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Abstract − The effect of the reaction temperature and reaction time on the thermal oxidative purification quality of

detonation nanodiamond (NDsoot) was investigated in a gas-solid fluidized bed reactor of a 0.10 m-ID × 1.0 m-high

stainless steel column with zirconia beads (dSV = 99.2 µm). The carbon conversion increased with increasing the reac-

tion temperature; however, when the reaction temperature was greater than 773 K, the carbon conversion did not

increase. The content of sp3-hybridized carbon at the reaction temperature of 703 K barely changed when the reaction

time was more than 30 minutes, but at 773 K, the content decreased as preferred. At 703 K, the purification quality

increased with the increasing reaction time; however, at 773 K, the purification quality increased up to 30 minutes and

then decreased rapidly. 
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1. Introduction

Nanodiamond can maintain excellent properties in the bulk state

of a diamond, including hardness, Young’s modulus, biocompatibil-

ity, optical and fluorescence characteristics, high-thermal conductiv-

ity, high-electric resistance, and stability in chemical and severe

conditions [1]. Because of these unique characteristics, many researchers

have been studying and applying nanodiamond in various fields. It

can be used in in vivo imaging applications, utilizing the benefits of

the semiconductor quantum dots of fluorescence combined with

advantages such as biocompatibility, non-toxicity, and surface chem-

istry [2-4]. Nanodiamond and carbon onion have been used in the

field of tribology as well as for lubrication such as lubricating ball

bearings [5], added directly to the lubricant [6], and dispersion in

grease or oil [7,8]. Nanodiamond has the potential for application in

target therapy and in a broad range of therapeutics due to biocompat-

ibility, dispersibility in water, and scalability [9-13] combined with

imaging. Nanodiamond has also been studied in various areas such

as protein mimicking [14-16], tissue scaffolds, and surgical implants

[17-20].

Many methods can be used to synthesize nanodiamond, such as

shock wave, detonation, and chemical vapor deposition (CVD) [21].

Among these, detonation can employ scale-up and can be used as a

commercial method for mass production. To synthesize nanodia-

mond by the detonation synthesis method, high-explosive (such as

Composition B [1]) with a negative oxygen balance (for example, a

mix of 60w% TNT(C6H2(NO2)3CH3) and 40w% hexogen (C3H6N6O6))

is detonated in a closed reactor which can endure high temperature

and high pressure [1,21]. At the high temperature and pressure con-

ditions, carbon is more stable in the diamond phase than in the graph-

ite phase, but when the temperature and pressure decrease, it is more

stable in the graphite phase than in the diamond phase. Because of

this phase shift of carbon, carbon vapor is crystallized on diamond

crystal at the early stage of detonation synthesis; with time, the tem-

perature and pressure decrease so that graphite is formed on, and

covers, the synthesized nanodiamond. Following these synthesis

steps, detonation nanodiamond (NDsoot) was made using the deto-

nation synthesis method, forming a shape in which graphitic materi-

als cover the nanodiamond, similar to the core-shell model. Therefore,

these graphitic materials need to be eliminated and the nanodiamond

to be used needs to be separated from the nanodiamond to be used.

Two major methods can be used for the purification of detonation

nanodiamond: acidic treatment using liquid oxidants and thermal

oxidation. First, the method of acidic treatment using liquid oxidants

(such as HNO3, a mixture of H2SO4 and HNO3, K2Cr2O7 in H2SO4,

KOH/KNO3, Na2O2, HNO3/H2O2 under pressure, or HClO4) [1,6,21,22]

has been used in various industries; however, a large amount of

strong acid is needed in this method and acidic treatment causes

many problems both economically and environmentally such as the

high cost of acids and the dangerous handling of waste acids emitted

from purification. In comparison, the thermal oxidation method [23-

25] is emerging as a suitable method for addressing the economic

and environmental problems of acidic treatment by using gases such

as oxygen in air or pure oxygen with ozone. However, in the case of
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previous studies, researchers discussed and investigated oxidative

purification process results which were obtained using small scale

equipment such as a tube furnace and thermobalance [23,25]. A flu-

idized bed reactor has many advantages in comparison with previ-

ous thermal oxidation methods because it decreases the reaction

time, is applicable for mass production by continuous processing

since the particles are injected continuously, enables easy capture of

the particles, and enables an increase in the mass of reaction since the

reactant and medium are mixed well, increasing the contact surface

areas of particles.

Therefore, the purpose of this study was to find the optimum con-

ditions for the thermal oxidative purification method by analyzing

the carbon conversion of detonation nanodiamond, the yield, and the

sp3/sp2 ratio with various reaction conditions (reaction temperature,

reaction gas flow rate, and reaction time) using a fluidized bed reac-

tor. The variables and their range used in this study are the reaction

temperature (703~873 K), gas flow rate (4.067 × 10-5~5.167 × 10-5

m3/s), and reaction time (0~120 min).

2. Materials and Methods

2-1. Experimental setups

Fig. 1 shows the experimental setup of the fluidized bed reactor

used in this study. The reactor was a stainless steel fluidized bed

reactor with an inner diameter of 0.10 m and a height from the dis-

tributor of 1.0 m. A sintered metal distributor (pore size ≈ 50 mm)

was used to inject the oxidation gas uniformly into the reactor. Fur-

naces were installed below the distributor to pre-heat the gases enter-

ing the plenum chamber and reactor section and to develop the

reaction temperature inside the reactor and in the media. A cyclone

installed at the top of the reactor captured the entrained particles

escaping the reactor. The particles that were not captured by the

cyclone were captured by the filter to minimize the loss of particles.

The gas flow rate of the effluent gas passing through the filter was

measured by the integrated flow meter and a sampling tap was

installed to analyze the components of the effluent gas by gas chro-

matography (GC) analysis. Reactant gases were injected using a

mass flow controller (MFC), and the reactant material (detonation

Fig. 1. Schematic diagram of experimental setup.

