT 

diamondb 
ND/PAAd PGCa 

Micra C18 silica 
nonporouse 

dp, µm 1.55 2.0 5.0 2.0 4.0 5.0 1.5 

Dpore, nm nonporous nonporous nonporous nonporous 28 25 nonporous 

Column size:        
length (cm) 5.0 29.4 40.0 11.2 5.0 10.0 30.0 

internal diameter 4.6 mm 75 µm 75 µm 75 µm 4.6 mm 4.6 mm 75 µm 

Number of data 
points 

20 17 22 7 12 22 52 

A × 10-4, cm 5.73±0.14 1.91 ± 0.15 N/A 5.51 ± 0.58 3.89 2.14±0.20 0.60 ± 0.29 

B × 10-4, cm2·s-1 0.51±0.02 0.0845 ± 0.004 0.446 ± 0.037 0.163 ± 0.022 0.60 0.50±0.02 0.33 ± 0.02 

C ×10-3, s 2.80±0.08 2.17 ± 0.08 7.09 ± 0.21 5.45 ± 0.27 9.07 11.6±0.5 0.52 ± 0.07 

h = HETP/dp 8.04 2.35 1.82 5.55 4.65 3.48 2.07 

HETP, µm 13.2 4.7 9.1 11.1 18.6 17.4 3.1 
a - n-hexane – IPA (999:1, v/v), solute – propiophenone, 25 °C, this work (column 4). 
b - 20 mM NH4Ac in water (pH 3.5) – acetonitrile (70:30, v/v), solute - 4-hydroxybenzoate, calculated from data [33] 
c – 0.1% trifluoroacetic acid – acetonitrile (95:5, v/v), solute - phenol, calculated from data [33] 
d – 0.1 % triethylamine in water – acetonitrile (40:60, v/v), solute - butylbenzene, 35 °C, calculated from data [35] 
e – 100% acetonitrile, solute - nitromethane, from [33] 
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Usually, for a well packed chromatographic column, the h value is between 2 and 3, while for 

our HPHT diamond column 4, h was equal to only 8. Again, this indicates that the quality of 

column packing can be further improved. Obviously, a high h value is also connected to the 

relatively broad distribution of particle size (Fig. 3.7, right). Liu [33] achieved a remarkable 

quality of column packing using HPHT diamond 2 µm particles with h = 2.35, which is 

similar to the value of 2.07 obtained for packing of 1.5 µm nonporous silica.  

Since column design for different HPLC column manufacturers can vary significantly, 

it was decided to determine how column design can influence the performance of the HPHT 

diamond stationary phase. Therefore, another 50 × 4.6 mm ID column was packed using a 

column body from Thermo Fisher (see Section 2.3.4). Van Deemter plots for three 

compounds on this column are presented in Fig. 3.17. Clearly, the efficiency in the case of 

the Thermo Fisher column body was substantially lower than with the Phenomenex column 

bodies used for the other columns in this work (HETP was 28 and 13 µm for Thermo Fisher 

and Phenomenex, respectively, at the optimal flow, rate see Fig. 3.16 and 3.17). The only 

difference between the columns from these two manufacturers is in the design and thickness 

of frits. Thermo Fisher employs thicker frits in the shape of a cap, while frits from 

Phenomenex are thinner and have a simple flat plate shape. Due to this difference, the void 

volume inside the frit, and the frit surface area is larger for Thermo Fisher columns. 

Apparently, this is a disadvantage in the case of using a stationary phase with low surface 

area, since extra band broadening may occur inside the frit and reduce the column efficiency. 

Therefore, Phenomenex columns were selected for further work herein. 

 

3.3.3.4. Comparison of HPHT diamond column hydrodynamic characteristics with 

other carbonaceous phases in HPLC 

The use of fine nonporous and irregularly shaped HPHT diamond particles in column 

packing raises a question about column permeability and kinetic chromatographic 

parameters. Generally, columns packed with fine irregular particles generate a high column 

backpressure, which could limit the flow rate of the mobile phase and the length of the 

column. Here, as a first step, the column resistance parameter Ф was calculated according to 

Eqn. 3.2. In the case of a well packed column, Cramers et al. reported theoretical values for 

column resistance of 400 for spherical non-porous 10 µm particles, up to 1550 for angular 

porous 10 µm particles [36]. Ф for 50 × 4.6 mm ID columns packed with the prepared HPHT 

diamond of average size of 1.6 µm was found to be 1600.  
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Fig. 3.16. Van Deemter plot obtained for 50 × 4.6 mm ID (column 4) HPHT diamond 

(triangles) and Hypercarb 5 µm 100 × 4.6 mm ID (circles) columns. Mobile phase: 0.1% of 

IPA in n-hexane, sample volume 5 µL of 0.05 mg·mL-1 of propiophenone in mobile phase, 

column temperature 30 °C. 
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Fig. 3.17. Van Deemter plots obtained for 50 × 4.6 mm ID HPHT diamond column packed 

into Thermo Fisher column body (see Section 2.3.4). Mobile phase: 0.1% of IPA in n-hexane, 

sample volume 1 µL, column temperature 30 °C. Solutes: 0.05 mg·mL-1 of acetophenone 

(circles), benzophenone (triangles), dibenzylketone (squares) in mobile phase. 
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This is significantly higher than that reported by Giesche et al. [37] for non-porous spherical 

silica particles with dp = 2.1 µm, Ф = 620. Apparently, such a high column resistance 

parameter is related to the irregular particle shape and a non-perfect particle size distribution. 

 

3.3.3.5. Packing repeatability 

As shown in Section 3.3.3.2, column 4 exhibited the best performance and peak shape 

out of all columns packed under different conditions, including variations in pressure,  

temperature, slurry solvent and conditioning solvents. Therefore, it was necessary to 

investigate the repeatability of the column packing procedure. Accordingly, another column 

(5) was packed using exactly the same packing conditions as column 4. This included 

packing at room temperature and pressure 15000 psi, using 10 mM NaOH for preparation of 

the slurry and using DIW as pump fluid and for conditioning. Finally, the two columns 

prepared by the same procedure were compared in terms of their performance and selectivity 

in HPLC (see Fig. 3.18 and Tables 3.5 and 3.7). 

As shown in Fig. 3.18, the chromatograms for the same mixture of solutes obtained 

with column 4 and 5 generally looked very similar. According to Table 3.7, k values for all 

compounds were very close, and no more than 2-3% apart. The efficiency for these two 

columns is also very similar. However, column 5 exhibited strong peak fronting for all 

solutes. As shown later in Chapter 4, this peak fronting is not associated with column 

overloading. This fronting was observed for several other columns packed during this work, 

including columns 50 mm and 100 mm in length. There was no obvious trend as to when the 

column was showing fronted peaks, but it was observed to occur in about 50% of the 

columns packed. Following further investigation, the reason for this fronting was identified. 

It was related to the step involving disconnection of the column from the column extension. 

Since this procedure was performed manually, small volumes of sorbent were sometimes 

attached at the column extension, thus producing a tiny void volume at the column inlet, and 

in such cases peak fronting was observed. Despite the fact that this issue affected several 

columns in the current work, it is simply a technical error which is not foreseen to be relevant 

in the case of automated industrial column preparation, and is not connected with 

performance of the HPHT diamond stationary phase. Therefore, the peak fronting will be 

disregarded in subsequent Chapters.  
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Fig. 3.18. Separation of a model mixture of analytes using two HPHT diamond columns 

packed at the same conditions – column 4 (black) and column 5 (red). Mobile phase: 0.1% of 

IPA in n-hexane, sample volume 1 µL of 0.05 mg·mL-1 in mobile phase, column temperature 

25 °C. Analytes: anisole (1), nitrobenzene (2), benzaldehyde (3), propiophenone (4), 

acetophenone (5), benzophenone (6). 

 

 

 

Table 3.7. Comparison of column 4 and 5 performance parameters. Conditions and analytes 

as in Fig. 3.18. 

Peak 
k N, plates·m-1 

Column 4 Column 5 ∆, % Column 4 Column 5 

1. Anisole 0.14 0.15 8.5 42300 44500 

2. Nitrobenzene 0.63 0.65 3.5 51400 53000 

3. Benzaldehyde 1.07 1.11 3.3 56000 54100 

4. Propiophenone 1.29 1.33 2.8 61400 62100 

5. Acetophenone 1.96 2.01 2.6 48300 50000 

6. Benzophenone 3.76 3.78 0.5 56500 62000 
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3.4. Conclusions 

Overall, despite several complications, a satisfactory method for preparation HPHT 

diamond columns has been developed. This method includes four steps. First of all, 

purification of HPHT diamond material with boiling 40% NaOH and 5 M HNO3 provides 

complete removal of silica, metal admixtures, and other anticaking agents of unknown nature 

from the surfaces of diamond, as confirmed by FTIR, Raman and EDS methods. The 

resulting material has a negatively charged surface, populated with carboxyl, carbonyl and 

hydroxyl groups, of which the total content was ~10 µmol·g-1, as determined by means of 

potentiometric titration. 

In the second step, it was shown, that calcination of HPHT diamond in air can smooth 

the sharp particle edges and reduce the number of fine particles due to their oxidation. 

However, such oxidative treatment had to be avoided in this work due to its negative impact 

on the surface area and adsorption capacity of HPHT diamond. Nevertheless, this calcination 

method could be re-considered in the future, in the case of preparation of porous stationary 

phases with other types of diamond, when a low surface area is not an issue. 

Furthermore, a procedure for the isolation of HPHT diamond particles with a narrow 

size distribution through multiple sedimentations was developed. This allowed the 

preparation of HPHT diamond fractions with a mean particle size of 1.1 and 1.55 µm and 

D90/10  value of ~1.8 The advantage of this fractionation method was that particles were 

selected based on their flow resistance rather than purely on their physical dimensions.  

Finally, several column packing approaches were tested. It was shown that 10 mM 

NaOH is the best slurry solvent for hydrophilic HPHT diamond. Different packing conditions 

with variations in pressure, temperature and conditioning solvent were investigated. It was 

found that the best efficiency can be achieved by using DIW for the column conditioning. 

Room temperature is preferred over higher temperatures for column packing, and the packing 

pressure must be kept as high as possible. 

Such procedures, as described above, provided columns with efficiencies of up to 

72000 plates·m-1 and asymmetry factors in the range 1.1-1.5 (conditions not optimised). 

Though such performance is not impressive when compared with modern commercial 

columns, it is comparable or even beyond that of other developing carbon and diamond 

stationary phases. It was decided that the column conditioned with DIW (column 4) would be 

used in NP-HPLC (Chapter 4), while the column conditioned with 10 mM HNO3 (column 

12) would be tested in HILIC mode (Chapter 5). 
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Chapter 4. Chromatographic performance of synthetic polycrystalline diamond 

as a stationary phase in normal phase high performance liquid chromatography 
 

4.1. Introduction 

The growing interest to the application of the diamond based materials in high 

performance liquid chromatography (HPLC) has occurred over the last decade [1,2]. 

However, the majority of the work in this field is related to MSDN and composite sorbents, 

while the chromatographic performance of statically synthesised high pressure high 

temperature diamond (HPHT) has not been systematically studied. The only brief reports on 

this topic were presented by Ford et al. and Liu [3,4]. Until now, the most significant problem 

for the application of HPHT diamonds in chromatography was a lack of knowledge about 

their chemical and physical properties [5].  

Chapter 3 of this work has been dedicated to the purification, fractionation and 

characterisation of the HPHT diamond stationary phase, as well as to the development of the 

column packing procedure. It was shown that suggested set of methods allows preparation of 

HPHT diamond material free of impurities and with the hydrophilic surface, saturated with 

hydroxyl, carbonyl and carboxyl groups. Additionally, the particle size distribution of HPHT 

diamond was improved by means of sedimentation, which allowed the isolation of fractions 

with mean particle sizes of 1.1 and 1.55 µm, respectively. The repeatability of the suggested 

column packing procedure with the HPHT diamond stationary phase was shown, and good 

efficiency and peak shape were evidenced for the retention of model compounds on such 

columns.   

Due to the hydrophilic properties of the surface of HPHT diamond (see Chapter 

3.3.1.2), it was decided to start the investigation of its chromatographic properties using 

normal phase chromatography. (NP-HPLC). The main attention will be paid to the adsorption 

properties, retention mechanism and separation selectivity. The properties of HPHT diamond 

will be also compared with the properties of PGC and MSDN adsorbents. 

 

4.2. Experimental 

4.2.1. Instrumentation 

Two columns, Column 4 and Column 5 were used in this chapter. Their 

characterisation and packing procedures are given in Sections 2.3.4, 3.3.3.2 and 3.3.3.5. 

Column 5 was used for generation of all retention data and investigation of loading capacity 
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and influence of conditioning on retention factors. Column 4 was packed using exactly the 

same procedure and used in order to understand the repeatability of packing procedure (see 

Section 3.3.3.5). This column 4 was used for the separation of model mixtures (Fig. 4.7, 4.8 

and 4.9). 

 

4.2.2. Column conditioning in NP-HPLC 

After column packing procedure was completed, column was flushed with IPA for 60 

min at a flow rate of 0.1 mL·min−1. After that, n-hexane was pumped through at 0.5 

mL·min−1 for 50 min. Finally, the column was equilibrated with mobile phase until stable 

retention times were achieved within ±0.5%. 

In case of investigation of influence of column conditioning on retention factors, the 

following procedure was applied. Firstly, column conditioning included flushing with IPA for 

20 min at a flow rate of 0.1 mL·min−1, then with DIW for 20 min at 0.2 mL·min−1. This was 

followed by flushing with target buffer for 1.5 h at 0.2 mL·min−1, before finally repeating 

flushing with DIW and IPA. After that, the column was equilibrated by pumping mobile 

phase until stable retention times were achieved within ±0.5%. 

 

4.3. Results and discussion 

4.3.1. Characterisation of the prepared HPHT diamond fraction 

The prepared fraction of purified HPHT diamond displayed a narrow distribution of 

particles size between 0.5 and 2.0 µm with a median at 1.6 µm, as shown in Fig. 3.12, right. 

The resulting particles were mainly of angular shape, with a much reduced number of flakey 

and needle-shaped particles, as can be seen from the SEM image. The circularity of 

fractionated particles calculated as ratio 2·(Sp/Pp)1/2 where Sp is area of the particle and Pp is 

its perimeter, was notably improved, so the resistance to the flow of packed bed of these 

particles and operating pressure in chromatographic column should be less. Obviously this 

should also increase column efficiency.  

The adsorption properties of HPHT diamond depend upon the surface chemistry and 

presence of reactive impurities, such as silica, which is a common anti-cake reagent in 

powders of industrial diamonds. According to the literature data, the surface of HPHT 

diamond has no or very low graphitic or sp2 carbon presence, with some amount of oxygen 

containing functional groups [6] and metal impurities [7]. The contact angle (Θ) measured for 

the purified and seasoned single crystal (plane 1 1 1) of natural diamond, which is purer than 

synthetic HPHT diamond, is 72 ± 4 degrees [8]. This indicates moderate hydrophobicity of 
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diamond surface. Obviously, fully oxidised at 400 °C natural diamond has more oxygen 

containing functional groups at the surface, which results in hydrophilic properties, with 

contact angle of 32 ± 2 degrees (see Section 1.2.1). It should be noted that a fully oxidised 

diamond surface contains hydroxyl- or carboxyl- functional groups in concentrations up to 

9.6 and 10.5 µmol·m−2, respectively as reported by Gordeev et al.[9]. 

As 5 M HNO3 was used for purification, as described in Section 2.3.1, this may cause 

oxidation of HPHT diamond. According to FTIR data (Fig. 3.2) the surface of purified HPHT 

diamond is a highly oxidised hydrophilic surface with dominant presence of hydroxyl and 

carbonyl groups and smaller amount of carboxylic groups, and free of silica. 

The presence of hydroxyls and carboxyls at the surface provides constant ζ-potential of 

−60 mV for the purified HPHT diamond particles at pH above 8, where dissociation for all 

functional groups with labile proton takes place. However, it was found that the surface of 

HPHT diamond is negatively charged across the whole pH range, which is different from the 

ζ-potential profile obtained for MSDN. As shown in Fig. 4.1 the surface of the MSDN 

sample used in this work can be positively charged (+18 mV) under acidic solutions with pH 

< 5.0, or negatively charged (−23 mV) in alkaline solutions with pH > 10. These values of ζ-

potentials for MSDN are in a good agreement with data reported earlier for detonation 

nanodiamond obtained by using alternative purification schemes [27]. 

So, according to the obtained data the surface chemistry of HPHT diamond is populated 

with hydroxyls and carboxylic groups, together with chemisorbed water molecules, which 

results in polar hydrophilic properties. For this reason the HPHT diamond stationary phase 

should be used in normal-phase HPLC mode. 

 

4.3.2. Retention mechanism and separation selectivity 

Table 4.1 shows the retention factors (k) for various aromatic substances obtained for 

columns packed with HPHT diamond, MSDN and PGC with n-hexane – IPA mobile phases. 

The k values for HPHT diamond column are in good agreement with properties of an 

adsorbent having a hydrophilic surface with negatively charged functional groups. As was 

mentioned previously, the surface of diamond contains hydroxy-, carbonyl- and a small 

amount of carboxy- functional groups. Accordingly, the retention of non-polar compounds 

such as alkanes and alkylbenzenes, with n-hexane mobile phase, is weak, except for 

polycyclic aromatic hydrocarbons (PAH), which exhibit stronger retention than other 

nonpolar solutes. 
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Fig. 4.1. Influence of pH on the ζ-potential of HPHT diamond and MSDN measured for 0.1 

mg·mL-1 suspensions in 1 M NaNO3 at 25⁰C. pH of suspensions was adjusted with 

HNO3/NaOH. 
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The elution of PAH from HPHT diamond column was achieved by using n-hexane 

containing 1% of IPA as mobile phase. A coplanar orientation of PAH molecules on the flat 

surface of crystal diamond and associated multiple interactions can be responsible for this. A 

linear dependence of logk on number of  π-electrons in PAH molecules was observed (Fig. 

