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Abstract: The batch of detonation nanodiamond (DB) containing impurities of B (DB-B) was obtained 

by explosion using TNT with hexagon (50/50). This DB-B contained 0.96 wt% of B. The obtained DB-

B nanopowder's morphological features, texture, and mesostructure were investigated by SEM, SAXS, 

and low-temperature nitrogen adsorption. We tested both aqueous suspensions and silica sols containing 

2.5 wt. % DND and 0.05-0.1 wt. % of DB-B for the pre-sowing treatment of Chinese cabbage seeds. 

As a result, the reliable positive effect of an aqueous suspension of DB-B (0.05-0.1 wt.%) was revealed 

on the following characteristics of seedlings (in relation to the control): the germination energy of 

Chinese cabbage seeds and germination increased by ~50-70%. Furthermore, a significant positive 

effect of DB-B on the morphological characteristics of Peking cabbage plants at the early stages of its 

development was revealed when using DB-B for pre-sowing seed treatment in combination with silica 

sol (an increase in the sprout length by ~ 20% and root length by ~ 50% in relation to the control) as 

well as the biomass of Chinese cabbage plants increased by ~ 100% (20 days after planting the treated 

seeds). 

Keywords: carbon nanomaterials; diamond batch; boron; pre-sowing seed treatment. 

© 2021 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

1. Introduction 

In the last decade, nanotechnology has been successfully used in agriculture [1-6]. 

Including nanoparticles of carbon materials (carbon nanotubes, fullerenes, fullerenols, and their 

adducts with amino acids, carboxylates, etc.) are being actively studied for use in agriculture 

[1,7-12]. Researchers are attracted by low concentrations of used carbon nanoparticles and their 

adducts, relative cheapness, and non-toxicity. Aqueous suspensions of carbon nanotubes, incl. 

functionalized with hydroxyl groups, solutions of fullerenols, and their adducts (i.g., with 
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amino acids) can be used for pre-sowing seed treatment and the root environment and foliar 

treatment of vegetative plants. In general, such treatments promote better seed germination and 

plant growth, increase plant resistance to oxidative stress and high salt content in the soil, and 

increase the amount of biomass of various plants. The use of carbon nanomaterials as 

stimulants for the growth of plants and crops is of interest to the scientific community and 

industrialists. The mechanisms of the influence of carbon materials on the growth and 

development of plants are actively studied. At the same time, various factors such as size, 

shape, surface structure, solubility, and concentration of nanoparticles, including carbon 

nanomaterials, as well as the presence of functional groups, contribute significantly to plant 

digestibility, as well as to toxicity and pathology caused by their use [7,13]. Therefore, the use 

of carbon materials in agriculture requires a thorough preliminary study of both the properties 

of the materials themselves and the effect of their effect on each type of plant. 

It is known that detonation nanodiamond (DND) has bactericidal and fungicidal 

properties [14-16]. DND is widely researched for medical purposes, particularly as drug 

delivery [17-19]. However, the use of nanodiamonds (DND) in agriculture is less well known. 

Large volumes of reagents are needed for agricultural applications, purification is less 

important, but it is important that they would be cheap. The detonation nanodiamond (DB) 

batch also has a scientific and practical interest since it is much cheaper than DND. The cost 

of DB is 3-5 times less than the cost of purified DND (~$ 300 per 1 kg). At the same time, it 

can have a whole range of useful properties.  

Of particular interest are the DND and DB, enriched with various elements that give it 

new useful properties [20-22]. The DB has a very complex structure containing both DND 

proper and other non-diamond forms of carbon. DB doped with heteroatoms (i.g., B, Si, etc.) 

have an even more complex composition. The problem of studying such complex compositions 

is extremely urgent. The DB containing impurities B (DB-B) was obtained in the Special 

Design Bureau "Technolog" (St. Petersburg, Russia). The DB-B was synthesized by explosion 

using TNT with hexagon as precursors [23-25]. This object has not been studied enough. It was 

important to study the structure of the DB-B. It was interesting to test this DB-B for seeds pre-

sowing to study the effect on germination, growth, and development of plants. 

Silicon compounds also promote plant growth and development [26-29]. Our earlier 

researches have shown that the treatment of seeds of spring barley and Chinese cabbage with 

silica sol is obtained by hydrolysis of tetraethoxysilane (TEOS), incl. with the addition of a 

number of elements useful for plants (in trace amounts) positively affects the development of 

plants in the early stages of development [30,31]. It was useful to compare the effect of DND 

and DB-B on plants, both in the form of aqueous suspensions and in combination with the 

TEOS-derived silica sols. 