1. Air compressor 7. Furnace 13. Cooling air

2. Gas bombe 8. Cyclone 14. Purging air

3. Regulator 9. Gas sampling bag 15. Hopper

4. Mass flow meter 10. Screw feeder 16. Back pressure regulator

5. Flowmeter 11. Furnace controller 17. Back filter

6. Distributor 12. Integrating flow meter
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nanodiamond; NDsoot) was injected by a screw feeder at the height

of 0.10 m from the upper side of the distributor, as shown in Fig. 1.

The cover of the screw feeder was sealed to prevent the leakage of

gases and a back pressure regulator was installed at the top end of the

cover to balance the pressure between the inside of the reactor and

the feeder, which also prevents the countercurrent of media particles

through the feeder. To maintain a low temperature of NDsoot before

injecting inside the bed, a cooler was installed on the feeding line.

Five thermocouples installed inside the reactor checked the tempera-

ture of the bed with an axial height; the thermocouples were located

at 40 mm, 105 mm, 230 mm, 465 mm, and 665 mm above the dis-

tributor.

To ensure good mixing and good heat transfer between NDsoot

and the reactant gas inside the reactor, zirconia beads (ZBs), which

have a chemically non-reactive characteristic at high-temperature,

were used as the media particles. The injecting speed of NDsoot was

maximized and the injecting time was minimized to ensure the same

reaction time for all injected particles. The weight of the entrained

particles outside the reactor for each experimental step was mea-

sured. Three experimental steps were used as follows: the injecting

step in which the NDsoot was injected into the reactor, the reaction

step in which oxidative purification was progressed, and the entrain-

ment step in which the completed oxidative purification samples

were collected

The particle density (ρP), Sauter mean diameter, and minimum

fluidizing gas velocity (Umf,ZB) of the ZBs used as the media parti-

cles are 3,726 kg/m3, 99.2 mm, and 1.1 × 10-3 m/s, respectively. The

bulk density (ρb) of NDsoot used as the reactant is 234.7 kg/m3.

Table 1 shows the result of the industrial analysis (proximate anal-

ysis) of NDsoot to determine the component weight fraction of the

moisture, volatile component, fixed carbon, and ash. The result of

analysis shows that NDsoot contains almost 85.4% of fixed carbon,

9.4% of volatile matter, and 5.21% of ash (metal impurities).

Carbon conversion is defined as the weight fraction of carbon

emitted by the gas phase compared with the total injection weight.

Yield (YEnt) is defined as the weight reaction of the entrained weight

at the entrainment step compared with the total injection weight.

 (1)

Among all three steps, the particles collected at the entrainment

step undergo the entire reaction process.

2-2. Shape of reference samples

Fig. 2 shows the TEM images of NDsoot and NDgray and the

SEM image of NDsoot. From the TEM image of NDsoot in Fig.

2(a), the structures of sp2-hybridized carbon (carbon onion, amor-

phous carbon, and graphite ribbon) and sp3-hybridized carbon (nan-

odiamond) are detected [23]. However, in the TEM image of

NDgray in Fig. 2(b), which was treated by the acid purification

method, almost all of the samples are composed of sp3-hybridized

carbon (nanodiamond) and their size is around 5 nm. In Fig. 2(c),

almost all particles are a few micro meters in size and some are more

than 10 μm in size. The strong van der Waals interacting force

increases the size of the nanoscale particles to agglomerate and their

sizes vary from many micrometers to tens of micrometers. For this

reason, the entire process of the media fluidized bed reactor and pro-

cesses of the experiment were designed so that there were no

TEnt

WEnt

WInj total,

--------------------=

Fig. 2. Transmission electron microscopy (TEM) images of (a) NDsoot and (b) NDgray. (c) Scanning electron microscopy (SEM) image of

NDsoot.

Table 1. Proximate analysis of NDsoot

Sample name

Concentration (wt.%)

Moisture (Mar)
Ash Volatile matter Fixed carbon

Aar Ad Var Vd FCar FCd

NDsoot 4.82 4.96 5.21 8.98 9.43 81.2 85.4

*Mar = Moisture as received; Aar = Ash as received; Ad = Ash dried; Var = Volatile matter as received; Vd = Volatile matter dried; FCar = Fixed Carbon as

received; Vd = Fixed Carbon dried.
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agglomerates in the reactor during the purification reaction time to

ensure that the NDsoot inside the agglomerate would also be suffi-

ciently reacted.

2-3. Experimental conditions

The superficial gas velocity for the thermal oxidation reaction in

the fluidized beds should be determined not only to minimize the

loss of particles escaping the reactor by entrainment, but also to flu-

idize the media particles (ZBs) during the reaction time. The mini-

mum fluidizing gas velocity of zirconia particles (Umf,ZB) is 1.1 × 10-3

m/s. To ensure a good mixing condition, the reacting gas velocity

was 1.65 x 10-3 m/s (1.5 times of Umf,ZB). As shown in Fig. 2(c), the

mean diameter of NDsoot is smaller than the Sauter mean diameter

of ZB (dSV = 99.2 μm). The bulk density (ρb) of NDsoot is 234.7 kg/

m3, which is much smaller than that of ZB (ρb = 2,040 kg/m3), so

that it can be fully fluidized with a gas velocity of 1.65 × 10-3 m/s.

During the experiments (Exp. #1 - #4), to maintain the same mole ratio

between NDsoot and the reacting gas (O2), the volumetric gas flow

rate of the injected gas was fixed at 5.167 × 10-5 m3/s, which can give

a superficial gas velocity of 1.62 × 10-2 m/s based on the temperature

of 773 K. In Exp. #5 - #12, the superficial gas velocity of reactant gas

was fixed at 1.30 × 10-3 m/s to minimize the loss of entrained parti-

cles caused by the gas flow; and the ZBs can be fully fluidized at this

gas velocity. When the oxidative purification was completed, the gas

velocity for collecting the purified NDsoot was increased. The value

of TDH was 0.584 m when the gas velocity of the reaction condition

was 1.65 × 10-3 m/s.  shows the operating conditions for the thermal

oxidative reaction. 