4.2), while the slope of the dependence (0.217) for HPHT diamond was lower than found for 

PGC (0.377) in this work, and is bigger than reported for bare silica with pure n-hexane 

(0.057) by Lanin et al. [10]. Also, PAHs are strongly retained on MSDN column and can be 

eluted with n-hexane containing 40% of IPA, while retention factors 0.21, 13.38 and > 200 

recorded for benzene, naphthalene and anthracene, respectively. 

The retention of substituted benzenes on HPHT diamond column is stronger as 

compared to neutral alkyl benzenes. The following elution order was observed for mono- 

substituted derivatives of benzene: toluene < chlorobenzene < iodobenzene < benzyl chloride 

< anisole < nitrobenzene < methylbenzoate < benzaldehyde < alkyl phenyl ketones < 

benzonitrile < benzyl alcohol < phenol < benzoic acid, which is similar to the elution order 

reported for MSDN [11]. Very polar compounds such as phenols and benzoic acids, having 

labile protons in functional groups, are retained much stronger as compared with other solutes 

and the use of eluents containing 1-5% of IPA is required. The elution order of substituted 

benzenes obtained for PGC column is different, with much stronger retention observed for 

nitrobenzene, benzaldehyde and phenol. 

As expected, the strongest retention is recorded for aromatic bases including pyridine 

and 4-chloroaniline, which is due to hydrogen bonding and electrostatic interactions of these 

molecules with OH and COOH groups at the surface of diamond. Thus, according to the 

classification of adsorbents introduced by Kiselev [12], the oxidised HPHT diamond can be 

identified as Type III adsorbent i.e. adsorbent having negatively charged groups (carbonyls, 

esters, carboxyls etc.). In adsorption liquid chromatography with binary mobile phases 

composed of solvents of very different polarity, the linear relationship between retention 

factor (k) and molar fraction (XB) of polar solvent (solvent B) in the mobile phase can be 

described by the following equation (4.1) [13,14]:  

log k = a – n·logX    (Equation 4.1) 

where a and n are factors, and X is the mole fraction of polar solvent in the mobile phase. The 

logk–logX plots obtained for 6 solutes are shown in Fig. 4.3. 
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Table 4.1. Retention factors (k) of model compounds for HPHT diamond, MSDN and PGC 

columns. Mobile phase: IPA/n-hexane, 25 °C, sample: 1 µL of 0.1 mg·mL-1solution of 

compound in mobile phase. 

# Compound IPA, % k, HPHT  k, PGC IPA, % k, 
MSDN 

1 Benzene 

0 

0.048 0.100 

0 

25.3 
2 Toluene 0.049 0.108 18.6 
3 Ethylbenzene 0.050 0.123 9.68 
4 Propylbenzene 0.051 0.139 9.90 
5 Butylbenzene 0.052 0.154 10.1 
6 Pentylbenzene 0.055 0.169 10.3 
7 o-Xylene 0.050 - - 
8 m-Xylene 0.053 - - 
9 p-Xylene 0.052 - - 

10 Chlorobenzene 

0.1 

0.072 - - 
11 Iodobenzene 0.088 - - 
12 Benzyl chloride 0.094 - - 
13 Anisole 0.15 0.45 

2.5 

3.75 
14 Nitrobenzene 0.61 2.46 15.8 
15 Methyl benzoate 0.68 1.31 10.6 
16 Dimethoxybenzene 0.75 1.03 >50 
17 Benzaldehyde 1.05 2.38 19.2 
18 Acetophenone 1.91 1.73 22.0 
19 Propiophenone 1.23 1.91 11.7 
20 Butyrophenone 1.26 2.10 8.03 
21 Valerophenone 1.28 2.32 6.09 
22 Hexanophenone 1.32 2.67 4.91 
23 
23a 

Benzophenone 
Dibenzyl ketone 

3.62 
5.96 

20.9 
- 

24.4 
- 

24 Biphenyl 0.38 3.65 

50 

>50 
25 Benzonitrile 2.10 - - 
26 Benzyl alcohol 

1 

1.01 5.35 >50 
27 Phenol 8.50 91.3 >50 
28 Naphthalene 0.14 2.60 >50 
29 Acenaphthene 0.14 7.69 >50 
30 Fluorene 0.39 41.3 >50 
31 Phenanthrene 1.64 - - 
32 Anthracene 1.96 - - 
33 Pyrene 4.86 - - 
34 Fluoranthene 5.50 - - 
35 Benzoic acid 

5 
0.51 1.33 >50 

36 Propylbenzoic acid 0.42 1.70 >50 
37 Heptylbenzoic acid 0.52 4.23 >50 
38 4-chloroaniline 20 26.9 5.01 17.2 
39 Pyridine 20.3 3.11 13.5 
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Fig. 4.2. The dependence of logk of PAH on the number of π-electrons in the molecule. Data 

marked by (●) and (o) obtained in this work with Hypercarb and HPHT diamond columns, 

respectively. 1 µL injections of 100 µg·mL−1 PAH solutions in mobile phase (n-hexane 

containing 1% of IPA), flow rate 0.5 mL·min−1, 210 bar, 25 °C. Data for silica column (■) 

and pure n-hexane as mobile phase is adapted from work [10]. 
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Fig. 4.3. The dependence of logk of model substances on molar fraction (X) of IPA in mobile 

phase. 100 × 4.6 mm ID column, 1 µL injections of 100 mg·l-1 of solute in mobile phase, 

flow rate 0.5 mL·min-1, 210 bar, 25 °C. Solutes: benzyl alcohol (1), acetophenone (2), 

benzophenone (3), naphthalene (4), anthracene (5), pyrene (6).  
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The values of slopes obtained for acetophenone, benzophenone and benzyl alcohol (n = 

1.1.) are significantly bigger than those obtained for naphthalene, anthracene and pyrene (n 

~0.6). This is a clear indication of difference in the retention mechanisms for these two 

classes of compounds. The retention of benzyl alcohol and alkyl phenyl ketones involves 

hydrogen bonding between carbonyl or hydroxyl group in the molecule of solute and 

hydroxy- and carboxy- groups on the surface of HPHT diamond. On the other hand, the 

retention of PAHs is rather associated with multiple non-specific interactions due to weak 

dispersive forces between planar PAHs molecules and flat surface of the diamond particles. 

There is a high probability of coplanar orientation of PAH molecules relative to diamond 

surface, which enhances the affinity of HPHT diamond toward number of nC in aromatic 

structure of PAH as shown in Fig. 4.2. Obviously, the addition of IPA into the mobile phase 

produced a more significant effect on the hydrogen bonding of polar aromatic molecules than 

on the dispersive forces in the case of PAH molecules. Similar chromatographic properties 

have been reported for MSDN [11] (see also Table 4.1). Another carbonaceous adsorbent, 

Hypercarb, shows increased retention for solutes with a higher number of π-electrons in the 

molecule, as well as for phenols and benzoic acids having labile protons and retained through 

“polar retention effect on graphite” (PREG) mechanism [1]. 

This difference in retention mechanism between alkyl phenyl ketones and PAH 

molecules can be also supported by the values of adsorption enthalpies (∆H°) calculated from 

van Hoff plots (Eqn. 4.2) obtained for the HPHT diamond column over the temperature range 

25–65 °C. Generally, parameter β representing phase ratio in the column is a characteristic 

constant for a given column. In this work β was calculated as described in Section 2.4.2. 

However, because of a huge difference in linear thermal expansion coefficients between 

diamond (αT = 0.05 × 10−6 K−1 [15]) and stainless steel (αT = 12.0 × 10−6 K−1 [15]), the 

variation of phase ratio β with temperature changes is expected. On this reason β value was 

calculated using void volume value measured at each temperature. It was found that V0 

increases from 0.735 cm3 at 25 °C to 0.743 cm3 at 65 °C for 50 × 4.6 mm I.D. column (see 

Section 2.4.2). Thus, increase of temperature from 25 °C to 65 °C causes approximately 1.0% 

change in phase ratio for this column. The corresponding changes in β are counted in 

calculations of ∆H° values, as explained in Section 2.4.3. To underline this effect lnβ(T) term 

is used instead of lnβ as follows:  

ln k = −∆H°/RT + ∆S°/R + lnβ(T)     (4.2) 
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Table 4.2. Adsorption enthalpy (∆H°) and entropy (∆S°) values calculated from (lnk – 1/T) 

plots for various substances on HPHT diamond column, using n-hexane/ IPA mobile phase, 

flow rate 0.5 mL·min-1. Values obtained for temperature range 25-65 °C. 

 

Solute ∆H°, kJ·mol-1 ∆S°, J·mol-1·K-1 

Nitrobenzene 1.90±0.13 10.7±0.7 

Benzaldehyde 5.37±0.21 27.1±1.1 

Propiophenone 4.75±0.18 26.8±1 

Acetophenone 5.27±0.15 31.9±0.9 

Benzophenone 5.85±0.09 39.7±0.6 

Anisole 3.44±0.59 4.51±0.78 

Dimethoxybenzene 1.26±0.06 15.9±0.7 

Biphenyl -14.2±1.5 -44.9±4.7 

Naphthalene -15.5±1.5 -48.3±4.6 

Anthracene -15.8±1.1 -46.2±3.4 

Pyrene -16.0±0.7 -39.3±1.6 
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As shown in Table 4.2, ∆H° values are negative for PAH molecules were indicative of 

an exothermic process, while endothermic effects were noted for polar alkoxybenzenes, alkyl 

phenyl ketones and benzaldehyde molecules. Indirectly, this confirms the difference in the 

retention mechanism for these classes of compounds. As expected, entropy ∆S° has a 

negative value for PAH flat molecules with limited number of degrees of freedom. At the 

same time, phenols and phenones which are retained due to hydrogen bonds have much 

higher entropy in the adsorbed state. This means that they have more degrees of freedom on 

the surface of stationary phase, than in the mobile phase. The probable explanation is that in 

adsorbed state molecules would gain extra entropy through more frequent formation of 

hydrogen bonds with hydroxyls on diamond surface, since at low IPA content H-bonds with 

surface hydroxyls can be prevalent. However, energy of this H-bonds could be smaller than 

in solution (for example due to lower acidity of surface OH groups), which results in positive 

enthalpy values. 

As was said previously, void volume increase with temperature was observed due to the 

expansion of stainless steel column body (while diamond expansion is negligible). This 

resulted in up to 50% peak broadening at higher temperatures. Therefore, separations at high 

temperatures are not presented in this work, as initially planned. However it should be 

mentioned, that this problem does not diminish the potential of using thermally stable 

diamond based stationary phases in high-temperature liquid chromatography. Further 

research in this area will be focused on possibility of using chromatographic tubing made of 

Ti or Zr alloys having very low thermal expansion coefficients. 

 

4.3.3. Influence of column conditioning on the retention in NP-HPLC 

Since the ionisable oxygen containing functionalities are present on the surface of 

HPHT diamond, it is important to know how the state of the surface can influence the 

retention of various solutes in NP-HPLC. Especially, carboxylic groups may have a strong 

impact on the retention, since they can be in protonated or deprotonated forms with various 

counter-ions. The retention factors for three model compounds on the HPHT diamond 

column after conditioning with different pH buffer solutions are shown in Table 4.3.  

Clearly, flushing the column with alkaline solutions, such as 10 mM NaOH or KOH, 

turns the surface carboxyls into the anionic form, which results in a strong negative surface 

charge (~ –80 mV, see Fig. 3.4). This weakens hydrogen bonding and leads to smaller k 

values, as compared to the unconditioned column, or column conditioned at neutral pH (6.5).  
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Table 4.3. Influence of column conditioning with various pH buffers on the retention of 

solutes in NP-HPLC. Mobile phase – 0.1% of IPA in n-hexane. 

 

Column conditioning 
k 

Benzaldehyde Acetophenone Benzophenone 

Before conditioning 1.05 1.91 3.62 

Sodium hydroxide, pH 12.0 0.93 1.26 1.87 

Potassium hydroxide, pH 12.0 0.93 1.26 1.87 

10 mM Sodium phosphate buffer, pH 12.0 0.99 1.45 2.29 

10 mM Sodium carbonate buffer, pH 12.0 0.98 1.44 2.27 

10 mM Sodium phosphate buffer, pH 6.5 1.06 1.91 3.59 

Phosphoric acid, pH 2.0 0.37 0.59 0.83 

Nitric acid, pH 2.0 1.01 1.61 3.19 

Sulfuric acid, pH 2.0 1.00 1.60 3.14 

Methanesulphonic acid, pH 2.0 0.99 1.60 3.13 
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In the case of using carbonate and phosphate buffers with pH 12, similar decrease in the 

retention times was observed, but to a lower extent due to the weak basic character of these 

buffers. No significant influence of counter-ion of carboxyl groups (Na+ or K+) on the 

retention was registered. Flushing column with the acids (pH 2.0) turns the surface carboxyls 

to protonated form and reduces surface charge close to the zero value (see Section 3.3.1.2). 

This results in stronger retention of model solutes, than in the case of column conditioning 

with the alkaline solvents. However, k values after the conditioning with acids are still 

smaller than before conditioning. Apparently, this is due to the adsorption of anions on the 

diamond surface. Especially, this is clear in the case of using phosphate buffer with pH 2.0. 

Strong interaction between diamond surface and phosphate is known in literature [16]. 

Regarding other anions, there is a lack of data on their adsorption on diamond (see Chapter 

6), which complicates the explanation of the observed phenomena. 

 

4.3.4. Comparison with other carbonaceous adsorbents 

As discussed above, the surface chemistry and matrix properties of HPHT diamond are 

different from other carbonaceous adsorbents, including MSDN, where significant amounts 

of graphitic carbon is presented at the surface, and also fully graphitic adsorbents, as PGC. 

 

4.3.4.1. Comparison with MSDN 

It was shown that the retention of polar solutes such as phenols or benzoic acids on 

MSDN in methanol–water and acetonitrile–water based mobile phases is defined by acidity 

of phenol and carboxylic group, respectively [17,18], which was explained by the presence of 

conducting sp2-carbon layer on the surface of detonation diamond. In this work the same set 

of phenols was used to check the retention properties of HPHT. Table 4.4 contains data on 

retention of various phenols for HPHT diamond under NP-HPLC conditions and data 

reported for MSDN under RP-HPLC/HILIC mode [17]. In general, a good correlation (R2 = 

0.901, n = 13) between the retention of phenols on HTHP diamond and on MSDN was 

observed, which indicates a similarity in the retention mechanism. However, a few 

exceptions were noted in a group of phenols with strong electron-acceptor substituents, such 

as nitro- or multiple chloro-groups. For these compounds, the retention was unexpectedly 

high on HPHT diamond, which could be due to ion-dipole interactions between charged 

groups on the diamond surface and the polarised aromatic ring of the solute molecule. 

Obviously, such interactions are stronger in the case of HPHT diamond, which surface is 

more saturated with the charged groups as compared with MSDN (see Fig. 4.1). 
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Table 4.4. Retention data for substituted phenols on HPHT diamond column (mobile phase – 

10% of IPA in n-hexane, 25 °C, 1 µL injections of 100 mg·l-1 of solute in mobile phase), and 

on MSDN diamond in 90% of acetonitrile in water [17]. pKa in water and logP values are 

taken from [17]. pKa in IPA are taken from [19]. 

 

№ Compound pKa in 
IPA 

pKa in 
water logP k, HPHT 

diamond 
k, 

MSDN  
5 2-tertbutyl-4-methyl phenol - 11.7 3.97 0.09 0.09 

7 2,6-diisopropylphenol - 11.1 4.43 0.13 - 
6 2,4-dimethylphenol - 10.6 2.30 0.40 1.05 

4 4-methylphenol - 10.3 1.94 0.77 0.86 
2 4-methoxyphenol - 10.1 1.58 2.08 1.42 

1 Phenol 13.7 9.99 1.46 1.25 1.04 
3 2-methoxyphenol - 9.98 1.32 5.90 2.09 

9 4-chloropenol 15.31 9.41 2.39 2.31 1.93 
10 4-bromophenol 14.3 9.17 2.59 2.31 3.70 

8 2-chlorophenol 15.83 8.56 2.15 3.94 3.25 
14 3-nitrophenol 13.92 8.36 2.00 >90 7.07 

11 2,4-dichlorophenol 14.48 7.89 3.06 24.4 9.67 
12 2,5-dichlorophenol - 7.51 3.06 21.5 19.9 

15 2-nitrophenol 13.3 7.23 1.79 >90 12.5 
13 2,6-dichlorophenol 13.58 6.79 2.75 30.0 38.4 

16 2,4,6-trichlorophenol 12.55 6.23 3.69 >90 45.3 
17 Pentachlorophenol - 4.74 5.12 >90 87.9 

 

  



 

119 
 

The logk values for substituted phenols on HPHT column are well-correlated (R2 = 

0.873, n = 13) with the pKa of the phenol groups in water (Table 4.4). It should be noted that 

a stronger correlation (R2= 0.977) for the same set of solutes is reported before for MSDN 

column in acetonitrile-water mobile phase [17]. At the same time, no correlation (R2 = 0.104, 

n = 13) was recorded between logk and hydrophobicity of phenols expressed as logP. This 

confirms the conclusion regarding hydrophilic properties of the HPHT diamond surface 

(Section 3.3.1.2). 

An important question has been raised whether it is appropriate to correlate k obtained 

in n-hexane based mobile phases with pKa of phenols in water solutions. Generally, it is 

rather hard to find information about pKa values for different compounds in non-aqueous 

solutions. Therefore, majority of researchers prefer to use aqueous pKa in order to explain 

retention behaviour. In Table 4.4 several pKa values presented for IPA, which, however were 

not measured but calculated [19]. Clearly, there is no correlation between pKa in water and 

IPA for this set of phenols. Accordingly, correlation between k and acidity in water in such 

case would not make sense. On the other hand, calculated pKa values often are far away from 

the measured values, and some researchers believe that correlation between aqueous and non-

aqueous acidity has to be strong [20]. Overall, there is no agreement in this matter, but it is 

obviously a very important issue, since explanation of a large segment of chromatographic 

experiments is affected.  