Thus, this work aimed to study the structure of the DB powders and test there for pre-

sowing treatment of seeds of Chinese cabbage, along with the treatment of seeds directly with 

DND, as well as in combination with TEOS-derived silica sols. 

2. Materials and Methods 

2.1. Nanopowders synthesis. 

Diamond batch enriched with B (DB-B) was obtained by explosion using a mixture of 

TNT with hexagon. 
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A non-crystalline amorphous powder containing boron was used as a dopant containing 

92-94 wt.% B and a density of ~2.3 g/cm3. This powder was obtained by sintering boric acid 

with magnesium, and then the sinter was treated at 70 ± 2° C with a 15-20 % hydrochloric acid 

solution. The precipitate was washed, dried, and calcined in a vacuum. [32]. 

The dopant (2.5 wt.% B) was introduced into an explosive (TNT with hexogen). The 

mixture powders were thoroughly mixed and pressed at a pressure of 1500 kg/cm2. The charges 

had a diameter of 60 mm, a length of 107-110 mm, and a mass of 0.5 kg. The charges were 

detonated in an Alfa-2M explosive chamber with a volume of 2.14 m3. Each charge had a water 

shell (explosive: H2O = 1 : 10). The resulting DB-B composition after the explosion prepared 

using both TNT with hexogen is presented in Table 1. 

Table 1. Composition of boron-enriched diamond batch (DB-B). 

Sample designation Charge 
Content, wt.% 

DND Non-combustible impurities Boron 

DB-B TH 50/50 14.7 3.5 0.96 

Note: TH – a mixture of TNT with hexagen, DND – detonation nanodiamond. 

To obtain the thermal-ammonia-treated detonation nanodiamond (DND-TAN), the 

diamond batch (DB) was subjected to nitric acid purification, namely: it was treated with 40% 

nitric acid at a temperature of 225-240 ° C for 1 h at 80-100 atm. [33]. The obtained purified 

DNDs were washed from traces of acid to pH 6-7, then; aqueous ammonia was added to pH 

11-12, heated to 230° C, and kept at this temperature for 1 h; the pressure in the autoclave was 

40-50 atm. [34]. DND, after thermal ammonia treatment, had nitrogen-containing functional 

groups on its surface. Such DND was designated as DND-TAN. After such treatment, the 

amount of incombustible impurities drops by 2-2.5 times relative to DND after nitric acid 

cleaning, and the size of the aggregates in the aqueous suspension decreases 2-3 times. In this 

regard, DND-TAN is preferably used directly in the form of an aqueous suspension. The 

structure and properties of DND-TAN are described in [25,35]. 

2.2. Powder research methods. 

The obtained DB-B nanopowder's morphological features, texture, and mesostructure 

were investigated by SEM, SAXS, and low-temperature nitrogen adsorption.  

The morphology of nanoparticles (size, shape, and degree of their aggregation) was 

studied by scanning electron microscopy (SEM), which was performed using a scanning 

electron microscope with a field emission cathode (FE-SEM) ZeissMerlin. 

An experiment on small-angle neutron scattering (SANS) on DB-B was carried out on 

a YuMO spectrometer located at channel 4th of the IBR-2 pulsed reactor (Dubna, Russia) in a 

two-detector configuration using the time-of-flight method [36]. The flux of thermal neutrons 

was formed by a system of collimators so that the neutrons hitting the sample formed a beam 

of 14 mm in diameter with an intensity of up to 4x107 neutrons. As a result, the range of the 

transferred momentum q was 6.5 ∙ 10−3 0.4 Å-1 (q = 4sin /, where  is the neutron 

wavelength and  is the scattering angle), which corresponds to the analysis of the structure in 

the range of characteristic sizes from 10 up to 500 angstroms. 

A sample of the DB-B was placed in an aluminum cell with a 1 mm depression. The 

processing of the initial experimental data was carried out by the SAS program [37], which 

allows the obtained spectrum to be normalized to an independent vanadium scatterer, taking 
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into account the scattering from the setup and the aluminum cell, as well as the background of 

the hall [38]. 