2-4. Temperature profiles

Fig. 3 shows the recorded temperature during Exp. #8 shown in

Table 2. Temperatures were recorded during the experiments from

the start of the injection of NDsoot to the collection of the samples by

entrainment. The temperatures were recorded for the following com-

ponents: each part of the reactor (furnace, distributor, and cyclone in

Fig. 3(a)) and the axial-position inside of the reactor column (T1, T2,

T3, T4, and T5 in Fig. 3(b)). Steps E-I, E-II, and E-III represents the

injection steps for NDsoot, oxidative purification reaction step, and

entrainment step, respectively. Fig. 3(a) shows the temperature pro-

file for each apparatus. When the experiment steps were changed,

the temperature of the cyclone decreased for a moment and then

increased. This is because the reactant gas flow was shut down for

measuring the weight of the entrained particles during each experi-

mental step. In step E-III, the temperature of the distributor decreased,

and the temperature of the cyclone increased because the volumetric

flow rate of the injecting gas was increased (4.47 × 10-5 m3/s to 35.2

Fig. 3. (a) Temperature profiles of apparatus sections (furnaces,

distributor, and cyclone) and (b) reacting section from start

(injecting NDsoot) to end (entrainment) of Exp. 8.

Table 2. Operating conditions for the thermal oxidation experiment

Exp. # 1 2 3 4 5 6 7 8 9 10 11 12

T setting TRxn K 673 703 773 873 703 703 703 703 773 773 773 773

Gas cond.

Reaction gas - Air Air Air Air Air Air Air Air Air Air Air Air

U0,Trxn (× 10
-3) m/s 1.65 1.50 1.65 1.87 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3

Vin,298K (× 10
-3) m3/s 5.167 5.167 5.167 5.167 4.467 4.467 4.467 4.467 4.067 4.067 4.067 4.067

Media

Particle - ZB ZB ZB ZB ZB ZB ZB ZB ZB ZB ZB ZB

WZB kg 5 5 5 5 5 5 5 5 5 5 5 5

HS m 0.30 0.30 0.30 0.30 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Feeder
Inj. speed rpm 30 30 30 30 90 90 90 90 90 90 90 90

PBPR (× 10
6) Pa 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005

Exp. Time

tNDsoot min 30 30 30 30 5 5 5 5 5 5 5 5

tRxn min 70 70 70 70 15 30 60 120 15 30 60 120

tEnt min 60 60 60 60 60 60 60 60 60 60 60 60
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× 10-5 m3/s) for the entrained and collected purified particles after the

reaction had finished. Fig. 3(b) shows the recorded temperatures of

the T1, T2, T3, T4, and T5 thermocouples, which were located at 40,

105, 230, 465, and 665 mm above the distributor, respectively. T1

and T2 were submerged in the ZB media bed and their temperatures

were similar because the media was fully fluidized during the experi-

ment. T3 was located near the surface of the media bed so that its

temperature changes followed the temperature changes of furnace 2

and thus differed from the temperature changes of T1 and T2. Also,

the change of the temperature in step E-III was smaller to that in step

E-II due to the increasing volumetric gas flow rate of the injecting

gas in the entrainment step (E-III). The temperature change of T4 and

T5 followed that of furnace 1 because these thermocouples were

located higher above the bed surface than the other thermocouples.

In the reaction step (E-II), the data of the T1 and T2 thermocouples

were measured to determine the temperature of the ZB media where

the reaction occurred. Their average temperatures were 702 and 700

K, respectively, which were similar to the setting temperature in Exp.

#8 of 703 K. Therefore, the temperature inside the reactor was

steadily maintained during the gas phase oxidative purification pro-

cess.

2-5. Analysis

2-5-1. X-ray Photoelectron Spectroscopy (XPS)

XPS was performed on an ESCA2000 (VG Microtech). The

source of X-ray was Al ka (1,486.6 eV) / Mg ka (1253.6 eV). Wide

scan surveys were taken at an analyzer pass energy of 50 eV and nar-

row high resolution scans were taken at 20 eV. The wide scan sur-

veys were processed at the range of 1100~0 eV with 1.0 eV steps.

Narrow higher resolution scans were processed with 0.05 eV steps.

The base pressure in the analysis chamber was below 10-10 torr and

was maintained below 10-9 torr during the analysis.

2-5-2. Proximate analysis

Proximate analysis was performed on a proximate analysis of coal

device (5E-MACIV, Chungshakaiyuan Instrument Co., LTD, China).

The heating rate of the furnace was 30~45 K/min, the temperature

control precision was ±5 K, and the mass balance sensitivity was 0.1 mg.

To eliminate the moisture in the samples, the N2 gas condition of 376 K

was maintained for 45 min. After the demoisturizing step, the tem-

perature was increased to 1,223 K and was maintained for 7 min to

eliminate the volatile matter and then the samples were cooled to

room temperature for remeasuring the weight of the samples. Finally,

the temperature was increased from room temperature to 1,023 K

and maintained for 60 min while the gas condition of N2 was changed to

air and the fixed carbon in the samples was eliminated for the analysis.

2-5-3. Thermogravimetric Analysis (TGA)

TGA was performed on both a DSC 7020 (SEICO INST.) and a

TGA 1000 (DaeDuk). In the case of the DSC 7020, two analysis con-

ditions were used: under non-isothermal conditions and under semi-

isothermal conditions. In the first condition, air gas was injected

(1.667 × 10-6 m3/s) under non-isothermal condition with an increas-

ing temperature rate of 10 K/min up to 873 K. In the second condi-

tion, the semi-isothermal conditions increased from 573 K to 823 K

at 50 K steps and the same period of time was maintained for each

temperature step. The other conditions (gas type, gas flow rate) of

analysis were the same as those of the non-isothermal method. 