The separation selectivity (α = k2/k1) towards positional isomers was checked for 

MSDN and HPHT diamond columns. Similar values of α for a pair of o- and p- 

chlorophenols of 1.71 and 1.68 were obtained for HPHT diamond and MSDN, respectively. 

However, more significant differences in separation selectivity were observed for o- and p- 

methoxyphenols, with α = 2.83 for HPHT diamond, and α = 1.47 for the MSDN column. 

Possibly, this is due to higher volume of methoxy- group as substituent in ortho position, 

which could be responsible for shielding of phenol group and some sterical hindrance effects 

within microporous structure of MSDN. 

The difference in separation selectivity between two diamond based columns can be 

also connected with presence of conducting graphene type sp2-carbon layer at the surface of 

MSDN at the top of non-conducting diamond cores (see Section 1.2.3). Accordingly, phenols 

with labile protons (low pKa value) can easily induce dipoles upon the surface of the MSDN, 

which cause stronger retention of corresponding molecules. Another reason is the possibility 

of hydrogen-bonding and ion-induced dipole interactions between benzene derivatives and 

protons from OH- and COOH- groups at the surface of HPHT diamond column. 
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4.3.4.2. The effect of alkyl chain length on retention of alkylbenzenes and alkyl 

phenyl ketones 

In Section 4.3.4.1 the properties of HPHT diamond and MSDN columns are compared 

using different solvents systems as the mobile phase, which could be a reason for some 

disagreement between obtained data. Therefore, the additional experiments on the 

comparison of separation selectivity of HTHP diamond, MSDN and PGC columns in NP-

HPLC mode was carried out. The values of retention factors obtained for 40 solutes are 

presented in Table 4.1. Generally, much higher k values are recorded for MSDN column, 

which is due to the highly polar surface and well developed surface area of 191 m2·g−1. 

Therefore, a higher concentration of more polar solvent is required for the elution of some 

solutes, while PAH cannot be eluted from MSDN column even with 50% of IPA in n-hexane 

as eluent. 

To compare PGC and HPHT diamond selectivity the corresponding orthogonality plot 

is built for 28 compounds representing various classes of aromatic compounds (see Fig. 4.4). 

Despite the difference in content of IPA in mobile phases used for elution of model 

compounds, a strong correlation (R2 = 0.952) between logarithms of retention factors (logk) 

for the set of 17 model compounds marked with open shapes in Fig. 4.4 is recorded. At the 

same time, there is a visible difference between of these adsorbents towards three groups of 

compounds including PAH, alkyl phenyl ketones and aromatic bases. Clearly, the known 

effect of co-planar coordination of flat PAH molecules upon the planar structure of PGC 

surface is responsible for π-π stacking and for the stronger retention of PAH on Hypercarb 

column. The increased affinity of HPHT diamond as compared with PGC column is also 

recorded for alkyl phenyl ketones, which can be attributed to hydrogen bonding between 

keto- groups of solutes and hydroxyl groups at the surface of HPHT diamond. Obviously, the 

presence of negatively charged carboxyls and hydroxyls at the surface of HPHT diamond is 

responsible for the stronger retention of aromatic bases, as compared with neutral PGC. 

Surprisingly, no visible contribution of PREG mechanism (polar retention effect on graphite) 

in retention of very polar organic substances (phenol, carboxylic acids etc.) on PGC column 

is reflected by the orthogonality plot. 

Finally, three carbonaceous phases are compared by retention of monoalkylbenzenes 

and alkyl phenyl ketones with varied length of alkyl substituent. This model was used before 

for the description of the properties of silica, alumina, MSDN and PGC [21], and chemically 

modified silica [22,23]. Here, the corresponding plots were obtained for HPHT diamond, 

MSDN and PGC columns with n-hexane and n-hexane– IPA mixture as the eluent (Fig. 4.5). 
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Fig. 4.4. Orthogonality of retention factors (logk) obtained for 28 aromatic compounds on 

HPHT diamond and PGC columns in NP-HPLC. Solutes: (▲) – PAH, (■) – alkyl phenyl 

ketones, (●) – aromatic bases, (o) – alkylbenzenes, (∆) – alkanoic acids, (◊) – miscellaneous 

aromatic compounds. All compounds are numbered according to Table 4.1. Eluent: varied 

concentration of IPA in n-hexane: 0.1% for compounds from 13 to 24, 1% for compounds 

from 26 to 30, 5% for compounds from 35 to 37, and 20% for compounds 38 and 39, 

respectively. Linear regression is presented for 17 data points marked by open circles, 

triangles and diamonds. 
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Fig. 4.5. Dependence of logk on the carbon atom number in alkyl chain for mono-substituted 

benzenes (upper figure, benzene to pentylbenzene, mobile phase – n-hexane) and phenones 

(lower figure, acetophenone to hexanophenone, mobile phase – 0.1% of IPA in n-hexane). 

Comparison between HPHT diamond, PGC and MSDN columns. 
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The increase of the length of alkyl chain increases the retention of both alkylbenzenes and 

alkylphenones on PGC column, but more slightly on HPHT and not in MSDN column. This 

is in agreement with the results of Nesterenko et al. who observed this effect for the retention 

of dialkylphthalates on MSDN in NP-HPLC [11]. Possibly, this effect is connected with size-

exclusion phenomenon for long chain molecules the fine porous structure of MSDN, having 

trimodal distribution of pores size with maxima at 0.7, 1.4 and 3.1 nm [24]. 

 

4.3.5. Chromatographic performance 

4.3.5.1. HPHT diamond column loading capacity 

Maximum column loading capacity of the column was determined by the injection of 

1–12 µL of sample with constant concentration of 2 µg·mL−1 solution of acetophenone in 

mobile phase and by injection of 1 µL of acetophenone solution with varied concentration 

from 1 µg·mL−1 to 1000 µg·mL−1. The corresponding plots of logk, number of theoretical 

plates and peak asymmetry against amount of injected acetophenone are presented in Fig. 4.6.  

The visible drop in all three parameters occurred for the injections of 1 µL of 

acetophenone solution in mobile phase with concentration higher than 100 µg·mL−1, which is 

mass equivalent of 0.1 µg or 0.83 nanomols. Assuming area of acetophenone molecule is 0.4 

nm2 means that the surface area occupied by solute molecules during such injection is 0.0002 

m2. At the same time, during 1 µL injection, sample band will occupy 0.283% of column 

volume (void volume is 352.8 µL). Such volume will contain 0.00283·8.9= 0.0252 m2 of 

diamond surface (8.9 m2 per 50 mm column). Therefore, surface coverage with acetophenone 

within this sample band will equal 0.0002/0.0252 = 0.00794 ≈ 0.8%, which corresponds to 

Henry region of adsorption (low surface coverage). Therefore, it can be claimed that no 

column overloading was evidenced under conditions used in this paper (injection volume 1 

µL and sample concentrations below 100 µg·mL-1).  
 

4.3.5.2. Separations with HPHT diamond column 

The separation of model mixture of 8 compounds within 6 min on the 50 × 4.6 mm ID HPHT 

diamond column is shown in Fig. 4.7. All chromatographic peaks exhibit modest fronting and 

almost no tailing except for the peak of dibenzyl ketone. The possible reason for peak 

fronting for early eluting peaks can be associated with low surface area of 5.1 m2·g−1 for 

nonporous HPHT diamond particles.  
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Fig. 4.6. Influence of solute concentration and injection volume on the performance of 50 × 

4.6 mm ID HPHT diamond column. Mobile phase – 0.15% of IPA in n-hexane, 0.5 mL·min-

1, 30ºC. Injections of acetophenone in mobile phase (V = 1 µL in upper figure, and C =  2 

µg·mL-1 in bottom figure). Plotted: retention factor (squares), efficiency (circles) and peak 

asymmetry at 10% height (triangles). 
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This value is relatively small as compared to surface area of 100 – 500 m2·g−1 for majority of 

mesoporous adsorbents (mean pore diameter Dpore = 2–50 nm) used in HPLC, but they are 

close to the values of surface area for macroporous silica adsorbents such as LiChrospher 

4000 (dp = 7 µm, SBET = 6 m2·g−1, Dpore = 400 nm) and Spherosil XOC-005 (dp = 7 µm, SBET 

= 10 m2·g−1, Dpore = 300 nm) [25]. Also, due to the higher density of diamond (3.5 g·cm−3) as 

compared with nonporous silica (2.2 g·cm−3), the mass of diamond in chromatographic 

column is bigger (1.75 g per 50 × 4.6 mm ID column), corresponding to a surface area of 8.9 

m2 per column. This is sufficient to carry out the chromatographic experiments at appropriate 

conditions without column overload. The peak tailing for dibenzyl ketone could be due to 

delocalisation of electron density in a molecule, where the central carbonyl carbon atom has 

electrophilic character and the two adjacent carbon atoms are slightly nucleophilic. Such 

polarisation may lead to the multi-point interaction with polar groups at the surface of 

diamond and resulted in as lower kinetics of desorption, which is responsible for peak tailing. 

As it was shown above, the estimated loading capacity value is 0.83 nanomols per 

column. Though this value is ~10 times smaller than in case of conventional silica columns, it 

should not contribute to peak fronting, if low volumes of diluted samples are used. Therefore, 

the most probable factor causing peak fronting in Figs. 4.7 and 4.8 is non-ideal column 

packing. 

Asymmetry factors As10 for obtained peaks were between 1.15–1.60, which is 

acceptable for the majority of applications. The maximum efficiency of 128,000 theoretical 

plates per meter was recorded for the peak of benzophenone (Table 4.5). The retention of 

PAHs increases strongly with increase in number of aromatic rings (Table 4.1), so the 

separation of the mixture of benzene, naphthalene, anthracene and pyrene was obtained only 

with gradient elution (Fig. 4.8). 

Fig. 4.9 presents a separation of a commercial pesticide “VC175 Tropical Strength 

Mould Killer” (The Flood Company Australia, Padstow, NSW, Australia) using HPHT 

diamond column. According to the manufacturer, the sample consists of <10% of 2-n-octyl-

isothiazoline-3-one (octhilinone, main component), and >75% of isobutyric acid monoester 

with 2,2,4-trimethylpentane-1,3-diol (solvent). Remaining ~15% were not specified. From 

the separation (Fig. 4.9), it is clear that at least 4 components are present. The first peak on 

the chromatogram is clearly a solvent peak (k = 0.24), since it absorbs weakly at 220 nm, as 

expected for an ester without aromaticity (UV data is not available for this compound). 

Apparently, second peak (k = 0.62) is octhilinone. In order to confirm this, separation was 

repeated using different detection wavelength, and the intensity of this peak followed the UV  
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Fig. 4.7. Separation of test mixture on 50 × 4.6 mm ID HPHT diamond column. Mobile 

phase – 0.1% of IPA in n-hexane, flow rate 0.5 mL·min-1, 210 bar, 25 °C, sample volume 3 

µL, detection at 254 nm. Solutes: anisole (1), nitrobenzene (2), benzaldehyde (3), 

propiophenone (4), acetophenone (5), benzoquinone (6), benzophenone (7), unknown 

compound (8), dibenzyl ketone (9). 

 

Table 4.5. Retention parameters, separation efficiency and peak symmetry calculated for the 

peaks shown in Fig. 4.7. 

Peak tR, min k N, plates·m-1 Peak asymmetry 
@10% 

1. Anisole 1.00 0.14 25600 1.05 

2. Nitrobenzene 1.31 0.49 36300 1.04 
3. Benzaldehyde 1.59 0.81 19700 1.14 

4. Propiophenone 1.82 1.07 79600 1.08 
5. Acetophenone 2.25 1.56 85400 1.06 

6. Benzoquinone 2.68 2.05 77500 1.08 
7. Benzophenone 3.53 3.01 128200 1.09 

8. Unknown 3.99 3.53 - 1.14 
9. Dibenzyl ketone 4.72 4.36 17700 2.87 
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Fig. 4.8. Separation of PAHs on 100 × 4.6 mm ID HPHT diamond column. Gradient elution: 
0 –  1.5 min: 0.15%; 1.5 – 5 min: from 0.15% to 5%; 5 – 10 min: 5% of IPA in n-hexane, 
flow rate 0.5 mL·min-1, 440 bar, 25 °C, sample volume 1 µL, detection at 254 nm. Solutes: 
benzene (1), naphthalene (2), anthracene (3) and pyrene (4). 
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Fig. 4.9. Separation of VC175 Tropical Strength Mould Killer on 50 × 4.6 mm ID HPHT 

diamond column. Flow rate – 0.5 mL·min-1 of n-hexane, 210 bar, 25 °C,  injection 1 µL of 

100 µg·mL-1 of sample in n-hexane, detection at 220 nm. See text for peak description. 
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spectra obtained in [26] (maximum at 280 nm). Chromatograms obtained at other wavelength 

are not shown here since intensity of peaks 1 and 4 was insufficient. Peak 3 (k = 1.56) is 

presumably an overlap of two compounds which cannot be resolved (conclusion based upon 

the peak shape). It was not possible to establish the nature of these compounds since their 

adsorption at different wavelength did not match the spectra of any compounds commonly 

present in octhilinone samples [26]. Finally, fourth peak (k = 2.29) is probably 6-Methoxy-2-

methylbenzothiazol, based on its UV adsorption data from [26]. Overall, such separation 

demonstrates the potential of application of HPHT diamond for analysis of pesticide samples. 

 

4.4. Conclusions 

The obtained results show the potential of using angular nonporous particles of HPHT 

diamond as a stationary phase in HPLC. The high separation efficiency in combination with 

superior thermal and chemical stability makes diamond an interesting alternative to porous 

graphitic carbon for liquid chromatography at high temperatures and pressures. It was found 

that the loose synthetic diamond has hydrophilic surface and can be used in classic type of 

NP HPLC. Depending on properties of the solute the retention mechanism may include 

electrostatic interactions with carboxylic groups, hydrogen bonding with hydroxyl groups and 

donor–acceptor type interactions involving aromatic rings of solutes acting as hydrogen 

acceptors. 

Remarkably, HPHT diamond showed different retention selectivity as compared with 

other type of diamond based adsorbent MSDN and porous graphitic carbon. Future work in 

this area should aim for improving of packing HPHT diamond columns and development of 

ways for hydrophobization of HPHT diamond to be used in RP HPLC. Special attention 

should be paid to column design and search for alternative column body materials with low 

thermal expansion, which is essential for diamond applications in high-temperature LC. 
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Chapter 5. Chromatographic behaviour of synthetic high pressure high 

temperature diamond in hydrophilic interaction liquid chromatography 
 

5.1. Introduction 

As it was shown in Chapters 3 and 4, HPHT diamond possesses a hydrophilic surface 

with a high content of hydroxyl, carbonyl and carboxyl groups. Accordingly, it was applied 

in NP-HPLC and exhibited retention for various classes of solutes with polar functional 

groups. NP-HPLC involves the use of a polar stationary phase and less polar mobile phase. 

Therefore, it was decided to investigate the behaviour of the HPHT diamond column in other 

variants of NP-HPLC, which is aqueous normal phase (ANP) and hydrophilic interaction 

liquid chromatography (HILIC). 

ANP and HILIC modes of HPLC usually employ water-ACN or water-MeOH mobile 

phases with a high (70%) content of organic solvent [1]. Polar sorbents, such as unbonded 

silica, amino, and zwitterionic phases are the most commonly used [2]. Solute-sorbent 

interactions usually occur within the partially immobilised water-rich layer, which is formed 

near the hydrophilic surface of stationary phase [3]. While in both HILIC and ANP it is 

generally suggested that hydrophilic interactions are responsible for retention, the main 

difference between these two modes being the retention mechanism. In HILIC, retention 

occurs due to the partitioning of solutes between the water-enriched layer and the bulk mobile 

phase [3], resembling that in RP-HPLC, where the partitioning between ACN-enriched layer 

and the mobile phase is evident [4]. In contrast, ANP is a variation of adsorption 

chromatography, where the following adsorption mechanisms of retention are known: 

hydrogen bonding, ion-exchange, ion-pairing and dipole-dipole interactions [5,6].  

Due to this difference in the retention mechanism, mobile phase composition affects 

retention in HILIC and ANP modes in various ways. According to Hemstrom and Irgum [1], 

in the case of the partitioning mechanism, a direct correlation between logk and concentration 

of stronger eluting component has to be observed (Eqn. 5.1), while surface adsorption 

mechanism is described by Snyder-Soczewinski model (Eqn. 5.2): 

Partitioning model:  logk = logkorg - S·φw   (Equation 5.1) 

Adsorption model:  logk = logkw - As/nw·logXw  (Equation 5.2) 

Here, korg is the retention factor in 100% of the weaker mobile phase component 

(organic solvent), φw is volume fraction of the eluting species (water), S is slope, kw is 

retention factor in the stronger component (water),  Xw is molar fraction of stronger 



 

132 
 

component (water), and AS and nw are cross-sectional areas of molecules of solute and water, 

respectively. 

As discussed in Chapter 4, the HPHT diamond stationary phase exhibits retention in 

NP-HPLC due to dipole-dipole interactions and hydrogen bonding. Accordingly, such 

interactions should be expected to take place in ANP mode as well. In contrast, the existence 

of a partitioning mechanism is questionable, due to low surface area of diamond and its non-

porous nature, thus complicating the formation of a stable water-enriched layer. Nevertheless, 

such possibilities should be eliminated experimentally. Overall, the main goal of this Chapter 

was to investigate the chromatographic properties of non-modified HPHT diamond in HILIC 

and ANP chromatography. Special attention was paid to selectivity issues, retention 

mechanisms, column efficiency, as well as similarities and contrasts with other carbon 

sorbents. In order to achieve a better understanding of the retention mechanism, different 

mobile phases covering a wide pH range and several types of pH buffers were explored. The 

following classes of solutes were used as model compounds: amines and heterocyclic 

nitrogen containing compounds, nucleobases, phenols, and carboxylic acids. This choice of 

compounds allowed the investigation of molecules varying in chemical nature, and, thus, the 

evaluation of different retention mechanisms, including anion and cation exchange, hydrogen 

bonding (donor and acceptor) and partitioning. A list of solutes is given in Table 5.1. 