Measurements of the specific surface area of the sample of the DB-B were performed 

by low-temperature nitrogen adsorption using QuantaChrome Nova 1200e analyzer. The 

powder was degassed at 150°C in a vacuum for 17 h prior to analysis. Based on the data 

obtained, the specific surface area SBET was calculated for the samples using the Brunauer–

Emmett–Teller model (BET) and the seven points method within the relative pressure range of 

P/P0 = 0.07 ÷ 0.25 (where P0 is the saturation pressure). In addition, the calculation of the pore 

size distribution was carried out based on nitrogen isotherms using the Barrett-Joyner-Halenda 

(BJH) method. 

2.3. Seed treatment preparations. 

Both aqueous suspensions with DND or DB-B and silica sols with and without DND 

or DB-B were used for pre-sowing seed treatment. The aqueous suspensions of DND or a batch 

are of particular interest as precursors of composite materials or as biologically active additives 

since colloidal carbon nanoparticles in an aqueous dispersion medium are the most chemically 

reactive [39].  

The silica sols differing in concentration ratios of the main components, the acidity of 

the medium, and modifying additives were prepared. Tetraethoxysilane Si(OEt)4 (TEOS), 

special purity grade; hydrochloric acid (HCl), special purity grade, in the form of 0.25 N 

aqueous solution; potassium hydroxide (KOH) high-purity grade, in the form of a 0.1 N 

aqueous solution were used as precursors for the preparation of silica sols.  

DND-TAN in the form of a 3 wt.% aqueous suspension or DB-B in the form of a 

powder was introduced into silica sols as modifying additives.  

The following compositions were prepared: 0.08 g DND per 1 ml of water or a silica 

sol (2.5 wt.% DND); 0.002 g DB-B per 1 ml of water or a silica sol (0.05 wt. % DB-B), and 

0.003 g per 1 ml of water or a silica sol (0.1 wt. % DB-B).  

The preparation of silica sols was carried out according to a one-stage method of acidic 

or alkaline hydrolysis of TEOS with an excess of water. 

The one-stage procedure consisted of sequential mixing of the initial components: 

Si(OEt)4, 0.25 N HCl and/or 0.1 N KOH. As a result, the silica sols were obtained. The 

description of these compositions is presented in Table 2. As a result, a silica sol was obtained, 

the composition of which is shown in Table 2. 

Table 2. Compositions of silica sols and aqueous suspensions used for the pre-sowing treatment of Peking 

cabbage seeds 

Designation 
The ratio of the initial components 

Si(OEt)4, vol.% 0.25N HCl, vol.% 0.1 N KOH, vol.% 

TEOS (1%) рН 2-3 1 0.5 – 

TEOS (1%) рН 7-8 1 0.5 3.3 

2.4. Pre-sowing seed treatment. 

Pre-sowing seed treatment was carried out as a result of mixing for 10 minutes by 

simply shaking the seeds in containers with water (control) and the above solutions of 

substances and their compositions. The seeds were dried at room temperature in the air and 

then at 30° C for 60 min in an oven. Seed drying regimes corresponded to those specified in 
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GOST 12038. Treated seeds were stored at room temperature before sowing. The repetition of 

the experiment was 400 seeds for each variant of the experiment.  

2.5. Procedure for assessing the biological activity of the tested substances. 

The effect of the tested substances on plants was evaluated in laboratory conditions and 

on a polygon with partial or complete regulation of microclimate conditions. Chinese cabbage 

of the Daqingkou variety (China, k-56), adapted to intensive plant artificial-light culture 

conditions, was the study's object. The seeds were obtained from the collections of the N.I. 

Vavilov All-Russian Institute of Plant Genetic Resources (VIR). 

2.5.1. Methodology for determining the germination energy and germination capacity. 

Control and treated with test seed treatment preparations Chinese cabbage seeds were 

germinated in Petri dishes (10 cm in diameter) on filter paper moistened with 10 ml of distilled 

water. The seed germination energy was assessed on the 3rd day, germination – on the 7th day; 

the length of shoots and roots of seedlings was also measured. The researches were carried out 

in accordance with the rules of the International Seed Testing Association (ISTA) and generally 

accepted methods. All experiments were repeated three times. 

2.5.2. Methodology for assessing the effect of pre-sowing seed treatment on plant growth and 

development. 