The analysis method using TGA 1000 was a three-step analysis

consisting of three isothermal steps (380, 683, and 873 K) with each

step maintained at different lengths of time. In step I, the demoistur-

izing step, 380 K was maintained for 45 minutes to eliminate the

moisture in the samples. In step II, the sp2-elimination step, the tem-

perature was increased to 683 K and maintained for 200 minutes to

eliminate the sp2-hybridized carbon in the analysis samples. Finally,

total oxidation was performed in step III to eliminate both the remaining

sp2-hybridized carbon and the other carbon components (including

sp3-hybridized carbon) by oxidation, with only ash remaining. The

loading weight of all the analysis samples was fixed at 20 mg. After

the demoisturizing step (step I), the samples without moisture were

used as the zero-base condition to set the same conditions for all

analysis samples. The results of the test samples were compared with

those of the purified samples. 

2.5-4. Transmission Electron Microscopy (TEM)

TEM was performed on a JEM ARM 200F (JEOL). Analysis

samples were dispersed on a copper grid and the magnification of

TEM was 500,000.

2-5-5. Gas Chromatography (GC)

GC was performed on an Acme 6000 GC (Younglin Instrument

Co., LTD). The column used in the analysis was 60/80 Carboxen-

1000 and the carrier gas was Ar gas (purity 99.999%). The tempera-

ture setting of the oven was isothermal at 443 K and the initial main-

taining time was 5 min. The temperature of the injection hole was

453 K and the flow rate was 0.500 × 10-6 m3/s. The setting of the TCD

temperature was 453 K, the reference flow rate was 0.550 × 10-6 m3/s,

the supplement gas flow rate was 0 m3/s, the TCD sensitivity was 5,

and polarity change (initial polarity: (-)) was used. 

3. Results and Discussion

3-1. sp2 and sp3-hybridized carbon

Fig. 4 shows the XPS results of the reproducibility test of the ana-

lyzed reference samples (NDsoot and NDgray) and their fitting

curves. Through the XPS results, the bonding energy state of the sam-

ples can be separated by using the reference bonding energy data of

functional groups. The functional group peaks of the carbon-groups

were shown as follows: the sp2-hybridized carbon peaks was close to

284.6 eV, the sp3-hybridized carbon peaks were close to 285.9 eV,

the C-O or C-N functional group peaks were close to 287.2 eV, and

the C=O functional group peak was close to 288.5 eV [26-32]. In this
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study, a reproducibility test of the reference samples (NDsoot and

NDgray) was performed to verify that XPS analysis was reliable for

quantitative analysis of the purification samples. Fig. 4(a) and (b)

show the wide-scan survey results of the NDsoot and NDgray sam-

ples, respectively. The O 1s, N 1s, and C 1s peaks appeared close to

530 eV, 400 eV, and 286 eV, respectively. Comparing the two sam-

Fig. 4. XPS reproducibility test for reference samples. Wide-scan survey spectra of XPS for all elements for (a) NDsoot and (b) NDgray, high

resolution spectra of XPS and their fitting curves for C (1s) functional groups for (c) NDsoot and (d) NDgray.
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ples, the Cl 2p peak was detected in the NDgray sample because it

was treated with acid. Fig. 4(c) and (d) show the result of high resolu-

tion spectra for the C 1s peak and the peak was split into several

functional groups. The areas included sp2-hybridized carbon, sp3-

hybridized carbon, C-O, C=O, and the other peaks (noises), respec-

tively. 

Table 3 shows the results of the peak positions of C 1s for each

analyzed sample group, the fractional areas of the fitting curves, and

the standard deviation (STDEV) of the results. The C 1s peak was

divided into several small peaks as follows: sp2-hybridized carbon,

sp3-hybridized carbon, C-O, C=O, and other peaks. The fitting

curves of sp2, sp3, C-O, and C=O were located at 284.6 eV, 285.9 eV,

287.2 eV, and 288.5 eV, respectively. The other peaks (noises) were

located randomly. From the results in , the fractional areas of the

NDsoot peaks and NDgray peaks were large deviation. The reason

for this unreliability is based on the analysis principles of XPS analy-

sis. In XPS analysis, the surfaces of the samples were analyzed using

X-ray so that the results differed according to the analysis position of

the samples. Therefore, XPS analysis should be used by many positions

of the sample and the average value taken. As can be seen in Table 3,

the average value (sp3/sp2) of NDgray is higher than that of NDsoot.

3-2. Reference samples

In previous research, when TGA analysis was performed in ambi-

ent air condition, the oxidation of detonation nanodiamond, treated

by the acid purification method, started at a temperature close to 773 K

[22,23,33]. In the case of using the samples treated by ozone, it was

confirmed that the thermal oxidation started at 773 K, similar to the

acid treated samples [31]. However, it is generally known that the raw

material (detonation nanodiamond) starts to oxidize at close to 673 K

[22,23].

Fig. 5 shows the TGA results of weight fraction and derivative

thermogravimetry (DTG) for the reference samples (NDsoot and

NDgray) analyzed by DSC 7020 (SEICO INST.) under the following

conditions: ambient air injection, temperature increasing rate of 10 K/

min from room temperature to the desired temperature of 873 K. The

weight loss of the samples (TG) with increasing temperature, marked

as a weight fraction (wt%), is shown on the left y-axis. The differen-

tial weight fraction with temperature, marked DTG (-Δwt%/Δt), is

shown on the right y-axis. From the result of the TG and DTG peaks,

the temperature at the start of weight loss differed between the two

reference samples. The weight of the NDsoot started decreasing

close to 593 K and that of NDgray started decreasing close to 723 K.

The DTG curve of NDsoot increased slightly at a temperature close

to 593 K and then increased after 723 K, but the curve of NDgray

increased only once at the temperature of 723 K. sp2-hybridized car-

bon was oxidized and then eliminated at a temperature close to 593 K;

the TG and DTG curves of NDsoot therefore first changed at that

temperature. At close to 723 K, sp3-hybridized carbon (nanodia-

mond) started to oxidize. For these reasons, the TG and DTG curves

of the NDsoot and NDgray samples rapidly changed after 723 K. At

873 K, all the carbonaceous matters (sp2-hybridized carbon and sp3-

hybridized carbon), which enable oxidation, were eliminated and only

ash component (metal impurities) remained. Analysis revealed that

the NDsoot contained 8.7% of ash and NDgray contained about 2%

of ash. Also, the maximum peak value of the DTG curve appeared at

the temperature range of 783~883 K, implying that the nanodiamond

(sp3-hybridized carbon), which is the main component of the refer-

ence samples, was oxidized faster at that temperature range.