 

5.2. Experimental 

General information on materials, chemicals and instrumentation is given in Chapter 2. 

Information on the preparation of HPHT diamond material (including purification and 

fractionation), methods of investigation (titrations and sedimentation analysis), calculations 

(particle size distribution, void volume and phase ratio), and column packing procedure is 

also given in Chapter 2. Column 12 (50 × 4.6 mm ID, see Section 3.3.3.2 and Table 3.5) was 

used for all experiments. Prior to using in HILIC and ANP mode, the HPHT diamond column 

was conditioned by passing 6 mL of IPA at a flow rate of 0.1 mL·min-1, followed by flushing 

with DIW for 60 minutes at 0.3 mL·min-1. DIW was also flushed through the column for 15 

min at 0.3 mL·min-1 before changing the type of mobile phase or pH buffer type.  

 

5.3. Results and discussion 

5.3.1. Characterisation of the prepared HPHT diamond column 

Properties of HPHT diamond and the column characteristics are described in detail in 

Chapter 3. Here it is just important to outline that the surface area of the HPHT diamond is 
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5.1 m2·g-1, or 8.9 m2 per 50 × 4.6 mm ID column. The ζ-potential curve for the HPHT 

diamond is also given in Section 3.3.1.2, which shows that the surface of diamond is almost 

neutral at pH<3, whilst highly negative at pH>7.5 (see Fig. 3.4). However, in order to better 

understand the population of functional groups on the surface of diamond, acid-base titration 

experiments were carried out using suspensions of HPHT diamond in both aqueous and 

organic solvents (see Section 3.3.1.3).  

According to acid-base titration experiments, three classes of surface groups can be 

identified on the HPHT diamond, based on their acidity and reactivity (see Section 3.3.1.3). 

The first type are the carboxylic groups, which are acidic with pKa = 4.5-5. The second type 

are hydroxyls with an electron-withdrawing group nearby, which provides their acidic 

character (pKa value for these groups is between 8 and 12). These two types of groups can 

potentially be protonated or dissociated depending on the pH, and are responsible for the 

decrease in ζ-potential at higher pH values. Finally, there are weak hydroxyl and carbonyl 

groups, which will not dissociated under any buffer pH and, therefore, cannot contribute to 

electrostatic/ion-exchange based retention. However, they are responsible for the hydrophilic 

character of diamond surface, and can participate in H-bonding or other hydrophilic 

interactions. 

It was also shown in Section 3.3.1.3, that the cation exchange capacity of HPHT 

diamond was 4.5 µmol·g-1 which corresponds to the value of 0.6 nm-2. This represents a high 

degree of functionalisation (for comparison, the value for silica is 4.6 nm-2 [7]). However, it 

was also shown in Section 3.3.1.3 that the degree of dissociation and acidity of surface 

groups is strongly affected by the nature of the mobile phase. In 1 M NaCl, a much higher 

percentage of COOH groups could be dissociated (4.5 µmol·g-1), as compared to MeOH (2.5 

µmol·g-1) and ACN (2.3 µmol·g-1). This is logical considering the much higher pKa values for 

carboxylic groups in organic-water mixtures, compared to their true pKa [8]. Accordingly, 

dissociation in ACN is suppressed to a slightly higher extent than in MeOH due to its aprotic 

character.  

Overall, the results from Chapter 3 provide a clear image about surface functional 

groups and their concentration. Such information is impossible to obtain from the literature 

data, but is important and useful in the explanation of the diamond column performance in 

the HILIC/ANP separation mode.  
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5.3.2. Behaviour of HPHT diamond in acetonitrile based mobile phases 

Prior to discussing the main findings about the performance of the HPHT diamond 

column, information about the dissociation constants (pKa) for solutes used in this work are 

summarised in Table 5.1. This information is of crucial importance, as chromatographic 

experiments were conducted at different mobile phase composition and pH values.  

Fig. 5.1 presents the results of a preliminary investigation of the HPHT diamond 

column operated in HILIC/ANP mode, namely influence of the ACN content on the retention 

of the test library of compounds. This experiment was carried out using DIW-ACN mixture 

for the mobile phase, without the addition of a buffer. For the majority of compounds, classic 

HILIC behaviour was observed at ACN mobile phase content above 70-80% [9]. 

Nucleobases (except uracil) exhibit strong retention under HILIC conditions, while other 

compounds were only moderately retained. Interestingly, a complete selectivity inversion was 

observed for compound pairs 4-hydroxybenzenesulphonic acid/4-chloroaniline, 4-

hydroxybenzenesulphonic acid/2,4-dinitrophenol, and adenine/adenosine.  

From the analysis of the data, presented in Fig. 5.1, it is possible to make some 

assumptions about the retention mechanism on HPHT diamond. As mentioned in Section 5.1, 

HILIC is based on the partitioning of the solute between mobile phase and a water-enriched 

layer at the surface of sorbent, as opposed to classic normal phase, which implies molecular 

adsorption due to various types of interactions. Therefore, in the case of a partitioning 

mechanism, a direct correlation between logk and the concentration of the stronger eluting 

mobile phase component has to be observed (Partitioning model, Eqn. 5.1). In the case of 

surface adsorption, a logarithmic correlation will be observed (Adsorption model, Eqn. 5.2). 

Therefore, plotting logk v content of the stronger solvent in the mobile phase, as both 

logarithmic and linear plots, can provide an indication as to whether partitioning or 

adsorption mechanism is dominant. 

Table 5.2 summarises the squared correlation coefficients for approximation of 

retention v water content dependence, using the Partitioning model and Adsorption model. As 

can be concluded from the Table 5.2, the Adsorption model (Eqn. 5.2) describes the observed 

influence of mobile phase on retention better than the Partitioning model (Eqn. 5.1). This 

implies that retention is likely to be more dependent upon adsorption than partitioning. For 

the mobile phase comprising 10-20% of aqueous buffer, it is usually assumed that a 

combination of partitioning and adsorption mechanisms are present [10]. However, in case of 

non-porous HPHT diamond, having a flat surface, the formation of a semi-bonded water-rich 

layer is complicated, and the thickness of this layer would likely be negligible.  
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Table 5.1. pKa values for the substances used in this Chapter. All data presented for diluted 

water solutions at 25ºC, and taken from [11], unless stated otherwise.  

Basic compounds, µ = 0.0 M pKa1 pKa2 pKa3 

Adenine 4.17(NH+) 9.86(NH) - 

Cytosine 4.58(NH+) 12.20(NH) - 

Uracil - 9.46(NH) 13.49(NH) 

Adenosine 3.5(NH+) 12.42(2-OH) - 

Thymidine - 9.80(NH) 12.86(NH) 

4-chloroaniline 3.98(NH3
+) - - 

Pyridine 5.20(NH+) - - 

Acidic compounds, µ = 0.1 M    

Benzenesulphonic acid a0.70(SO3H) - - 

4-hydroxybenzenesulphonic acid (4-HBSA) a0.70(SO3H) 9.05(OH) - 

2,4-dinitrophenol 3.92(OH) - - 

Salicylic acid 2.80(COOH) 13.4(OH) - 

4-hydroxybenzoic acid 4.37(COOH) 8.98(OH)  

2,3-dihydroxybenzoic acid (2,3-DHBA) 2.68(COOH) 9.84(3-OH) - 

2,4-dihydroxybenzoic acid (2,4-DHBA) 3.13(COOH) 8.64(4-OH) a14.00(2-OH) 

2,5-dihydroxybenzoic acid (2,5-DHBA) 2.75(COOH) 10.05(5-OH) - 

2,6-dihydroxybenzoic acid (2,6-DHBA) 1.00(COOH) 13.10(OH) - 

3,4-dihydroxybenzoic acid (3,4-DHBA) 4.3(COOH) 8.75(4-OH) 13.00(3-OH) 

3,5-dihydroxybenzoic acid (3,5-DHBA) 3.86(COOH) 9.02(OH) 10.54(OH) 

5-sulphosalicylic acid strong(SO3H) 2.48(COOH) 11.85(OH) 

1,5-naphthalenedisulphonic acid strong(SO3H) b0.57(SO3H) - 

3,5-dinitrosalicylic acid 0.3(COOH) 7.07(OH) - 
 

a Data taken from [12] 

b Data taken from  [13]
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Fig. 5.1. Influence of the ACN content in mobile phase on k of several compounds over the 

HPHT diamond column. Mobile phase – DIW/ACN, 0.5 mL·min-1, 2 µL injections, sample 

concentration 0.05 mg·mL-1, UV detection at 254 nm. Solutes: adenosine (1), adenine (2), 

cytosine (3), 4-HBSA (4), pyridine (5), BTMA (6), 2,4-dinitrophenol (7), uracil (8), 4-

chloroaniline (9), n=3. 
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Table 5.2. R2 values (n=3) for the approximation of retention factors obtained in water-ACN 

and water-MeOH (see Fig. 5.1 and Fig. 5.5) mobile phases (5-30% aqueous in increments of 

5%) with Eqn. 5.1 (Partitioning model) and Eqn. 5.2 (Adsorption model). Fig. 8.1 in 

Supplementary section presents the corresponding plots from the Fig. 5.1 and 5.5 in terms of 

linear and logarithmic functions of the mobile phase composition. 

 

 

ACN MeOH 

Partitioning 

model  

Adsorption 

model  

Partitioning 

model  

Adsorption 

model  

2,4-dinitrophenol* 0.810 0.976 - - 

BTMA 0.689 0.913 0.821 0.979 

4-HBSA 0.955 0.963 - - 

Pyridine* 0.503 0.779 - - 

Adenine 0.881 0.994 0.847 0.981 

Adenosine 0.912 0.988 0.902 0.955 

Cytosine 0.921 0.996 0.939 0.991 

Uracil*1 0.787 0.935 0.979 0.976 

                                                             
1 * Solutes marked with asterisk exhibited low retention in one or both mobile phases (k < 
0.2), which may affect the accuracy of the approximation procedure. 
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For instance, it was claimed that non-porous silica sorbents cannot form a semi-bonded water 

layer as efficiently as low-crosslinked ion exchangers, and the partitioning mechanism does 

not play a major role for such sorbents [1]. Therefore, it is quite likely that this conclusion is 

valid for the HPHT diamond as well, due to its even lower surface area. In contrast, the 

adsorption properties of diamond surface are well-known, and indeed can provide sufficient 

retention, as it was shown in Chapter 4 for NP-HPLC mode. Therefore, it can be stated that 

the ANP chromatography term should be used when describing retention in mobile phases 

with high organic.  

Since it is thus assumed that adsorption of solutes on the surface of HPHT diamond is 

responsible for retention, it becomes necessary to evaluate which exact adsorption 

mechanisms are involved in the interaction between diamond and various solutes, and how 

these mechanisms are affected by pH and the buffer selection. As it was described in Section 

5.1, ion-exchange, hydrogen bonding, and dispersive forces are usually associated with ANP 

chromatography, so these types of interaction should be considered. 

 

5.3.2.1. Influence of pH and type of buffer 

Two buffering systems have been investigated in regards to their influence on the 

retention times, namely ammonium formate buffer (adjusted with either ammonia or formic 

acid), and trifluoroacetate (TFA) buffer. As it can be seen from Fig. 5.2, the addition of a 

buffer slightly reduces the retention factors for the majority of compounds, as compared to a 

non-buffered mobile phase of the same ACN/water ratio (Fig. 5.1). This indicates that 

electrostatic interactions do play an important role in the retention mechanism, when no 

buffer is included and ionic strength is low. Higher ionic strength, arising from the addition 

of a buffer, results in suppression of such interactions and slightly decreased retention.  

Other evidence that ion-exchange interactions are significant for several classes of 

compounds, can be found by comparing the retention data in Fig. 5.2 with the ζ-potential v 

pH curve for HPHT diamond (Fig. 3.4). For example, adenosine, cytosine, adenine, pyridine 

and 4-chloroaniline have pKa values in the range of 3.5-5.2 (see Table 5.1), and are 

positively charged under acidic conditions. Accordingly, in Fig. 5.2 the graphs for these 

compounds exhibit curvature near their pKa values, and much stronger retention at low pH is 

observed (Plots 1, 3, 4, 8 and 10). This means that ion-exchange interactions with the 

negatively charged surface of diamond is their primary mechanism of retention, and 

deprotonation of these compounds at higher pH leads to significant decrease in k values.  
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Fig. 5.2. Influence of type of buffer and its pH on the retention of several compounds on the 

HPHT diamond column. Mobile phase – 85%ACN – 15% 10 mM buffer (TFA and 

ammonium formate in upper figure, ammonium formate in bottom figure), 0.5 mL·min-1, 

injection volume 2 µL, sample concentration 0.05 mg·mL-1, UV detection at 254 nm. Solutes: 

adenosine (1), BTMA (2), adenine (3), cytosine (4), uracil (5), 4-HBSA (6), BSA (7), 

pyridine (8), 2,4-dinitrophenol (9), 4-chloroaniline (10). 
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Interestingly, after a sharp increase in k values for the solutes between pH 3-5 (due to 

the protonation of nitrogen), some solutes (compounds 1, 3 and 4) exhibit a slight decrease of 

retention with pH. This likely correlates with the drop in the ζ-potential of the diamond 

surface (see Fig. 3.4), which reduces the electrostatic forces between these solutes and the 

stationary phase. Similarly, BTMA (plot 2 in Fig. 5.2, top), which carries a fixed positive 

charge, is retained over the majority of neutral pH (i.e. pH 3.5-10), when diamond has a 

strong negative charge. However, in the region of lower pH (i.e. pH<3.5), the ζ-potential of 

diamond rapidly increases, which results in weaker retention for BTMA.  

Overall, ion-exchange interactions explain the retention of positively charged species 

on the HPHT diamond column well. However, such hypothesis is clearly not sufficient for 

the explanation of the strong retention of adenosine at neutral pH, when its molecule is not 

charged, as well as rise in retention of negatively charged 4-HBSA and 2,4-dinitrophenol at 

~pH 5. Presumably, hydrogen bonding may be responsible for these phenomena. This 

assumption can be confirmed by comparing the data for 4-HBSA and benzenesulphonic acid 

(BSA) (plots 6 and 7 in Fig. 5.2). Clearly, the BSA molecule (lacking OH group) cannot be 

involved in hydrogen bonding interactions, and as such, this compound is not retained under 

any conditions. In contrast, the 4-HBSA molecule exhibits a significant rise in retention at pH 

values below 4, and the only reason for this is an interaction with the phenolic OH group. 

Similarly, the retention of 2,4-dinitrophenol is attributed to hydrogen bonding between 

the OH group and the surface of HPHT diamond. This also correlates well with the weak 

retention of 4-HBSA and 2,4-dinitrophenol over the pH range 4-10, when these molecules are 

deprotonated (see Table 5.1), and when diamond has a strong negative charge (see Fig. 3.4). 

Clearly, under these conditions electrostatic repulsion between solutes and the stationary 

phase decreases retention. However, as the pH is reduced, the surface of diamond becomes 

almost neutral, so these molecules are no longer repelled and begin to retain via hydrogen 

bonding. 

As was mentioned in Section 5.1, another class of interaction which can be present in 

ANP chromatography are dispersive interactions. From the results presented in Fig. 5.1 and 

5.2, it is unlikely that dispersive forces contribute significantly to retention on the diamond 

column. As it will be shown later in Fig. 5.6, longer alkyl chains actually result in decreased k 

values for BTBA, as compared to BTMA. Since BTMA and BTBA are similar compounds, 

the only difference in their retention is due to the different length of alkyl chains. Therefore, 

earlier elution of BTBA infers that its butyl fragments interact with mobile phase more than 

when compared to the methyl groups of BTMA. This is not surprising, considering the low 
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hydrophobicity of HPHT diamond (see Section 3.3.1), especially in comparison with 85% of 

ACN in mobile phase. Overall, dispersive interactions can be neglected when evaluating the 

behaviour of HPHT diamond in ANP mode. 

 

5.3.2.2. Operation under alkaline conditions 

Since HPHT diamond possesses excellent stability over the whole pH range, it was 

interesting to investigate how it operates under alkaline conditions (pH>11.5). This pH range 

is almost never used with conventional silica sorbents due to their hydrolytic instability, but 

represents significant interest. According to the discussion in Section 3.3.1.2 and from Fig. 

3.4, the surface of diamond is negatively charged at high pH (ζ = -80 mV at pH  10). 

Therefore, HPHT diamond can potentially exhibit properties of a weak cation-exchanger. 

Additionally, other hydrophilic retention mechanisms (including hydrogen bonding, 

partitioning and dispersive forces) need to be considered again, since under different mobile 

phase and pH conditions, they may be more significant. Fig. 5.3 presents the results on 

retention of several compounds in 85% ACN – 15% aqueous mobile phase, with hydroxide 

concentration 5-50 mM in water phase. Four hydroxide solutions were tested: NaOH, KOH, 

TMAOH and NH4OH. 

First of all, the plot for BTMA (Fig. 5.3) gives a clear indication that a cation exchange 

mechanism is dominant. An almost linear dependence of logk on logC was observed, 

according to the cation exchange principles. Moreover, the slopes for elution of BTMA with 

NaOH, KOH and TMAOH were very close to the value of 1.0, which is in full agreement 

with ion exchange theory for two competing monovalent cations [14]. A lower slope in case 

of NH4OH is due to the fact that ammonia is a weak electrolyte, and its eluting power is 

lower, as compared to other hydroxides.  

Another confirmation of the presence of an ion exchange mechanism was that k values 

increased in series, NaOH<KOH<TMAOH for the majority of compounds. Such behaviour 

can be linked to the radii of hydrated ionic spheres for these ions, which decrease in series 

NaOH>KOH>TMAOH [15]. Accordingly, TMAOH exhibits the strongest retention on the 

surface of HPHT diamond (which is cation-exchanger due to presence of carboxyls, see 

Section 3.3.1.2), while NaOH retained much less. Therefore, in the presence of TMAOH, 

most compounds exhibited stronger retention.  

In order to evaluate the contribution of hydrogen bonding to retention on HPHT 

diamond at high pH, plots for 4-HBSA and BSA are compared in Fig. 5.3.   
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Fig. 5.3. Influence of hydroxide 
concentration (M) in aqueous phase on the 
retention factor for several compounds on 
the HPHT diamond column. Mobile phase 
– 85% ACN – 15% aqueous buffer (bases 
added: NaOH (black), KOH (red), NH4OH 
(yellow), TMAOH (green).  Flow rate 0.5 
mL·min-1, injection volume 2 µL, sample 
concentration 0.05 mg·mL-1, UV detection 
at 254 nm. 
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As mentioned in the previous section, BSA cannot participate in hydrogen bonding since it 

does not have an OH group. As a result, this compound is unretained over the whole range of 

concentrations of NaOH in the mobile phase (Fig. 5.3). In contrast, 4-HBSA is retained much 

stronger, and its retention increases at higher pH. This fact confirms that a hydrogen bonding 

mechanism is present, and indicates that the energy of hydrogen bonds is higher with 

increased hydroxide concentration.  

Nucleobases (uracil, cytosine, adenosine and thymidine (Fig. 5.3) are also retained 

under alkaline conditions, similarly as described above for 4-HBSA. Again, hydrogen 

bonding for these molecules is quite likely, but an explanation is needed as to why these 

molecules exhibit stronger retention at higher pH. Clearly, ion exclusion cannot be proposed 

to explain such behaviour. The reason is that cytosine, uracil and thymidine are not charged 

within this pH range (see Table 5.1), hence cannot be involved in ion exclusion interactions. 

Another reason is that surface of HPHT diamond is non-porous, and its exclusion volume is 

negligible. Therefore, hydrogen bonding strength is very like to increase at higher hydroxide 

pH, which would explain the observed increase in retention.  

There are two main factors which will influence strength of hydrogen bonds under 

alkaline conditions. Firstly, the higher ionic strength in more concentrated solutions will 

obviously decrease the H-bonding energy, due to the screening effect and lower dielectric 

constant of the mobile phase [16]. Secondly, higher OH- concentrations will result in less H-

bonding between water and solute molecules, thus increasing strength of hydrogen bonds 

between HPHT diamond and solutes. Clearly, this second factor is more prevalent in this 

situation, since the difference in dielectric constants between 5 mM and 50 mM solutions is 

less than 1% [17]. Stronger H-bonding leads to increased retention for these four solutes at 

higher pH. 

Interesting behaviour was observed for the most retained molecule, adenosine, which 

displayed a retention maximum (Fig. 5.3). Adenosine is not charged in the presence of 5-10 

mM of hydroxide (pKa = 12.4, see Table 5.1) and behaves similarly to other nucleobases 

initially – k increases with increasing concentration of hydroxide in the mobile phase. 

However, one of the hydroxyls of the ribose moiety deprotonates at pH 12.4, and so retention 

of adenosine begins to decrease in accordance to ion-exchange principle. 

 

5.3.2.3. Selectivity of retention in water – ACN mixtures 

At this point it is already quite clear, that the mechanism of retention on HPHT 

diamond is complicated, and many aspects need to be considered, such as pH, ionic strength, 
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nature of the buffer, the surface state of diamond, and specificity of the solute under 

experimental conditions. However, it is easy to see from the data presented above, that 

retention factors for some compounds have very different trends under varying mobile phase 

conditions. For example, uracil which was not retained in unbuffered conditions, as well as in 

TFA and ammonium formate buffers, began to display retention under alkaline conditions. In 

contrast, adenine which was the most strongly retained compound when using DIW, 

exhibited much lower retention in acidic and neutral buffers, and was not retained at all at 

high pH. Fig. 5.4 shows a chromatogram of four and five compounds obtained with different 

mobile phases – using TFA or NaOH. 

In TFA buffer (pH 2.7), cytosine, adenine, and adenosine are protonated, while uracil is 

in neutral form (see Table 5.1). Alternatively, in the presence of 50 mM NaOH, imide 

nitrogen of uracil, adenine or thymidine will lose a proton and become negatively charged. 

As it was discussed previously, one of ribosyl OH groups in adenosine has a pKa value of 

12.4, which makes this molecule also negatively charged in presence of 50 mM NaOH. In 

contrast, the deoxyribose fragment in the thymidine molecule, lacking this very OH group, 

remains neutral. Overall, in acidic conditions uracil is neutral, and other compounds are 

positively charged. In alkaline conditions, cytosine is neutral, while other compounds carry 

negative charge, and charge of adenosine is on the carbohydrate moiety. Combined with the 

fact that the surface of diamond also becomes negative at pH > 7, from being neutral in TFA, 

and the fact that TFA enhances ion pairing for positively charged solutes [18,19], while 

NaOH strengthens H-bonding (see Section 5.3.2.2), this results in the selectivity reversal 

observed in Fig. 5.4. Clearly, with so many variables, more experiments are required in order 

to precisely establish what happens on the surface of HPHT diamond. 

 

5.3.3. Performance of HPHT diamond in methanol based mobile phases 

As discussed in Chapter 3, in 80% MeOH 6% more surface groups of the HPHT 

diamond are dissociated, as compared to 80% ACN. At the same time, MeOH is more active 

in disrupting H-bonds (pKa of MeOH is ~15, pKa of ACN is 25 [20]). Therefore, more ion-

exchange contribution and less hydrogen bonding could be expected by substituting these two 

organic modifiers. Influence of MeOH on the retention factors of different compounds is 

presented in Fig. 5.5. 

Again, the classic curvature of the retention plot in the area of higher methanol contents 

was observed, similar to aqueous ACN buffers. However, generally, much lower retention 

times were recorded in the case of MeOH based mobile phases.  
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Fig. 5.4. Separation of five and four model compounds with the HPHT diamond column 

using two different mobile phases. Flow rate 0.5 mL·min-1, column temperature 25ºC, 

injection volume 2 µL, total sample concentration 0.05 mg·mL-1, UV detection at 254 nm. 

Solutes: 1 – adenine, 2 – cytosine, 3 – uracil, 4  – thymidine, 5 – adenosine. 
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Fig. 5.5. Influence of MeOH content in the mobile phase on the retention of different 

compounds on the HPHT diamond column. Flow rate 0.5 mL·min-1, column temperature 

25ºC, injection volume 2 µL, sample concentration 0.05 mg·mL-1, UV detection at 254 nm. 

Solutes: 1 – 4-HBSA, 2 – uracil, 3 – adenine, 4 – cytosine, 5 – BTMA, 6 – adenosine. 

logCNaOH

-3.2 -3.0 -2.8 -2.6 -2.4 -2.2 -2.0 -1.8 -1.6

lo
gk

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0
1

3

4
5
6

2

7

 
Fig. 5.6. Influence of concentration of NaOH in aqueous phase on the retention of different 

compounds on the HPHT diamond column. Mobile phase: 85% MeOH – 15% aqueous, flow 

rate 0.5 mL·min-1, column temperature 25ºC, injection volume 2 ul, sample concentration 

0.05 mg·mL-1, UV detection at 254 nm. Solutes: 1 – adenosine, 2 – BTMA, 3 – cytosine, 4 – 

BTBA, 5 – adenine, 6 – 4-HBSA, 7 – uracil. 
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This makes sense considering the stronger eluting power of methanol [9]. As it was already 

said, the retention dependence on methanol content is best described in terms of the Snyder-

Soczewinski model (see Table 5.1 and Section 5.3.2.), similarly to what was found for ACN 

in Section 5.3.2. 

However, if we consider retention of the solutes in 85% MeOH – 15% aqueous NaOH 

(Fig. 5.6), the situation appears to be quite different from that observed for similar ACN 

based mobile phases (Fig. 5.3). First of all, greater retention of positively charged species 

(BTMA and BTBA) should be mentioned. This correlated with the assumption that stronger 

cation-exchange character of the HPHT diamond exists in presence of MeOH, when more 

COOH groups are dissociated (see Section 3.3.1.3). Accordingly, the retention of 4-HBSA 

decreased as compared to that seen for ACN based mobile phase, since hydrogen bonding is 

suppressed. As it was mentioned in Section 5.3.2.2, in ACN the retention of several 

compounds increased with the concentration of NaOH in the mobile phase (see Fig. 5.3) due 

to stronger hydrogen bonding. In contrast, the retention of these compounds in MeOH based 

mobile phase is either constant (for neutral at this conditions cytosine) or decreasing (for the 

positive molecules of uracil and adenine). 

 

5.3.4. Selectivity of HPHT in ACN and MeOH based mobile phases 

Since different retention factors for compounds were observed in the presence of 

MeOH and ACN based mobile phases, the selectivity of the HPHT diamond in these two 

mobile phases was compared. Fig. 5.7 compares the retention of four compounds which 

exhibited the greates differences. Cytosine, which is neutral at the conditions of the 

experiment, had very close retention times in MeOH and ACN based mobile phases for the 

whole range of NaOH concentrations investigated. However, for the other compounds, a 

large difference between two organic modifiers was recorded. 4-HBSA is not retained at any 

tested concentration of NaOH in MeOH based mobile phases, but in the presence of 

acetonitrile its retention factor increases with the pH of mobile phase. Therefore, at 20 mM 

NaOH the difference in the retention of 4-HBSA in MeOH and ACN based mobile phases is 

quite significant. The opposite is true for positively charged BTMA and BTBA: in both 

mobile phases their retention decreases with NaOH concentration. Nevertheless, k for BTMA 

is about one order of magnitude higher in the presence of MeOH, than in ACN, and for 

BTBA k is about 4 times higher. Such big differences in the retention makes it potentially 

possible to vary column selectivity by switching between MeOH and ACN within the mobile 

phase. A set of separations is presented in Fig. 5.8 to confirm this hypothesis. 
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Fig. 5.7. Comparison of retention variation with NaOH concentration in aqueous phase 

between ACN and MeOH based mobile phases. Mobile phase: 15% aqueous – 85% organic 

(triangles for ACN, circles for MeOH). Flow rate 0.5 mL·min-1, column temperature 25ºC, 

injection volume 2 µL, sample concentration 0.05 mg·mL-1, UV detection at 254 nm. Solutes: 

BTMA (green), BTBA (yellow), cytosine (black), 4-HBSA (red). 
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Fig. 5.8. Changing the selectivity of HPHT diamond column by replacing ACN in the mobile 

phase with MeOH. Mobile phase as designated in the picture (A = ACN, B = MeOH, C = 20 

mM NaOH, D = 10 mM NaOH). Flow rate 0.5 mL·min-1, column temperature 25ºC, injection 

volume 2 µL, sample concentration 0.05 mg·mL-1, UV detection at 254 nm. Solutes: 1– 

BTMA, 2 – BTBA, 3 – cytosine, 4 – 4-HBSA. 
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When using a mobile phase with 85% of ACN, BTMA and BTBA elute in the void, 

while cytosine is retained slightly, and 4-HBSA is retained strongly. Substituting 10% of 

ACN with MeOH, however, greatly reduces the retention of 4-HBSA, so all compounds elute 

as a single peak. Further increase in the percentage of MeOH in the mobile phase leads to 4-

HBSA starting to be unretained, and the peak of BTMA showing increasing retention. When 

85% MeOH – 0% ACN mobile phase is applied, the 4-HBSA peak is fully resolved from 

cytosine, while the cytosine and BTBA peaks still overlap, and BTMA has a greater 

retention. Finally, a decrease in the concentration of NaOH in the aqueous fraction down to 

10 mM allows complete separation of cytosine and BTBA. 

Overall, it is clear that a complete reversal of selectivity for the HPHT diamond column 

is observed when 85% ACN is replaced with 85% MeOH. This substitution does not 

influence the retention of cytosine on the HPHT diamond. However, the addition of small 

amounts of MeOH drastically reduced the retention of 4-HBSA, which is an indication of a 

hydrogen bonding retention mechanism for this molecule. The k for BTMA and BTBA are 

almost linearly correlated with the percentage of MeOH in the mobile phase, according to the 

ion-exchange mechanism of their retention. To our knowledge, there is no evidence in the 

literature on such selectivity reversal for silica columns in water-ACN-MeOH mixtures. 

Usually, use of MeOH or other alcohols instead of ACN leads to poorer efficiency and only 

has negligible influence on selectivity [21,22], at least for bare silica and amino columns. A 

slight influence on selectivity can be achieved by substituting ACN with THF, as was shown 

for high-purity silica stationary phase for separation of epirubicin analogues [23]. However, 

this selectivity change could be also achieved by adjusting the pH value of the mobile phase, 

and is connected with different apparent pKa values of solutes in ACN and THF, rather than 

with different retention mechanisms. 

Since such an unusual change in selectivity (based on the organic modifier) was 

revealed for the HPHT diamond column, it was interesting to investigate more on the 

retention of different compounds in ACN and MeOH based mobile phases. Fig. 5.9 presents 

the selectivity chart obtained for 26 model compounds in 80% organic – 20% aqueous 20 

mM NaOH for both ACN and MeOH. Higher aqueous content (20%) was used in order to 

obtain more retention factors for compounds which could not be eluted under 15% aqueous 

mobile phase. Clearly, there is a difference between selectivities of HPHT diamond column 

under these two mobile phases.  

First of all, the retention of positively charged quaternary ammonium compounds is 

stronger in 80% MeOH mobile phase due to enhanced ion-exchange interactions.  
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Fig. 5.9. Selectivity of HPHT diamond in ACN and MeOH based mobile phases. Flow rate 0.5 mL·min-1, detection UV 254 nm, column 

temperature 25ºC, injection volume 2 µL, sample concentration 0.05 mg·mL-1, UV detection at 254 nm.  
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Secondly, the derivatives of salicylic acid are also better retained in 80% MeOH. On the 

other hand, the majority of the other phenolic compounds have greater retention in 80% 

ACN. Obviously, this is a as result of the stronger hydrogen bonding interactions for such 

compounds, which are suppressed in 80% MeOH but not in 80% ACN. 

 Special attention should be paid to the selectivity of retention for the positional isomers 

of dihydroxybenzoic acid (DHBA). As it is clear from the chart, in ACN based mobile phases 

DHBA isomers with at least one OH group in the meta position have stronger retention, while 

2,4-DHBA and 2,6-DHBA are retained weakly. The opposite is true for the selectivity in 

MeOH: ortho- and para- isomers of DHBA are retained longer. Previously, Wan et al. have 

found that o-, p- and m- isomers can be well resolved on graphitic carbon rather than 

octadecyl silica, and associated this with the solute interactions with the flat surface of PGC 

[24]. Presumably, a similar effect can take place on the flat surface of the HPHT diamond, 

providing different retention factors for the isomers of DHBA.  

 

5.3.5. Thermodynamics of retention on HPHT diamond in ANP chromatography 

Useful information about interactions between solutes and the surface of stationary 

phase can be obtained by investigating the thermodynamics of retention and calculating 

retention entropy and enthalpy. Van’t Hoff’s equation (Eqn. 5.3) was used for calculations of 

these parameters.  

lnk = -∆H°/RT + ∆S°/R + lnβ(T)    (Equation 5.3) 

Here k is retention factor, ∆H° is enthalpy, ∆S° is entropy and β(T) is column phase 

ratio. The retention factors were measured in the temperature interval 5 – 75 ºC, and phase 

ratio was calculated at each temperature, as described in Section 2.4.3. Here it should be 

mentioned that possibly due to the expansion of the column body, column phase ratio 

exhibited a linear dependence on the temperature. This dependence as well as lnk vs 1/T plots 

for several compounds is given in Fig. 5.10. 

In Chapter 4, about a 1% change in phase ratio was evident due to the column 

expansion in the temperature range between 25 and 65 °C. In the current Chapter, a much 

larger temperature interval was considered (5-75 °C), so an even greater influence of phase 

ratio variation on the ∆H° and ∆S° values was expected. The approach to consider this effect 

in the evaluation of the thermodynamic parameters is given in Section 2.4.3. 

It is clear from the Table 5.3 that the linearity factors for all compounds are high, and 

no graph curvature was evidenced for any of the solutes.  
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Fig. 5.10. Temperature influence on the phase ratio of HPHT diamond column (left) and on 

retention of several compounds (right). Method of calculating phase ratio is given in Section 

2.4.3. Retention factors were obtained in 85% ACN – 15% 20 mM NaOH, flow rate 0.5 

mL·min-1, sample concentration 0.05 mg·mL-1, UV detection at 254 nm. 1 – adenosine, 2 – 4-

HBSA, 3 – uracil, 4 – cytosine, 5 – adenine, 6 – BTMA; R2 for van’t Hoff’s plots are also 

given in Table 5.3. 

 

 

Table 5.3. Enthalpy and entropy of the retention of several compounds on the HPHT diamond 

column, obtained over the temperature range 5-75 °C. Mobile phase 85% ACN – 15% 20 

mM NaOH, flow rate 0.5 mL·min-1, UV detection at 254 nm, sample concentration 0.05 

mg·mL-1.  

Compound ∆H°, kJ·mol-1 ∆S°, kJ·mol-1·K-1 Linearity, R2 

Uracil -14.6±1.0 -49.4±3.3 0.986 

Adenine -26.9±2.6 -104±10 0.994 

Adenosine -21.9±0.9 -51.1±2.0 0.985 

Cytosine -7.00±0.39 -24.6±1.4 0.998 

BTMA -22.6±2.8 -94.3±11.6 0.980 

4-HBSA -8.47±0.42 -15.3±0.8 0.981 
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This indicates that a single retention mechanism is dominant for each solutes in a given 

mobile phase (85%ACN – 15% 20 mM NaOH). All enthalpy values are negative, which 

means that retention is exothermic in nature. This makes sense assuming that the main 

mechanisms are ion exchange and hydrogen bonding, which are both known to be enthalpy 

driven [25]. Accordingly, the entropy values are negative, which corresponds to a decrease in 

number of degrees of freedom for the solute molecules in the adsorbed state. It should be also 

added that ∆H° and ∆S° values may potentially be not constant over the studied temperature 

range, which can cause slight curvature in the graphs for example for adenosine and cytosine. 