Table 3. Atomic content of different chemical states of C in the references (NDsoot and NDgray) and their standard deviation (STDEV)

NDsoot_1 NDsoot_2 NDsoot_3 NDsoot_4 NDsoot_5 NDsoot_6 Average STDEV

sp2 (284.6 eV) 30.59 43.65 25.84 35.78 39.75 37.88 35.58 5.882

sp3 (285.9 eV) 35.71 31.60 40.83 35.65 33.77 36.11 35.61 2.799

C-O, C-N (287.2 eV) 27.58 18.37 27.73 23.75 20.38 22.04 23.31 3.478

C=O (288.5 eV) 6.12 6.39 5.61 4.83 6.10 3.98 5.51 0.848

sp3/sp2 1.168 0.724 1.580 0.996 0.849 0.953 1.045 0.275

NDgray_1 NDgray_2 NDgray_3 NDgray_4 NDgray_5 NDgray_6 Average STDEV

sp2 (284.6 eV) 19.46 26.68 32.59 28.48 30.44 18.23 26.01 5.368

sp3 (285.9 eV) 47.41 39.75 42.33 42.47 38.46 44.13 42.45 2.904

C-O, C-N (287.2 eV) 26.93 26.37 20.19 22.69 23.85 30.52 25.09 3.312

C=O (288.5 eV) 6.20 7.19 4.89 6.35 7.25 7.12 6.50 0.829

sp3/sp2 2.437 1.490 1.299 1.491 1.264 2.420 1.734 0.499

Fig. 5. TGA weight loss graphs for reference samples (NDsoot,

NDgray). (a) Weight loss of samples with temperature increases

and (b) DTG of samples with temperature increases.
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Fig. 6 shows the weight fraction of the sp2-hybridized carbon and

sp3-hybridized carbon in the NDsoot samples using DSC 7020

(SEICO INST.) with an isothermal step analysis procedure. The

steps between the isothermal temperatures were 50 K from 583 to

833 K. The duration time for each temperature step was sufficient to

reduce the DTG values at each step to zero, and to ensure that no fur-

ther weight loss occurred in these steps. The sp2-hybridized carbon

(carbon onion, graphite ribbon, and amorphous carbon) started oxi-

dization at a 683 K, and the weight fraction also decreased. Where

the temperature was between 683 and 833 K, the weight fraction

decreased due to the oxidation of sp3-hybridized carbon (nanodia-

mond) [23,29]. Combining these results with our analysis results, we

confirmed that the amounts of sp2-hybridized carbon and sp3-hybrid-

ized carbon contained in the NDsoot were about 40% and 54%,

respectively. Also, the remaining content after the temperature reached

833 K was inflammable ashes (metal impurities), about 6% of which

existed in the NDsoot. 

3-3. Thermal oxidation with reaction temperature and time

Fig. 7 shows the accumulative emitting quantity of gas phase car-

bon obtained by using the emitting molar flow rate of CO2 gas with

elapsed time for Exp. #1 to #4. Fig. 7(a) shows the molar flow rate of

effluent CO2 gas with experiment time, and Fig. 7(b) shows the

cumulative mass of output carbon by the gas phase. In Fig. 7(a), the

maximum molar flow rate of CO2 was 0.024 - 0.027 mol/min. This

value was similar to the theoretical molar flow rate of O2 in the injected

air gas flow. At the reaction temperature between 673 and 873 K,

almost all of the O2 moles in the injected air gas participated in the

reaction. The CO2 molar flow rate decreased after the reaction time

of 40 minutes in Exp. #1 (reaction temperature 673 K) and Exp. # 2

(reaction temperature 703 K), because the moles of sp2-hybridized

carbon, which could be oxidized, decreased after 40 minutes at the

experimental reaction temperatures of 673 and 703 K. In Exp. #3

(reaction temperature 773 K) and Exp. #4 (reaction temperature 873 K),

the molar flow rate of CO2 barely changed and the maximum value

was maintained until the reaction time of 80 minutes because both

sp2-hybridized carbon and sp3-hybridized carbon were oxidized so that

all of the carbonaceous materials in the reactor had oxidized until no

materials remained. Also, the GC graph between Exp. #3 (reaction

temperature 773 K) and Exp. #4 (reaction temperature 873 K) appear

to be similar because, when under these experimental conditions

(injection speed of NDsoot: 30, volumetric injection gas flow rate:

5.167 × 10-5 m3/s), the amount of oxygen in air gas limits the total

amount of reaction dose.

Table 4 shows the weight loss of the particles (captured from the

cyclone and back filter) emitted from the reactor by entrainment for

each experimental step (feeding (WFeeding, E-I), reaction (WRxn, E-II),

and entrainment (WEnt, E-III)), where the emitting weight of carbon

by gas phase (WC,GC) was calculated using the analyzed result of the

moles of CO2 gas gained from GC. The yield (YEnt) was calculated

from the emitted weight of carbon. From the results of Exps. #1 to

#4, the emitted weight of particles during the feeding and reaction

steps increased with increasing reaction temperature. The entrain-

ment weight during the entrainment step decreased with increasing

reaction temperature, but when the temperature was over 773 K, the

captured weight barely changed. In contrast to the change of the

entrainment weight during the entrainment step, the effluent gas weight

Fig. 6. TGA and DTG graph of NDsoot using TGA1000 (DaeDuk).

Maintaining temperature at each temperature step (60 min

for 573, 623, 773, and 823 K; 120 min for 673 K; 240 min

for 723 K).