 

5.4. Conclusions 

In this work the main fundamental regularities of retention on the HPHT diamond 

surface are discussed. Classic HILIC type dependencies were observed in both ACN/water 

and MeOH/water mobile phases. However, a molecular adsorption mechanism rather than 

partitioning was established to be responsible for the retention, which means that ANP 

nomenclature needs to be used. Influence of different mobile phases on the retention of 

different compounds was studied, and three main retention mechanisms were confirmed for 

the HPHT diamond. At neutral pH, the retention is primarily determined by hydrogen 

bonding mechanism, while in acidic conditions ion-exchange mechanism is favourable. At 

high pH, the main mechanism was dependent on the type of organic modifier: mostly 

hydrogen bonding was present for ACN based mobile phase, and both ion-exchange and 

hydrogen bonding were observed in presence of MeOH.  

Presented results show the high potential of application of the HPHT diamond in ANP 

mode of chromatography. The diamond columns were tested within a broad pH range (2.2-

12.7) and temperature (5-75 ºC) and were shown to be physically and chemically stable. 

Selectivity of this stationary phase is unique and can be greatly varied by choosing pH, buffer 

and MeOH/ACN ratio in the mobile phase. Increasing MeOH content enhances the retention 

of cations on the HPHT diamond, while use of ACN provides stronger retention for neutral 

and negatively charged solutes.  
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Chapter 6. Ion-exchange properties of microdispersed sintered detonation 

nanodiamond 
 

6.1. Introduction and literature review 

According to the information presented in Chapters 3-5, diamond possesses a 

hydrophilic surface, saturated with carboxyl, carbonyl and hydroxyl groups. The presence of 

~10 µmol·g-1 of carboxyls and hydroxyls provides a negative ζ-potential for the particles at 

pH > 7 of -80 mV, while under acidic conditions, the ζ-potential is almost neutral (see 

Section 3.3.1.2). Diamond particles with such surface properties can provide several types of 

adsorption interactions. For example, in NP-HPLC (Chapter 4), it was shown that the 

retention of compounds with polar groups (ketones, phenol, carboxylic acids and amines) is 

predominantly based upon hydrogen bonding, whereas polycyclic aromatic hydrocarbons 

(PAH) were retained due to π-π stacking. In contrast, contribution of hydrophobic 

(dispersive) interactions was not evident due to the low surface area of HPHT diamond. In 

ANP chromatography (Chapter 5), the main retention mechanisms were shown to be 

hydrogen bonding and ion-exchange. The partitioning mechanism was not obvious, and this 

was credited to the low surface area and non-porous structure of diamond particles. 

Therefore, the last type of interaction, which can potentially be significant on such diamond 

sorbents and needs to be investigated more carefully, is ion-exchange. 

There are some obvious indications that diamond should possess the properties of an 

ion-exchange adsorbent. First, the negatively charged surface, described above, should enable 

the adsorption of cations. This was demonstrated in Sections 5.3.2 and 5.3.3 for the BTMA 

cation. Also, using NaOH, KOH, TMAOH and NH4OH mobile phase solutions resulted in 

different retention factors for the same model compounds (see Section 5.3.2.2). This indicates 

that the adsorption of cations from the mobile phase takes place and influences the 

chromatographic properties of the HPHT diamond column. However, it is likely that the 

diamond surface possesses diphilic character and adsorption of both cations and anions can 

occur. Evidence for such an assumption is the variation in retention times in NP-HPLC for 

the diamond column when flushed with several different acids at pH 2.0 (Section 4.3.3). The 

most reasonable explanation for this effect is the adsorption of anions on the surface of 

diamond. In addition, it was shown that the negatively charged molecules (phenols and 

carboxylic acids) are retained on the diamond column with water-ACN mobile phases (see 

Chapter 5.3.4). Therefore, in this Chapter a more systematic investigation of the ion-
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exchange properties of diamond will be undertaken. The kinetics of ion-exchange interactions 

are much slower than for the other types of interactions [1], including hydrogen bonding and 

dispersive interactions. Therefore it was decided to first check the adsorption of anions and 

cations on diamond adsorbents, before moving on to chromatographic investigations. 

The number of publications based upon the ion-exchange properties of diamond is very 

low. Most research in this area has been dedicated to the study of the cation-exchange 

properties of diamond, while information on the adsorption of anions is limited. This is due to 

the fact that negatively charged oxygen-containing groups are normally present on the surface  

of nanodiamond [2], which makes adsorption of cations favourable. For example, one of the 

first papers in this field reports that the surface of detonation nanodiamond (DND) exhibits 

acidic character. In this work potentiometric titration was employed to confirm the ability of 

DND to adsorb alkali and alkali earth cations [3]. The majority of studies have investigated 

DND, while no data is available for HPHT diamond. This can be attributed to the small 

surface area of HPHT diamond, which complicates conducting such adsorption experiments. 

Regarding the adsorption of alkali and alkali earth metals, the following selectivity was 

observed for DND: Ca2+ > Ba2+ > Li+ > Na+ > K+ [4]. This series matches the selectivity 

reported earlier for oxidised synthetic diamond [5], and is typical for carboxylic cation 

exchangers in alkaline media [6]. In the case of non-oxidised DND, however, an alternative 

selectivity was reported (Na+ > K+ > Li+). Zhukov et al. suggest that the pKa values of the 

different types of carboxylic groups on the non-oxidised DND can account for this difference 

[7]. It was shown that oxidative purification with mineral acids is essential for preparation of 

DND with cation exchange properties, and, depending on the purification, capacities of up to 

0.6-0.9 mmol·g-1 can be achieved [4].  

While the adsorption mechanism of alkali and alkaline earth metals involves 

electrostatic interactions with surface carboxyl groups [5], the adsorption mechanism for 

transition metals is more complicated. Several research groups have studied the adsorption of 

different metals onto DND, such as Fe2+ [8], Ni2+ [9], Al3+ [10], Fe3+ [9,11] and Rh3+ [12]. 

Though little attention was paid to the actual adsorption mechanism and selectivity, it is 

generally concluded that complexation is the one of the most probable mechanisms for the 

adsorption of transition metals [8,9]. In these studies two other factors that can influence 

adsorption of transition metals were also mentioned. First, the presence of sp2-carbon has a 

strong impact on the adsorption of transition metals [11,13,14].  The optimal ratio between 

diamond and sp2-carbon was shown to be 80:20 – this provided highest adsorption of Fe3+, 

Ni2+, Cr3+, Pb2+, Cd2+. Second, the hydrophobicity of the particles plays an important role 
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[13]. Surprisingly, the capacity of DND with a hydrophobic surface was about twice that of 

DND with a hydrophilic surface. A hydrophobic surface of DND was achieved through 

calcination at 250 °C in Ar atmosphere or by electrochemical treatment.  

The following selectivity of adsorption of transition metals on DND was reported by 

Bogatyreva et al.: Fe3+>Ni2+>Cr3+>Pb2+>Cd2+ [11,13,14]. This differs from the selectivity 

series known for transition metals on common carboxylic cation exchangers [15]. 

Unfortunately, the authors of these studies [11,13,14] did not present their opinions on the 

reasons for such unusual selectivity.  

The adsorption capacity for transition metals on DND sorbents (S = 150 m2·g-1) is 

between 0.2 and 0.5 mmol·g-1 as reported by Bogatyreva et al. [11,13,14]. This exceeds the 

literature values for activated carbon (S = 422 m2·g-1) and oxidised carbon (S = 425 m2·g-1),  

but is in agreement with the concentration of acidic carboxyl groups on the DND surface (1.3 

group·nm-1) [16]. Furthermore, the modification and purification procedures applied can affect 

the adsorption capacity of DND significantly, as was shown by Chukhaeva and Cheburina 

[17]. The highest capacity (0.4-0.5 mmol·g-1) was obtained using ozone purification, and was 

reported to be due to an increased number of peroxo- groups on the surface of DND. 

Generally, C=O and –COOH groups are responsible for the adsorption of cations, but peroxo-

groups can potentially contribute to the adsorption of cations as well.  

Overall, DND exhibits a significant cation exchange capacity and selectivity due to its 

negatively charged surface. In contrast, the examples of adsorption of anions on DND are 

rare. Only a small number of the DND samples reported have positive ζ, which facilitates 

their interaction with anions [18]. Adsorption of anions, such as AuCl4-, AsO3
3-, AsO4

3-, 

Cr2O7
2-, MoO4

2-, and WO4
2-, has been investigated [9,12,19,20], but only Cr2O7

2-, MoO4
2- and 

WO4
2- can be adsorbed on the DND surface at pH 5.0 [19]. Adsorption values of 30%, 65% 

and 100% were reported, respectively, however the actual adsorption capacity was not 

mentioned. The authors have proposed that the positive surface charge of DND and its anion 

adsorption are due to the presence of protonated amino groups on the DND surface. 

However, adsorption of Cu2+ (which can be used as proof of the presence of amino groups) 

was not observed during these experiments. Therefore, the reasons for the high selectivity 

towards MoO4
2- and WO4

2- remain unclear. Though it is indeed possible that without 

oxidative purification DND can exhibit a positively charged surface [21], this effect is usually 

linked to fixed charges or the protonation of pyrones, rather than amino groups [22]. 

Finally, it has to be added that some computational efforts have been made recently in 

order to investigate the interactions between diamond surface and ions [23]. Despite the fact 
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that results obtained so far with this approach lack the experimental confirmation, in future 

such method may become beneficial. 

Overall, the ion exchange properties of DND appear to be complex. Several 

mechanisms for retention of cations and anions on the surface of DND are suggested, but 

most data is inconclusive and the need for a more systematic investigation is evident. 

Therefore, the current Chapter aims to investigate the ion-exchange properties of DND. The 

HPHT diamond employed in previous Chapters cannot be used for adsorption experiments 

due to its lower surface area. Adsorption of both cations and anions on DND will be studied, 

with the focus on transition metals and simple inorganic anions. Since there is evidence that 

the adsorption of cations and anions can potentially influence each other [24], experiments 

will be planned in a way which allows the assessment of such influence.  

 

6.2. Experimental 

General information on materials, chemicals and instrumentation is provided in Chapter 

2. All adsorption experiments were carried out using microdispersed sintered detonation 

nanodiamond (MSDN), purchased from ALIT (Kiev, Ukraine) and characterised by Novikov 

et al. [8]. Before each experiment, MSDN was purified using the following procedure. First, 

it was washed with 5 M HNO3 in order to remove metal impurities, then with 1 M NaOH to 

remove anionic impurities, and again with 5 M HNO3 to ensure all surface groups were 

protonated. Following this, the excess of HNO3 was removed by flushing MSDN several 

times with deionised water, until the pH of the MSDN suspension was in the range 4.5-5.  

The adsorption properties of MSDN were determined based upon the experiments 

investigating different types of buffers, pH, solute concentration and volume, and adsorption 

time. For the adsorption experiments, 0.2 g of MSDN was placed within a plastic vial with 10 

mL of the ion solution at the required concentration and pH. After approximately 30 min 

(which was sufficient time to achieve equilibrium, see Section 6.3.2.2), the vials were 

centrifuged, and the supernatant collected for the subsequent filtering and the determination 

of the remaining ion concentration using IC or UV spectrometry. 

 

6.2.1. Experiments with transition metals 

A Thermo Fisher Dionex (Sunnyvale, CA, USA) ion chromatography system was used 

for the analysis of the transition metal concentrations during the sorption experiments. This 

consisted of an AS50 thermal compartment and an autosampler with an IP25 isocratic pump 

and AD25 absorbance detector. An IonPac CS16 250 × 3.0 mm ID column was installed. A 
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UV spectrophotometer Metertech SP-8001 (Nankang, Taipei, Taiwan) was used for the 

spectrophotometric determination of metal concentrations following reaction with 

complexometric indicators. A 1.00 × 10-4 M solution of 4-(2-pyridylazo)resorcinol (PAR) in 

0.1 M sodium tetraborate buffer (pH 9.18) was used for the determination of Zn2+, Mn2+, 

Co2+, Ni2+, Cd2+, Cu2+, Fe3+. A 1.00 × 10-4 M solution of Chromazurol-S in 0.1 M hexamine 

buffer (pH=6.0) was used for the determination of Al3+. The following wavelengths were 

chosen for complex concentration determinations: 490 nm for the complexes of Zn2+, Co2+, 

Fe3+, Ni2+, 493 nm for the complex of Mn2+, 486 nm for the complex of Cu2+, 487 nm for the 

complex of Cd2+, and 545 nm for the complex of Al3+.  

Two types of buffer solutions were used for the assessment of buffer influence on the 

adsorption of cations on MSDN, namely a sodium acetate buffer across pH 4-6, and sodium 

phosphate buffer over pH 3-9. For more acidic or basic solutions, either HNO3 or NaOH was 

employed, respectively. 0.1 M HNO3 was used as eluent for the desorption of metal cations 

from MSDN.  

 

6.2.2. Experiments with anions 

A Thermo Fisher (Sunnyvale, CA, USA) ICS-2000 ion chromatograph equipped with 

an AS autosampler was employed for the analysis of anion solutions following sorption 

experiments on MSDN. An AS19 250 × 4.0 mm ID column with a 40 mM KOH mobile 

phase was used for the determination of NO3
-, SO4

2-, ClO4
-, Cl-, I-, and PO4

3- concentrations. 

A column temperature of 30 °C and a 1 mL·min-1 flow rate were chosen. Conductivity 

detection (ICS-2000) was applied, and background conductivity was suppressed using an 

ASRS 300 4 mm suppressor. B4O7
2- and C2O4

2- concentrations were obtained using ion-

exclusion chromatography, using a Dionex ICE-AS6 250 × 9.0 mm ID column and 1 

mL·min-1 of 10 mM H2SO4 mobile phase. Conductivity was suppressed using an AMMS 

ICE-II ion-exclusion suppressor with 3 mL·min-1 of 40 mM NaOH as the regenerant.  

 

6.2.3. Adsorption isotherms 

Isotherms of adsorption of cations and anions on MSDN were determined via a series 

of experiments. Solutions of increasing ion concentrations (0 to 100 µmol·mL-1) were 

employed to investigate the adsorption on MSDN (0.2 g), the solution volume was held 

constant (5ml). Adsorption values (A, µmol·g-1) were calculated for each sample according to 

the formula:  

A = (C0 – C) · V/m     (Equation 6.1) 
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where C is ion concentration after sorption (µmol·mL-1), C0 – ion concentration before 

sorption (µmol·mL-1), V is volume of solute (mL) and m is amount of MSDN (g). Adsorption 

values were plotted versus ion concentration remaining in the solution (C). 

 Langmuir and Freundlich equations (Eqn. 6.2 and Eqn. 6.3, respectively) were applied 

to describe the adsorption isotherms: 

A = Amax·KL·C/(1·K·C)           (Equation 6.2) 

where Amax represents the limit of adsorption with the increasing concentration and can be 

compared to the adsorption capacity. KL here describes the isotherm gradient at low 

concentrations and is connected with the distribution coefficient (KD).  

  A=KF·C1/n                                  (Equation 6.3) 

where KF can be compared with the distribution coefficient. Correlation factors (R2) between 

the experimental and simulated isotherms were calculated in order to understand how well 

Langmuir or Freundlich laws were obeyed. 

 

6.3. Results and discussion 

6.3.1. Characterisation of MSDN 

As discussed in Chapter 1, the properties of DND and MSDN can vary significantly 

depending on synthesis conditions and purification procedures. Therefore, prior to adsorption 

experiments, MSDN was characterised using the physical and chemical methods detailed 

below. All characterisation data refers to MSDN purified as described in Section 6.2. 

 

6.3.1.1. Scanning electron microscopy 

Fig. 6.1 shows the SEM micrographs of MSDN particles used in this work. Sintered 

agglomerates have particle sizes between 0.5 and 2 µm. Each of these agglomerates is 

composed of much smaller nanoparticles of 10-30 nm in size, as can be seen on the SEM 

image under higher magnification. Nanoparticles form a porous 3D structure which increases 

the surface area for MSDN. According to the manufacturer, the surface area of MSDN is 150 

m2·g-1 and the pore size is equal to 3 nm [8]. 

 

6.3.1.2. Surface characterisation 

The FTIR spectrum of MSDN is presented in Fig. 6.2. The broad absorption band at 

3000-3600 cm-1 corresponds to O-H stretching mode, and can be attributed to adsorbed 

water, hydroxyl groups and the OH of the carboxyl groups. The characteristic band at 1735 

cm-1 is due to the C=O stretching of the carbonyl.  
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Fig. 6.1. SEM images of MSDN (see Section 2.1 for details). 
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Fig. 6.2. FTIR spectrum of HPHT diamond before and after purification (see Section 6.2 for 

the purification procedure). 
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The band at 1000-1320 cm-1 is related to C-O stretches in the hydroxyl groups. The spectra 

highlights the hydrophilic character of the MSDN is due to the presence of oxygen-

containing functional groups. Overall, the observed FTIR spectrum is typical for DND [25]. 

Fig. 6.3 presents the ζ-potential v pH dependence for MSDN. Under the acidic 

conditions MSDN exhibits a positive ζ-potential of +17 mV. This value reduces with the 

increase in pH, with an isoelectric point observed at pH 8.0. Under alkaline conditions the ζ-

potential of MSDN drops down to -23 mV. It is common that the ζ-potential of nanodiamond 

can be very different depending on the origin, purification and modification of the material 

[26]. Nanodiamond with ζ-potentials between -60 and +60 mV have been described by 

different research groups [22,27]. Whereas negative ζ-potentials in alkaline conditions can be 

explained by dissociation of the hydroxyl and carboxyl groups, reasons for the positive ζ-

potential can be more complicated. The simple explanation could involve nitrogen-containing 

functionalities. However, here according to the FTIR spectrum (Fig. 6.2) this is unlikely since 

no N-H or C-N bands were evident. However, it is known that the surface of MSDN particles 

contain graphitic layers of sp2-carbon [28]. According to Paci, the main reason for the 

positive ζ-potential  is protonation of pyrone, chromene and phenol functional groups which 

are quite common on the graphitic surface of MSDN [22]. The structure of these groups is 

presented in Fig. 6.4. 