Fig. 7. GC result with experimental time. (a) Molar flow rate of CO2

gas and (b) cumulative mass of output carbon by gas phase. 
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of carbon by gas phase increased as the reaction temperature increased

and barely changed after the temperature reached 773 K. In the

experiment at which the reaction temperature was 703 K (Exps. #5 to

#8), the value of the captured weight of carbon from GC analysis

(WC,GC) barely changed when the purification reaction time was

more than 60 minutes. Also, the carbon conversion (CCarbon) barely

changed (around 46%) when the reaction time was more than 60

minutes. However, in the case of the yield (YEnt), the value at the

reaction time of 120 minutes decreased by 10 % more than that at 60

minutes. In the experiments with the reaction temperature of 773 K

(Exps. # 9 to #12), the values of WC,GC and CCarbon also barely

changed when the reaction time was more than 60 minutes. How-

ever, the yield (YEnt) rapidly decreased when the reaction time was

increasing. The value of yield decreased up to 5.60% when the reac-

tion time was 120 minutes. The weight of entrained particles during

the feeding and reaction steps increased when the reaction tempera-

ture increased in Exps. #1 to #4 because, when the reaction tempera-

ture increased, the volume of the injected reaction gas (air gas) expanded,

so that the superficial gas velocity inside the reactor increased, caus-

ing an increase in the emitting weight from the reactor. When the

temperature increased, carbonaceous materials (sp2 and sp3-hybrid-

ized carbon) were more oxidized, so that the captured weight decreased

and the effluent gas-phase-carbon increased; however, above 773 K,

no carbon remained to be oxidized so that the collected weight of the

entrainment and effluent carbon barely changed after the tempera-

ture of 773 K. At the reaction temperature of 703 K (Exps. #5 to #8),

purification reaction barely occurred when the reaction time was

more than 60 minutes; rather, the yield decreased due to the entrain-

ment of the particles. The rapid decrease of the yield at 773 K (Exp.

#9 to #12) occurred because the reaction temperature of 773 K was

higher than 703 K, so that all of the sp3-hybridized carbon was oxi-

dized in the reaction. 

Fig. 8 shows a graph of the emitted molar flow rate of CO2 (Fig.

8(a)) and the accumulative emitting carbon by gas phase (Fig. 8(b))

with reaction time. As can be seen in Fig. 8(a), the maximum molar

flow rates differed between the reaction temperatures of 703 K and

773 K. At 703 K, even the reaction time increased, and the molar

flow rate decreased rapidly after the reaction time was more than 30

minutes. At the reaction temperature of 773 K, the molar flow rate

maintained a higher value and for a longer time than at 703 K. How-

ever, after the reaction time increased to more than 70 minutes, the

molar flow rate decreased rapidly. The maximum values of the molar

flow rates differed because a different volumetric gas flow rate was

used between the experiment sets (4.467 × 10-5 m3/s for Exps. #5 to

#8 and 4.067 × 10-5 m3/s for Exps. #9 to #12) to ensure that an equal

superficial gas velocity was maintained inside the reactor. At the

reaction temperature of 703 K, when the reaction time was more than

30 minutes, the molar flow rate decreased sharply because, while the

sp2-hybridized carbon could be oxidized, the sp3-hybridized carbon

could not be oxidized at this reaction temperature. Also, this means

Table 4. Experimental results for the reaction temperature and time

Exp. # 1 2 3 4 5 6 7 8 9 10 11 12

Input 1)WInj.total g 43.42 42.50 44.38 48.10 28.06 28.76 26.58 26.49 22.66 25.24 26.96 24.8

Output

WFilter g 6.2 4.4 2.2 4 4.3 3.9 4.1 4.1 1.9 2.9 3.5 3.2

WFeeding g 1.24 1.99 1.75 4.08 0.12 0.14 0.15 0.12 0.25 0.16 0.23 0.21

WRxn g 2.69 3.56 8.51 8.27 0.65 1.12 1.9 4.48 0.9 2.16 3.6 3.8

WEnt g 17.2 11.51 1.56 1.59 14.25 12.08 8.26 5.21 12.89 9.62 4.53 1.39

WC,GC g 15.80 21.04 30.36 30.16 8.74 11.52 12.17 12.58 6.72 10.4 15.1 16.2

Conversion 2)CCarbon % 36.39 49.50 68.41 62.70 31.16 40.07 45.78 47.92 29.67 41.2 56.02 65.33

Entrainment Yield 3)YEnt % 39.61 27.08 3.52 3.31 50.78 42 31.08 19.51 56.87 38.12 16.8 5.6

1)WInj.total =WFilter +WRxn +WEnt+WC,GC, 
2)CCarbon= , 3)YEnt = .

WC GC,

WInj.total

-------------------
WEnt

WInj.total

-------------------

Fig. 8. GC result with experimental time. (a) Molar flow rate of CO2

gas and (b) cumulative mass of output carbon by gas phase.
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that the sp2-hybridized carbon was sufficiently eliminated at less than

30 minutes of purification. At the reaction temperature of 773 K, sp2

and sp3-hybridized carbon oxidized simultaneously, so that the molar

flow rate maintained a high value for a longer time. However, after

70 minutes of purification time, no further carbon remained to be

oxidized and the value decreased rapidly. As shown in Fig. 8(b), the

initial reaction rates in all experiments at the two reaction tempera-

tures of 703 K and 773 K were almost the same. The graphs of the

experiment at 703 K show a similar shape when the reaction time

was more than 30 minutes. However, when the reaction temperature

was 773 K, the graph shapes were similar when the reaction time

was more than 70 minutes. These results occurred because when the

reaction temperature was 703 K, only the sp2-hybridized carbon was

oxidized. Therefore, after the reaction time of 30 minutes, no further

CO2 was emitted. When the reaction temperature was 773 K, all car-

bonaceous materials (including sp2-hybridized carbon and sp3-hybrid-

ized carbon) were oxidized so that the maximum CO2 peak value was

maintained for a much longer time. However, after 70 minutes, the

cumulative mass of carbon weight was barely changed because no

further carbon materials remained to be oxidized.