 

6.3.2. Investigation of adsorption of metals 

6.3.2.1. pH dependence 

Fig. 6.5 shows adsorption curves for 8 metal cations – Zn2+, Mn2+, Co2+, Ni2+, Cd2+, 

Cu2+, Fe3+, and Al3+ in 0.05 M phosphate buffer. The graph shows how all metals except Co2+ 

and Ni2+
 may be adsorbed on MSDN at a certain pH. Triple charged cations (Fe3+ and Al3+) 

have significantly higher adsorption in the low pH range (1-3).  Doubly charged transition 

metals can be divided in 2 groups. The first group is cations Zn2+, Cd2+, Mn2+ and Cu2+. 

Adsorption of these cations increased over the pH range 3-6. The second group is Co2+ and 

Ni2+, which apparently interact only weakly with the surface of MSDN. It is clear from Fig. 

6.5 that the selectivity for the adsorption of transition metals on MSDN is Al3+ > Fe3+ > Cu2+ 

> Mn2+ > Zn2+ > Ni2+ > Co2+ > Cd2+. This series is different from that which is commonly 

observed on other carboxylic exchangers [15] or carbon sorbents [29]. For example, the 

retention order Cu2+ > Ni2+ > Co2+ > Zn2+ > Mn2+ was observed for oxidised active carbon by 

Strelko et al. [29]. 
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Fig. 6.3. ζ-potential dependence on pH for MSDN. Measured for 100 µg·mL-1 water 

suspension of MSDN (µ = 0.01 M), pH adjusted with NaOH or HNO3 

 

 

 

 

Fig. 6.4. Structure of pyrone (left) and chromene (right) functional groups, protonation of 
which can provide positive ζ-potential for MSDN under acidic conditions. Adopted from 
[22].  
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Fig. 6.5. Dependence of adsorption of various metals on MSDN (0.2 g) on pH,  

from 10 mL of 10 µg·mL-1 solution in 0.05 M sodium phosphate buffer. 
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The high selectivity displayed by both oxidised active carbon and MSDN sorbents towards 

Cu2+ is a consequence of the fact that Cu2+ often forms distorted and more stable octahedral 

complexes [29]. However, for the other cations of transition metals (Ni2+, Co2+, Zn2+, and 

Mn2+) an almost opposite retention order was observed. This reversal points towards a unique 

retention mechanism for MSDN.  

It is known that only a cation exchange retention mechanism is observed with oxidised 

active carbon for transition metals ions [29]. In contrast, at least 3 retention mechanisms were 

reported previously for MSDN [30], including interaction with the two types of carboxylic 

groups with different pKa, interaction with hydroxyls and complexation. Moreover, for 

diamond sorbents complexation may play a major role in adsorption, as compared to 

electrostatic interaction. 

The above mentioned information correlates well with the data in Fig. 6.5. Metals such 

as Cu2+, Zn2+ and Mn2+, which are known for their ability to form complexes with carboxylic 

groups, are adsorbed at lower pHs. At the same time, Co2+ and Ni2+ should be mostly 

adsorbed via a simple cation exchange mechanism, which explains why they are not adsorbed 

under acidic conditions. An investigation of their adsorption at pH above 5-6 was impossible 

due to hydrolysis and formation of insoluble phosphates. In the case of triple charged cations, 

interaction mechanisms are more difficult to elucidate, as Fe3+
 and Al3+ exhibit different 

adsorption trends. The stronger interaction for Fe3+
 and Al3+ can be due to their triple charge 

and consequently greater electrostatic attraction to the diamond surface, as was previously 

observed for the triple charged lanthanides and actinides under acidic conditions [31,32].  

Regarding adsorption capacity, the highest value of 9 µmol·g-1 was observed for Mn2+. 

However, this value is not high compared to activated carbon (200-300 µmol·g-1, [29]) or the 

commercial carboxylic cation exchangers (~1 mmol·g-1, [15]). However, it should be taken 

into account, that the surface area of MSDN is only 150 m2·g-1, which is ~6 times lower than 

the value for activated carbon (850 m2·g-1) and other commercial sorbents (up to 1000 m2·g-1) 

[8].  

 

6.3.2.2. Kinetics of adsorption 

 Fig. 6.6 shows data on adsorption kinetics of Cu2+ and SO4
2- on MSDN. Adsorption 

capacity is reached after approximately 10 minutes and the curves obey classic 1st order 

kinetics (Fig. 6.6, left). This demonstrates slow kinetics of ion-exchange interactions as 

compared with the other types of adsorption interactions, and is in accordance with the 

literature [1].  
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Fig. 6.6 (right) was obtained by carrying out sorption of a constant amount of Cu2+ (100 

µg) on 0.2 g of MSDN from increasing volumes of buffer solution at pH 5. The coefficient of 

Cu2+ distribution between the diamond surface and the buffer media was calculated from this 

curve. The distribution ratio (Kd) was found to be 280 mL·g-1 at pH 4. This value is in the 

same range as the Kd values for transition metal adsorption on industrially used carboxylic 

cation exchangers [15].  

 

6.3.2.3. Buffer dependence 

As discussed earlier, hydroxyl groups on the MSDN surface can possess both cation 

and anion exchange properties. As such, the adsorption of anions and cations at different pH 

can interfere with each other. Previously, some indication of co-adsorption of NO3
- and Cu2+ 

on diamond was obtained by Dolenko et al. [33]. To confirm this hypothesis, we investigated 

the influence of the buffer composition on Cu2+ adsorption. The dependences obtained are 

shown in Fig. 6.7.  

For both sodium acetate and sodium phosphate buffers, adsorption of Cu2+ on MSDN 

starts at pH 3.0. However, in the case of sodium phosphate buffer, complete (100%) Cu2+ 

adsorption was achieved at pH 5, while in the case of the sodium acetate buffer, complete 

adsorption of Cu2+ was not achieved even up to pH 6 (highest possible value for sodium 

acetate buffer). Such a significant difference in adsorption from various buffers in the same 

pH range indicates that there is a strong buffer influence on the adsorption mechanism. 

Strong interaction between phosphate and diamond surface was established previously [34]. 

It will be shown hereafter, that PO4
3- ions can be adsorbed more strongly than CH3COO- on 

the diamond surface due to the higher charge and greater interaction with various 

functionalities. So, the adsorbed phosphate can act as an additional adsorption site for Cu2+ 

cations. Additionally, very low solubility constant for Cu3(PO4)2 (ksp = 1.4·10-37) can 

influence the adsorption. Another reason for such a significant difference between sodium 

acetate and sodium phosphate buffers is that acetate can form complexes with copper. 

Weaker adsorption of these complexes upon the MSDN surface may be related to different 

adsorption mechanisms.  

 

6.3.2.4. Isotherms of adsorption  

In the case of using a buffer for maintaining a certain pH, the concentration of buffer is 

much higher than the concentration of the solute, so the buffer influence on adsorption is not 

surprising. 
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Fig. 6.6. Dependence of Cu2+ and SO4

2- adsorption on MSDN (0.2 g) on time (left), and on 

solution volume (right). Left figure:  10 mL of 0.0625 mM CuSO4 solution in 0.05 M sodium 

phosphate buffer (pH 5.0). Right figure: 0.625 µmol of Cu2+ in various volumes (1 to 100 

mL) of 0.05 M sodium phosphate buffer (pH 5.0). 

 

pH
3 4 5 6 7

Ad
so

rp
tio

n,
 %

0

20

40

60

80

100

Sodium acetate
buffer

Sodium phosphate
buffer

 
 

Fig. 6.7. Adsorption of Cu2+ on MSDN (0.2 g) depending on the buffer pH for sodium 

phosphate and sodium acetate buffers. Experiments were done from 10 mL of 10 µg·mL-1 

Cu2+ solution in 0.05 M buffer (100% adsorption = 100 µg of Cu2+). 
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However, it is interesting to understand whether the counter ions in the Cu2+ salts used also 

have an influence on Cu2+ adsorption, despite their concentration being much smaller than the 

concentration of anions within the buffers. Fig. 6.8 presents the Cu2+ adsorption isotherm on 

MSDN for different Cu2+ salts with different counter-ions. No buffer was added; this 

experiment was carried out with only deionised water as the solvent.  

As it can be seen from Fig. 6.8, the counter ion has a great influence on the shape of the 

Cu2+ adsorption isotherm and overall adsorption capacity. In the case of a SO4
2- counter ion, 

there are at least 3 distinct regions on the isotherm, while isotherms of Cl- and NO3
- counter 

ions behave similarly and have only two regions. The fact that adsorption isotherms have 

several steps is quite uncommon and indicates that the mechanism of interaction between 

MSDN and Cu2+ is complicated and is influenced by the counter ion adsorption. Other 

researchers, who  have investigated adsorption isotherms for heavy metals on the other 

graphite-type carbon materials, have shown that the surface of these materials contains only 

one type of active site [35]. That means that a fundamental difference exists between the 

adsorption properties of diamond and graphite based adsorbents, though some authors have 

described the structure and composition of diamond surface as being very similar to a 

graphite layer [36]. 

The case with the numerous steps on an adsorption isotherm was analysed by Tolner, 

who established that “multi-step isotherms can be calculated additively from the adsorption 

isotherms of the individual “steps” [37] and derived an extended Langmuirian type equation 

for their description (Eqn. 6.4): 

퐴 = ∗ ∗[( ) ( )]
∗[( ) ( )]

           (Equation 6.4) 

Here, A is adsorption (µmol·g-1), ai is adsorption limit of the step i on the adsorption isotherm 

(µmol·g-1), ki is isotherm gradient for the step i (mL·µmol-1), C is concentration (µmol·mL-1), 

bi is the concentration limit at which the adsorption mechanism of the step i comes into action 

(µmol·mL-1), and ni is the degree of association at the step i. In the case of two and three step 

adsorption (Fig. 6.8) where association degree is 1 at each step (positively charged Cu2+ 

cations do not form associates), Eqn. 6.4 can be simplified as: 

퐴 = ∗ ∗
∗

+ ∗ ∗[( ) ( )]
∗[( ) ( )]

+ ∗ ∗[( ) ( )]
∗[( ) ( )]

  (Equation 6.5) 

Eqn. 6.5 was used in order to approximate adsorption isotherms in  

Fig. 6.8. Obtained parameters for all three isotherms as well as R2 values are presented in the 

Table 6.1 
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Fig. 6.8. Adsorption isotherm for Cu2+ on MSDN (0.2 g) from 10 mL of CuSO4  

solutions with various Cu2+ concentrations. 

 

 

Table 6.1. Calculated parameters for optimisation of the adsorption isotherms in Fig. 6.8 with 

the Eqn. 6.5. 

 CuSO4 Cu(NO3)2 CuCl2 

a1, µmol·g-1 2.07±0.14 3.51±0.27 4.38±0.38 
a2, µmol·g-1 2.31±0.23 0.70±0.09 0.53±0.06 
a3, µmol·g-1 1.16±0.10 - - 

k1, mL·µmol-1 20.0±2.3 6.93±0.71 4.81±0.39 
k2, mL·µmol-1 20.1±2.4 7770±690 7970±730 
k3, mL·µmol-1 109±9 - - 
b2, µmol·mL-1 0.11±0.01 0.28±0.02 0.28±0.03 
b3, µmol·mL-1 0.22±0.02 - - 

R2 0.992 0.981 0.980 
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As seen from the Table 6.1, in the case of Cu2+ adsorption from chloride and nitrate 

solutions, the third term in Eqn. 6.5 can be neglected, since there are only two steps on the 

adsorption isotherms for Cu(NO3)2 and CuCl2. In contrast, adsorption of CuSO4 has to be 

described with the full Eqn. 6.5, and all eight parameters can be calculated. Clearly, since 

adsorption isotherms for Cu(NO3)2 and CuCl2 are almost identical, the values of their 

calculated descriptors in the Table 6.5 are also similar. Generally, the Eqn. 6.5 describes 

multistep adsorption of Cu2+ well, as indicated by R2 values close to 1. This means that 

adsorption of Langmuir type was observed for Cu2+ on MSDN, where different adsorption 

mechanisms dominate within various concentration ranges. 

A probable explanation for the numerous steps on the adsorption isotherms can involve 

the ζ-potential – pH dependence for MSDN (see Fig. 6.3). Without a buffer, the pH of MSDN 

suspension is around 4.5-5. Average surface charge is positive at this pH (+14 mV), and Cu2+ 

adsorption is decreased due to the electrostatic repulsion. At the same time, counter anions 

can be adsorbed at this pH (see Section 6.3.3), modifying the MSDN surface and decreasing 

the surface charge. In the case of the doubly charged SO4
2- counter ion, this effect would be 

greater than for the singly charged Cl- or NO3
-. Thus, the interaction with adsorbed anions 

can provide an additional step on the CuSO4 adsorption isotherm and lead to a higher Cu2+ 

adsorption capacity in the case of CuSO4, as compared to those of CuCl2 and Cu(NO3)2. Total 

Cu2+ adsorption capacity was found to be 5 µmol·g-1 for CuSO4 and 3.5 µmol·g-1 for CuCl2 

and Cu(NO3)2.  

 Fig. 6.9 confirms that the evidence that the presence of SO4
2- in the solution is the 

reason for the increased Cu2+ adsorption on MSDN. It is clear that an increase in the presence 

of SO4
2- anions leads to a higher adsorption of Cu2+, while, the addition of an appropriate 

amount of NO3
- (to adjust same ionic strength) did not cause a significant rise in Cu2+ 

adsorption (Fig. 6.9, left). It will be shown later in Section 6.3.3, that MSDN under acidic 

conditions displays anion exchange properties. So, adsorbed SO4
2- can act as an additional 

adsorption site for Cu2+. However, the ionic strength can also influence the adsorption of 

Cu2+, (Fig. 6.9, right). 

 As shown in Fig. 6.9 (right), with increasing ionic strength the adsorption of Cu2+ 

increases significantly until µ = 0.05 M after which it levels off. This may indicate that the 

adsorption mechanism for Cu2+ on the MSDN surface is chelation based. In the case of ion-

exchange, increasing ionic strength would lead to a decline in adsorption levels due to the 

lower ζ-potential at the MSDN surface at higher ionic strength values. 
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Fig. 6.9. Influence  of nature of anion (left) and ionic strength (right) on Cu2+ adsorption on 

MSDN (0.2 g). 10 mL of 10 µg·mL-1 Cu2+ solution was used. Left figure: Na2SO4 or NaNO3 

were added to increase counter ion/Cu2+ ratio. Right figure: ionic strength was maintained 

with NaNO3. 
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As shown in Fig. 6.3, the ζ-potential of MSDN is about +14 mV at pH 5.0, therefore the 

surface of the MSDN should repulse positively charge Cu2+ cations. However, due to 

complexation Cu2+ can still be adsorbed. Increasing ionic strength can reduce the value of the 

positive ζ-potential and subsequently promote Cu2+ adsorption. 

 

6.3.3. Investigation of anion adsorption 

Once it was found that counter ions have influence on the metal cation adsorption on 

MSDN, the nature of MSDN interaction with the simple inorganic anions required 

investigation.  

Fig. 6.10 shows adsorption isotherms for 8 inorganic anions on MSDN and Table 6.2 

presents the distribution coefficients (KD) for anion adsorption as well as an approximation of 

adsorption isotherms with Langmuir and Freundlich models (Eqn. 6.2 and 6.3).  

From the Table 6.2 it is clear that the adsorption of anions obeys the Langmuir equation 

better than the Freundlich model (except for PO4
3-, which behaviour will be explained 

hereafter). This makes sense if a chemical monolayer adsorption is assumed, when anions 

interact with functionalities on the MSDN surface and are not able to drift along the surface. 

Adsorption capacities for anions are at the level of 50-150 µmol·g-1, which significantly 

exceeds the values for cations. This is the first time that such significant anion adsorption 

capacity was revealed for nanodiamond. 

Distribution coefficients for anion adsorption over MSDN increase in series: CH3COO- 

< Cl- < B4O7
2- < ClO4

- < I- < SO4
2- < C2O4

2-. This sequence is different from common anion-

exchange selectivity known for most amino and quaternary ammonium anion exchangers, 

which is reported as: B4O7
2- < CH3COO- < Cl- < I- < C2O4

2- < SO4
2- < ClO4

- [38]. Though 

some anions exhibit similar selectivity as these anion exchange series, the high KD values for 

B4O7
2- and C2O4

2- and low KD for ClO4
- indicate that some other mechanism is taking place 

together with the anion-exchange interactions.  

The FTIR spectrum (Fig. 6.2) suggests that there is a high abundance of hydroxyl 

groups present on the MSDN surface. Hydroxyls were not dissociated at the pH of the 

experiment; however they can contribute to adsorption by providing hydrogen bonds with 

anions. Also, it is known that diol and polyol surface groups are able to form complexes with 

B4O7
2- anions [39]. This can explain the unusually high KD for B4O7

2- in our experiments (as 

compared to common anion exchangers which interact with borate weakly).   
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Fig. 6.10. Isotherms of adsorption on MSDN for 8 inorganic anions from 5 mL solutions of 

sodium salts of increasing concentration.  (Bottom figure gives a magnified view in the area 

of low initial concentration of anions)  
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Table 6.2. Adsorption capacity and distribution coefficients for anion adsorption on MSDN and adsorption modelling with Langmuir and 

Freundlich equations. 

 

Anion 
Experiment Langmuir model (Eqn. 6.2) Freundlich model (Eqn. 6.3) 

KD, mL·g-1 Amax, 
µmol·g-1 R2 KL, 

mL·µmol-1 
Amax,  

µmol·g-1 R2 n KF 

C2O4
2- 870±70 74±2 0.988 21±2.0 73±4 0.930 4.5±0.7 58±9 

B4O7
2- 45±3 74±2 0.994 0.50±0.05 104±5 0.974 2.0±0.3 34±5 

CH3COO- 10±1 47±1 0.971 0.20±0.02 75±4 0.937 1.73±0.30 14±2 

Cl- 17±2 95±2 0.985 0.21±0.02 131±6 0.943 2.12±0.30 29±4 

I- 325±21 150±4 0.992 1.55±0.16 160±8 0.970 3.11±0.50 81±12 

SO4
2- 552±44 77±2 0.979 59±6 71±4 0.963 7.3±1.1 67±10 

ClO4
- 90±8 121±3 0.998 0.94±0.10 134±6 0.941 3.10±0.50 58±9 
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Since FTIR has also shown MSDN to have a lot of hydroxyl functionalities, the presence of 

diols on the MSDN surface is likely and can provide strong retention of borate through the 

complexation.  