Fig. 9 shows a graph of the analysis result of the amounts of sp2-

hybridized carbon, sp3-hybridized carbon, and ash in the samples

(collected samples from each experiment and the reference samples

(NDsoot and NDgray)) performed on a TGA 1000 (DaeDuk). The

dark gray solid line refers to the temperature settings of TGA and the

other lines refer to the weight fraction (TG) for each sample. The

detailed values of the TGA results are given in Table 5. In Fig. 9(a),

through step I, the moisture inside the samples was eliminated and

the weight fractions were then normalized. In step II, the sp2-hybrid-

ized carbon was eliminated. In step III, all the remaining carbona-

ceous matters were eliminated and only ash remained. By comparing

the TGA results of NDsoot between TGA 1000 and DSC 7020, using

TGA 1000 instead of DSC 7020 was reliable because the content of

sp2-hybridized carbon, sp3-hybridized carbon, and ash was similarly

analyzed. From the graphs, the sample from Exp. #12 has the greatest

ash content, significantly more than that of the other samples. This is

Table 5. Thermogravimetric analysis (TGA) results of experiments

Exp. # NDsoot NDgray 5 6 7 8 9 10 11 12

TGA

W0 mg 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00

W%683K % 68.53 93.50 83.22 85.26 87.77 89.1 79.64 81.76 87.04 88.91

W%873K % 5.76 0.00 3.06 3.7 7.35 9.04 7.04 5.24 19.76 37.5
4)Wash mg 1.15 0.00 0.61 0.74 1.47 1.81 1.41 1.05 3.95 7.5
5)Wsp2 mg 6.30 1.30 3.36 2.95 2.45 2.18 4.07 3.65 2.59 2.22
6)Wsp3 mg 12.55 18.70 16.03 16.31 16.08 16.01 14.52 15.3 13.46 10.28

W%ash % 5.76 0.00 3.06 3.7 7.35 9.04 7.04 5.24 19.76 37.5

W%sp2 % 31.48 6.50 16.78 14.74 12.23 10.9 20.36 18.24 12.96 11.09

W%sp3 % 62.76 93.50 80.16 81.56 80.42 80.06 72.6 76.51 67.28 51.41

sp3 ratio Wsp3/Wsp2 - 1.99 14.38 4.78 5.53 6.57 7.35 3.57 4.19 5.19 4.64

Yield 7)Ysp3 % - - 40.7 34.25 24.99 15.62 41.29 29.17 11.3 2.88

4)Wash =W0 ×W%873K, 
5)Wsp2 =W0 × (100 - W%683K), 

6)Wsp3 =W0 - Wash - Wsp2,
7)Ysp3= .

WEnt W%
sp

3( )

WInj.total

--------------------------------

Fig. 9. (a) TGA results of each experiment, (b) TGA isothermal

results (step II) to compare the sp2-hybridized carbon ratios

for entrained samples of each experiment; “I” refers to the

step of removing moisture in the samples, “II” refers to the

step of removing sp2-hybridized carbon, and “III” refers to

the step of removing sp3-hybridized carbon. The dark gray

colored solid line (——) refers to the temperature settings

of TGA, the black and gray colored dashed and two dotted

lines (— ·· —) denote the reference samples (NDsoot and

NDgray, respectively), the black colored lines refer to the

samples with the reaction temperature of 703 K, and the

gray colored lines denote the samples with the reaction tem-

perature of 773 K.
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because, when the reaction temperature was 773 K, all the carbona-

ceous matters could be oxidized, but ash could not be eliminated; the

content of the ash therefore increased rapidly when the reaction time

increased. In Fig. 9(b), the NDsoot has the largest content of sp2-

hybridized carbon and the NDgray has the lowest. When purifica-

tion progressed, the curves more closely represented those of the

graph of NDgray [23]. At the reaction temperatures of 703 K and

773 K, as the reaction time increased, the content of sp2-hybridized

carbon decreased. However, comparing the content of sp2-hybrid-

ized carbon between the samples with the same reaction time yet

with different reaction temperatures (Exps. #5 to #9 and Exps. #8 to

#12), a greater amount of sp2-hybridized carbon remained when the

reaction temperature was higher. However, this contradicts the typi-

cal results, whereby when the reaction temperature is higher, greater

and more rapid oxidation occurs. The contradictory result is due to

the reaction temperature. At the reaction temperature of 773 K, all

carbonaceous matter oxidized simultaneously, even sp3-hybridized

carbon (nanodiamond), so that the weight fraction of sp2-hybridized

carbon was relatively larger than that of the samples obtained at the

reaction temperature of 703 K.

Fig. 10 shows the changes of the sp2-hybridized carbon content,

sp3-hybridized carbon content, the content of ash, and the ratio of

sp3/sp2 of Exps. #5 to #12 with experimental reaction time. NDsoot

is composed of 31.5% sp2-hybridized carbon, 62.8% sp3-hybridized

carbon, and 5.76% ash and the value of sp3/sp2 is 1.99. NDgray is

composed of 6.50% sp2-hybridized carbon, 93.5% sp3-hybridized

carbon, and 0% ash and the value of sp3/sp2 is 14.38. As can be seen

in Fig. 10(a), the content of sp2-hybridized carbon decreased with

increasing reaction time. However, the decreasing rate of the sp2-

hybridized carbon content at 703 K was greater than the decreasing

rate at 773 K. This is because when the reaction temperature was 773 K,

sp3-hybridized carbon was oxidized simultaneously during the puri-

fication process so that the relative content ratio decreased. In Fig.

10(b), the fraction of ash (metal impurities) increased with the

increasing reaction time because it was impossible to eliminate the

ash by oxidation, so that ash was condensed during the oxidative

purification process. However, when the reaction temperature was

703 K, the increasing rate of ash content was not noticeable, although at

773 K, the increasing rate of ash increased rapidly. This is due to the

oxidation of sp3-hybridized carbon at 773 K but not at 703 K. Fig.

10(c) shows the content changes of sp3-hybridized carbon. When the

reaction temperature was 703 K, the content of sp3-hybridized car-

bon increased and when the reaction time was more than 30 min-

utes, the content barely changed. However, when the reaction

temperature was 773 K, the content of sp3-hybridized carbon

increased until the reaction time of 30 minutes and the content then

Fig. 10. Weight fraction changes with reaction time and reaction temperature. (a) Weight fraction change of sp2-hybridized carbon, (b)

weight fraction change of ash, (c) weight fraction change of sp3-hybridized carbon, and (d) change of the nanodiamond ratio (sp3/sp2).
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decreased rapidly. This is because the oxidation of sp3-hybridized

carbon occurs at the reaction temperature of 773 K. Fig. 10(d) shows

the ratio between sp3-hybridized carbon and sp2-hybridized carbon

(sp3/sp2) for each experiment sample. According to Osswald et al.

[23], the ratio of sp3/sp2 increased with purification progress. The

purification levels of the samples were determined by using the

ratios of sp3-hybridized carbon and sp2-hybridized carbon contained

in the collected experiment samples. When the reaction temperature

was 703 K, as the purification reaction progressed, the value of sp3/

sp2 increased and the maximum value increased up to 7.35. When

the reaction temperature was 773 K, the rate increased up to 5.19

until the reaction time of 30 minutes, and then decreased rapidly.

This tendency was similar to that of the result from the previous

study in which the experiment was performed on nanocrystalline

diamond film [34]. (The Raman spectroscopy analysis results of that

study were used for comparison with the results in this current study).

This result occurred because the sp3-hybridized carbon was oxidized

simultaneously during the purification process, as previously men-

tioned. As shown in Fig. 10, the tendency was similar to that when

annealing at different temperatures under ultra-high vacuum (UHV)

condition [26], but the duration of processing time of our study was

1/6-th less than that in the previous study (The study by Petit, et al.

[26] was carried out using the sp2-hybridized carbon and sp3-hybrid-

ized carbon analyzed from XPS). The largest value of sp3/sp2 from

the Exp. #8 sample is 7.35 and the value of NDgray is 14.38, both of

which were two times greater than the values of NDgray. However,

for the mass fraction of the Exp. #9 sample without the content of

ash, the content of sp2-hybridized carbon was 11.98% and that of

sp3-hybridized carbon was 88.02%, which are similar values to those of

NDgray (sp2-hybridized carbon was 6.5% and sp3-hybridized carbon

was 93.5%).

4. Conclusions

The change in the quality of purified NDsoot with various purifi-

cation reaction temperatures and reaction times was investigated in a

media gas phase fluidized bed reactor.

For analysis of the quality of the product, quantitative analysis

should be performed on a TGA; sp2-hybridized carbon was oxidized

under the condition 683 K, while sp3-hybridized carbon was not oxi-

dized at that temperature. The other methods (XRD, XPS, Raman,

FTIR etc) can only be used for the analysis of the surface of the prod-

ucts.

When the reaction temperature was 673 and 703 K, the amount of

emitted gas flow rate of CO2 increased with the increasing reaction

time. When the temperature was greater than 773 K, significantly more

CO2 gas was generated by oxidation. When the purification level

was determined according to the reaction time, the sp2-hybridized

carbon, purified by oxidation, increased with the increasing reaction

time. However, when the reaction temperature was 773 K, the

amount of sp2-hybridized carbon remained greater than that of 703 K

because both the sp2-hybridized carbon and sp3-hybridized carbon

were oxidized simultaneously.

The content of sp3-hybridized carbon at the reaction temperature

of 703 K was barely changed when the reaction time was more than

30 minutes, but at 773 K, the content decreased as preferred.

The content of sp2-hybridized carbon and sp3-hybridized carbon

was important data to determine the quality of the nanodiamond

products. From the results described above, at 703 K, the purifica-

tion quality increased with the increasing reaction time. However, at

773 K, the purification quality increased up to 30 minutes and then

decreased rapidly. Using these results, the operating conditions can

be estimated according to the necessary quality level of the purified

products.
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Nomenclature

ρs : Particle density [kg/m3]

ρg : Gas density [kg/m3]

Cond. : Conditions

CCarbon : Conversion of CO2

dSV : Sauter mean diameter [m]

g : Gravitational acceleration [m/s2]

HS : Static bed height [m]

Inj. : Injection

PBPR : Pressure of back pressure regulator [Pa]

tEnt : Entrainment time [min]

tRxn : Oxidative purification reaction time [min]

tNDsoot : NDsoot injecting time [min]

TRxn : Reaction temperature [K]

U : Superficial gas velocity [m/s]

U0,Trxn : Superficial gas velocity at reaction temperature [m/s]

Umf,ZB : Minimum fluidized gas velocity of zirconia beads [m/s]

Vin,298K : Volumetric gas flow rate of inlet gas at 298 K [m3/s]

W0 : Loading weight at TGA [mg]

WAsh : Weight of ash in the samples [mg]

WC,GC : Captured weight of carbon from GC analysis [g]

WEnt : Captured weight from cyclone after entrainment was completed

[g]

WFilter : Captured weight from cyclone after experiment was completed

[g]

WInj.,total : Total injected weight of NDsoot [g]

WRxn : Captured weight from cyclone after reaction was completed

(gas only) [g]

Wsp2 : Weight of sp2-hybridized carbon in the samples [mg]
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Wsp3 : Weight of sp3-hybridized carbon in the samples [mg]

WZB : Weight of zirconia bead [kg]

W%683K : Weight fraction left in the samples after treating at 683 K [%]

W%873K : Weight fraction left in the samples after treating at 873 K [%]

W%ash : Weight fraction of ash in the samples [%]

W%sp2 : Weight fraction of sp2-hybridized carbon in the samples [%]

W%sp3 : Weight fraction of sp3-hybridized carbon in the samples [%]

YEnt : Yield of product compared with injecting NDsoot [%]

Ysp3 : Yield of product (sp3-hybidized carbon) compared with

injecting NDsoot [%]

ZB : Zirconia bead
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