Furthermore, it was revealed by means of ICP-MS that even purification with acids 

cannot completely remove metal impurities from the surface of MSDN [40]. Metal cations, 

such as Ca2+, Sr2+ and Ba2+ are still present in MSDN and can interact with anions such as 

C2O4
2- or PO4

3-. Thus, metal impurities present on MSDN surface can potentially contribute 

to the adsorption mechanism for certain anions (i.e. C2O4
2-), changing the selectivity of anion 

adsorption on MSDN. Overall, the combination of anion exchange, interaction with 

hydroxyl/diol groups and interaction with metals impurities can collectively result in the 

observed unusual distribution coefficients for inorganic anions on MSDN. 

As shown in Fig. 6.10, the shape of an adsorption isotherm for PO4
3- is different from 

that observed for the other anions. The initial part of isotherm matches those for the other 

anions, but with increasing phosphate concentration, adsorption suddenly drops down and 

remains low even for the high Na3PO4 concentrations. A likely explanation for this behaviour 

is that both the MSDN suspension and the Na3PO4 solution used in this experiment have 

properties of a pH buffer with pKa of ~5 and ~12, respectively. Therefore, at low Na3PO4 

concentrations the pH of the system is determined by the MSDN particles and equals ~5. At 

this pH, MSDN particles are positively charged (see Fig. 6.3) which enables H2PO4
- 

adsorption on MSDN. This is in full agreement with literature data, since strong H2PO4
- 

interaction with hydroxyls on diamond surface under acidic pH has been reported [34]. 

However, addition of a higher concentration of Na3PO4 leads to a substantial rise in pH due 

to the basicity of PO4
3- and this changes the ζ-potential to negative values. Accordingly, the 

adsorption of HPO4
2- starts to decrease due to the electrostatic repulsion from the MSDN 

surface. A strong influence of PO4
3- concentration on the ζ-potential of nanodiamond was 

also confirmed by Zhu et al. [41]. This effect is not evident for the other anions (such as 

SO4
2-, Cl-, or ClO4

-), as they are anions of strong acids and do not possess the buffering 

capacity of PO4
3-. B4O7

2- has buffering capacity, but as it was mentioned above, the 

adsorption mechanism for B4O7
2- is different and related to complexation with diol groups. In 

the case of B4O7
2-, increasing pH should actually provide greater adsorption, since it was 

shown that the stability of B4O7
2- – diol complexes actually increases at higher pH values 

[42]. 

Results in Fig. 6.11 serve to prove all these hypotheses. Here the amount of solute was 

constant and the only variable was the pH of the solution, maintained with HNO3/NaOH. It is 
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clear that for both H2PO4
- and SO4

2- a drop in adsorption is observed at pH 7, which is close 

to the isoelectric point for MSDN (pH 8). Therefore, it is likely that an anion-exchange 

mechanism is responsible for the adsorption of H2PO4
- and SO4

2-, since the adsorption values 

are higher in the pH range when MSDN is positively charged and can be involved in 

electrostatic attraction with the anions.In the case of B4O7
2-, the adsorption value is minimal 

at acidic pH, and gradually goes up with the pH increases. As was shown by Tan, the 

complexation between B4O7
2- and surface hydroxyls would release protons, and result in a pH 

decrease [42]. Therefore, high pH helps to remove the excess of protons and facilitates the 

complex formation between B4O7
2- and hydroxyls of the MSDN surface, thus increasing 

adsorption. 

Fig. 6.6 presents the kinetics of adsorption (left) and the dependence of amount of SO4
2- 

(and Cu2+) adsorbed on solution volume (right). Here the kinetics of adsorption for Cu2+ and 

for SO4
2-is similar: the curve levels off at ~20 minutes for both cation and anion (Fig. 6.6, 

left). Fig. 6.6 (right) can be used to calculate the distribution coefficient for SO4
2- more 

accurately. According to this experiment, the distribution coefficient for SO4
2- is 563±16 

mL·g-1, which is consistent with the value obtained from the SO4
2- adsorption isotherm 

(552±44 mL·g-1, see Table 6.2).  

 

6.4. Conclusions 

Adsorption properties of detonation nanodiamond material prepared by the sintering method 

have been investigated. It was shown that the adsorption properties of MSDN are conditioned 

by surface charge and functionalities. Depending on the pH, the ζ-potential of the diamond 

surface can be positive or negative, which enables the adsorption of both anions and cations. 

This is the first time that such significant anion adsorption capacity (50 – 150 µmol·g-1) has 

been observed with MSDN. The anion exchange capacity far exceeds the cation exchange 

capacity of this material (<5 µmol·g-1). However, it should be considered that due to 

hydroxide precipitation, adsorption experiments for cations cannot be conducted at high pH, 

where the adsorption capacity can be expected to increase significantly, as the ζ-potential is 

negative at these conditions. Adsorption on the MSDN surface is chemical in nature and 

obeys Langmuir law. It was confirmed that at least 3 mechanisms can be responsible for 

adsorption behaviour of MSDN, including ion-exchange, complex formation and influence of 

metal impurities. Anions of strong acids interact generally through ion exchange, while 

B4O7
2- is adsorbed through complex formation with hydroxyl. Interaction with metal 

impurities can increase distribution coefficient for such anions as SO4
2- and C2O4

2-. 
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Fig. 6.11. pH influence on phosphate, sulphate and borate adsorption on MSDN (0.2 g). From 

10 mL of 100 µmol·mL-1 solution. NaOH/HNO3 was used to adjust pH and ionic strength (µ 

= 0.01 M) 
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It is the first time when the combination of these three mechanisms was established for 

MSDN adsorption properties. Distribution coefficients for anions over MSDN were 

calculated, ranging between 10 and 870 mL·g-1 for various anions. Selectivity for anions 

differs from that on common anion-exchangers, but can be explained considering the identity 

of MSDN surface. 
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Chapter 7. General conclusions and future work 

 
7.1. Conclusions 

The overall aim of this work was to develop a stationary phase based on HPHT 

diamond for the application within HPLC. The main investigation focused on the preparation 

and characterisation of HPHT diamond particles, the development of the column packing 

procedure and testing of the synthetic polycrystalline high pressure high temperature (HPHT) 

diamond columns under different modes of HPLC, including NP and ANP modes. 

Additionally, the cation and anion exchange properties of diamond were evaluated. Special 

attention was paid to the selectivity of diamond sorbents, retention and adsorption 

mechanisms, column performance, efficiency and stability under a range of temperatures, 

pressures and mobile phases. 

Initially, a careful analysis of the literature available in the field was completed. It was 

found that several types of diamond based materials, including DND, MSDN and 

diamond/polymer composites, have been tested previously in varied modes of 

chromatography, such as GC, RP-HPLC, HILIC and IC. To-date the efficiency of diamond 

stationary phases has been generally low, due to the broad particle size distribution and 

irregular shape. Moreover, no fundamental investigations of retention mechanisms and 

selectivity have been reported in the literature. Partially this deficiency is related to the 

complex surface chemistry of diamond and to the fact that a standard approach for 

purification and unification of diamond materials is not available. Several research groups 

have tried to achieve high efficiency and good selectivity of diamond based stationary phases 

by using composite materials of diamond with other sorbents, including polymers, silica, and 

various forms of carbon. However, such composite materials did not exhibit the advantages 

of pure diamond, especially in terms of thermal and mechanical stability and resistivity to 

solvents. 

Based on the information obtained during the literature review, it was decided to 

investigate HPHT diamond. This material is commercially available, inexpensive and is 

suitable for the investigation of chromatographic performance of pure diamond particles. 

Nevertheless, the properties of HPHT diamond in normal phase, HILIC, reversed-phase and 

ion chromatography have not been studied. 

Here our work has shown that the purification with boiling 40% NaOH and 5 M HNO3 

is required in order to remove the impurities from the surface of HPHT diamond. Such 
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purification allows preparation of material with a silica and metal impurities content below 

the limits of detection using EDS (see Section 3.3.1.2), and leads to a highly hydrophilic 

diamond surface. According to the FTIR, Raman, EDS and titration experiments, the 

diamond surface contains hydroxyls, carbonyls and carboxyls, with a total content of acidic 

groups of 10 µmol·g-1. This results in a negative charge of the HPHT diamond surface (ζ-

potential at pH > 7 was -70mV). 

Particle size distribution of HPHT diamond phase can be improved by means of 

sedimentation. According to our results, 10 mM NaOH is the best slurry dispersant for HPHT 

diamond, and allows the formation of stable suspensions which form a dense sediment. By 

doing multiple sedimentations in the presence of 10 mM NaOH it was possible to isolate two 

fractions of the HPHT diamond material with an average particle size of 1.1 and 1.55 µm. 

D90/10 values were reduced from 4.24 for original diamond down to ~1.8 for its fractionated 

derivative. Since 10 mM NaOH provides the most stable suspensions for HPHT diamond, it 

was also used as a slurry solvent for column packing.  

Column packing procedure has never been optimised before for diamond based 

stationary phases. However, as was shown in this work, it is an important matter which has a 

crucial effect on the performance of columns packed with the HPHT diamond. It was found 

that the best results can be achieved by column packing from 10 mM NaOH (aq.) at room 

temperature and using highest pressure possible. Column conditioning also has a strong 

influence on the column’s performance. Flushing with DIW results in higher column 

efficiency, while conditioning with 10 mM HNO3 provides a better peak shape. A new 

developed packing procedure was used to repeatably prepare columns with HETP values of 

~13 µm. 

Due to the high polarity of HPHT diamond surface, it was decided to investigate it in 

classic normal phase liquid chromatography first, since until now no reference is available in 

the literature about the use of non-porous microcrystalline diamond in NP-HPLC. IPA/n-

hexane mobile phase was used with IPA content below 1%. Despite the low surface area (5.1 

m2·g-1) and non-porous character of particles, a column loading capacity of 0.1 µg 

(acetophenone) per column (50 × 4.6 mm ID) was established. This allowed the use of the 

diamond columns under appropriate conditions without column overloading. Depending on 

the properties of the solute, the retention mechanism in NP-HPLC may include electrostatic 

interactions with carboxylic groups, hydrogen bonding with hydroxyl groups and donor–

acceptor type interactions involving aromatic rings of solutes acting as hydrogen acceptors. 

Interestingly, the HPHT diamond showed a different retention selectivity than other types of 
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carbon based adsorbents, such as MSDN and porous graphitic carbon. Especially, strong 

retention on the HPHT diamond column was observed for alkylphenyl ketones, phenolic 

compounds and nitrogen containing molecules. The HPHT diamond column exhibited 

efficiencies of up to 128,000 plates·m-1. This is the highest value to-date achieved for 

diamond based adsorbents in liquid chromatography, and can be further improved by using a 

diamond fraction with a narrower size distribution. Model separations of 4, 6 and 9 

compounds within 5-8 min were shown. Additionally, an application of the HPHT diamond 

column towards the analysis of pesticide octhilinone was presented. 

Since HPHT diamond exhibited potential in classic NP-HPLC, it was decided to test its 

performance in the other types of NP, namely ANP and HILIC modes. Typical ANP/HILIC 

behaviour was observed for HPHT diamond column in both ACN/water and MeOH/water 

mobile phases. It was established that molecular adsorption rather than partitioning 

mechanism was responsible for the retention of solutes in both mobile phases. The column 

was tested over the broad range of pH and using different pH buffering systems. Three main 

types of interactions were observed depending on the mobile phase composition and pH. In 

TFA buffer and pH<3.5 strong retention of positively charged species was observed due to 

the ion-exchange interactions, while hydrogen bonding was responsible for the retention of 

neutral and negatively charged molecules. At the same time, only hydrogen bonding was 

confirmed during operation under ammonium acetate buffer in pH range 4-10. Due to this 

combination of retention mechanisms, the HPHT diamond column exhibited distinctive 

retention selectivity in HILIC/ANP mode of chromatography, different from that reported for 

common silica and polymeric stationary phases [1]. 

For the first time, the excellent hydrolytic stability of diamond was exploited in HPLC 

by using the HPHT diamond columns in HILIC/ANP chromatography under alkaline 

conditions. It was shown that a combination of hydrogen bonding and ion exchange was 

responsible for the retention of solutes under alkaline conditions, with the exact retention 

mechanism depending upon the mobile phase composition. In presence of ACN based mobile 

phase, ion-exchange interactions are suppressed due to an aprotic nature of the solvent, and 

the retention is mainly conditioned by hydrogen bonding. Alternatively, using a MeOH based 

mobile phase leads to disruption of hydrogen bonds, but enhances the ion-exchange retention 

mechanism because of the higher degree of dissociation of surface groups. Therefore, 

different selectivities were observed for several classes of solutes under these two mobile 

phases. In ACN/water retention of phenols and carboxylic acids is stronger, while quaternary 

ammonium salts, amines and nitro compounds are retained more in MeOH/water. Due to this 
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effect, it was possible to achieve a complete selectivity reversal for a model mixture of 4 

compounds by gradually replacing ACN in the mobile phase with MeOH. Previously, no 

influence of ACN/MeOH ratio in the mobile phase on the selectivity of diamond based 

stationary phases was reported. 

In both NP and ANP modes of chromatography evidence has been obtained showing 

the strong influence of surface state and especially adsorbed anions and cations on the 

retention factors for the HPHT diamond column. In NP, column conditioning with different 

solvents (NaOH, KOH, acids with pH 2.0) lead to significant variation of retention factors for 

model compounds. Similarly, in ANP using NaOH, KOH and TMAOH of equal 

concentration in the mobile phase resulted in different retention factors for nucleobases and 

other compounds. Therefore, an assumption was made that adsorbed cations and anions on 

the diamond surface were responsible for the observed effects. Though some preliminary 

studies on adsorption of cations on diamond sorbents have been carried out, most of the data 

is not conclusive, while information about adsorption of anions on diamond is limited to the 

only publication by Sakurai et al. [2]. Therefore, a comprehensive investigation of ion-

exchange properties of diamond was performed. 

In order to evaluate the adsorption of cation and anions on the diamond surface, MSDN 

was used rather than HPHT diamond due to the higher surface area and larger particle size. 

The affinity series Fe3+ > Al3+ > Cu2+ > Mn2+ > Zn2+ > Cd2+ > Co2+ > Ni2+ was found for 

MSDN, and adsorption capacity for these metals did not exceed 5 µmol·g-1. Counter ions can 

contribute to the adsorption mechanism for transition metals, and buffer influence on the 

adsorption of transition metals was revealed. For this reason, the adsorption of inorganic 

anions (CH3COO-, Cl-, B4O7
2-, ClO4

-, I-, SO4
2-, C2O4

2-, PO4
3-) on MSDN was investigated. 

Adsorption capacity for inorganic anions was at levels of 50-150 µmol·g-1, depending on the 

anion. For the first time such anion exchange capacity for inorganic anions is demonstrated 

for detonation nanodiamond, exceeding its cation-exchange capacity. Electrostatic 

interactions, formation of complexes with hydroxyls and interactions with metal impurities 

contribute to the anion adsorption mechanism, so anion adsorption selectivity over MSDN is 

different from common anion exchangers. Adsorption of anions on MSDN is chemisorption 

and obeys Langmuir law. pH affects adsorption of SO4
2-, PO4

3- and B4O7
2- differently due to 

their different adsorption mechanism. 
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7.2. Future work 

According to the results obtained in this work, several directions look promising and 

should be investigated more carefully in the future. 

First, in the current work only hydrophilic diamond was employed, which restricted its 

applications area to the normal phase modes of chromatography. Therefore, methods for the 

hydrophobisation of diamond need to be developed. Such hydrophobic material can be then 

used in RP-HPLC or ion-pair chromatography.  

Another interesting opportunity lies in the preparation of diamond based composites. 

This approached is currently under investigation by several groups, but the majority of 

researchers prefer to use silica or polymers for composite preparation. However, such 

additives will reduce the mechanical and chemical stability of the diamond stationary phase, 

which is the main advantage of using diamond materials in HPLC. Therefore, a more 

promising option is preparation of diamond-carbon and diamond-nanodiamond composites. 

This is challenging due to the complexity of diamond surface chemistry and complications 

related to the grafting of functional groups to the diamond surface. Nevertheless, a successful 

method would allow the preparation of spherical particles with well-developed surface, 

potentially core-shell and with narrow particle size distribution, which are also stable at high 

temperatures and over the entire pH range. Preliminary results in this field have been 

obtained by Kondo et al., who prepared ND/CVD diamond composites and employed them 

in RP-HPLC [3]. Despite the relatively low efficiency of the prepared stationary phase, the 

authors have demonstrated great potential of such composites for HPLC applications. 

Additionally, more attention should be dedicated to use of diamond stationary phases at 

elevated temperatures (>100 °C). Such increases in temperature should lead to better column 

performance, higher efficiency and faster analysis time. Potentially, diamond columns can be 

used under supercritical conditions as well. In the current work, application of diamond at 

high temperatures was limited by the expansion of stainless steel column bodies, resulting in 

a drop of efficiency. Therefore, focus should be made on the development of columns made 

of materials with negligible thermal expansion, such as Ni alloys, as well as Zr and Ti. 
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Chapter 8. Supplementary information 
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Fig. 8.1. Re-built retention data from Fig. 5.1 (upper figure) and Fig. 5.5 (bottom figure) in 

terms of molar water content in the mobile phase (Xwater) and logarithm of molar water 

content in the mobile phase (logXwater). R2 values for this approximation are given in the 

Table 5.2. Analytes: adenosine (green), adenine (red), cytosine (yellow), 4-HBSA (pink), 

pyridine (light blue), BTMA (dark blue), 2,4-dichlorophenol (grey), uracil (black). For the 

experimental details see Sections 5.3.2 and 5.3.3 and Fig. 5.1 and 5.5. 
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