The study of the effect of pre-sowing treatment of the seeds of Chinese cabbage variety 

Daqingkou with the tested preparations on the growth and development of plants was carried 

out in a greenhouse with partially controlled microclimate conditions under natural 

illumination, an air temperature of 20-25° C during the day, 18-20 ° C at night, and relative 

humidity of 60 - 70%. The plants were grown on a substrate based on high-moor peat with a 

low degree of decomposition with the addition of macro-and microelements in the composition 

of Knop nutrient solution. The moisture content of the substrate was maintained at 60% of the 

total moisture capacity. The plants were harvested at the age of 20 days. Plants whose seeds 

were treated with water served as control. 

At the end of the growing season, the main plant growth and development indicators 

were taken into account. 

Statistical data processing was carried out using Excel 2010 and Statistica 8 software 

(Stat-Soft, Inc., USA). The mean values of the studied indicators, confidence intervals, and 

coefficients of variation were determined. The significance of the differences between the 

variants was assessed using the methods of parametric statistics (Student's t-test). Differences 

between the options were considered significant at p ≤ 0.05. 

3. Results and Discussion 

3.1. Boron-enriched diamond batch surface morphology. 

3.1.1. Scanning electron microscopy data. 

The surface morphology of DB-B powder, as well as the change in the surface 

morphology of the Peking cabbage seeds as a result of pre-sowing treatment in DB-B aqueous 
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suspension and in a silica sol with the addition of DB-B, can be estimated from SEM images 

in Figures 1 and 2. 

 

Figure 1. SEM image of DB-B powder. 

DB-B powder consists of non-spherical, close to plate shape particles (Figure 1). 

It can be stated that the state of the seed surface changed (Figure 2). As a result of the 

pre-sowing treatment of seeds, a thin film appears on their surface, consisting of DB-B 

nanoparticles and silica (in the case of using silica sols). 

 

Figure 2. SEM image of the surface of Peking cabbage seeds without any treatment (a) and after treatment with 

TEOS-derived silica sol (1%, pH 2-3) (b), an aqueous suspension of a diamond batch enriched with boron (0.1 

wt.% DB-B (c), and the silica sol with the addition of DB-B (0.1 wt.%) (d). 
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3.2. Boron-enriched diamond batch mesostructure. 

3.2.1. Low-temperature nitrogen adsorption data. 

The obtained isotherm (Figure 3 a) is characterized by pronounced capillary-

condensation hysteresis and belongs to type IV according to the IUPAC classification (The 

International Union of Pure and Applied Chemistry Classification). 

 
a 

 
b 

Figure 3. Full nitrogen adsorption-desorption isotherm (a) and pore size distribution dV(d) obtained within the 

BJH model (b) for the DB-B powder. 

The shape of the hysteresis loop for this sample corresponds to the classical H3 type 

according to the IUPAC classification, usually associated with the presence of slit-like pores 
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typical for the materials consisting of flat particles. The hysteresis loop closes at a relative 

pressure P/P0 significantly higher than 0.3, which indicates the absence of the micropores in 

this sample. 

Mathematical processing of the full nitrogen adsorption-desorption isotherm within the 

BJH model made it possible to obtain the pore size distributions shown in Fig. 3 b. It is clearly 

seen from this figure that the sample of the DB-B powder is characterized by a practically 

normal distribution of dV(d) with a maximum of dp  9 nm. The results of determining the 

texture parameters of DB-B powder are shown in Table 3. 

Table 3. Textural parameters of the DB-B powder. 

SBET (m2/g) Vsp (P/P0  0.995) (cm3/g) dp (nm) BJH (des) 

296 ± 6 1.14 9.3 

Note: SBET – specific surface area; Vsp – specific pore volume; dp – average pore diameter. 

3.2.2. Data Small-Angle Neutron Scattering Data. 

Figure 4 shows the experimental log-log plot of neutron scattering cross sections 

dΣ(q)/dΩ versus the momentum transfer q for DB-B powder. As can be seen from this figure, 

there are three different ranges in q on the corresponding curves, in which the behavior of the 

small-angle scattering cross-section d(q)/d is very different. 

The scattering in the region q < 0.35 Å is characterized by the presence of two ranges 

on the corresponding curve d(q)/d : q > qc (Guinier region) and q < qc (Porod region) with 

the point of crossover between them is qc  0.11Å-1 (the point of transition from one scattering 

regime to another) − where the scattering obeys the power laws q- with different values of 

exponents  = s and n, respectively.  

This pattern is typical for scattering on porous systems (solid-phase – pore) consisting 

of randomly oriented non-spherical (anisodiametric) inhomogeneities, for example, for highly 

elongated or flattened particles or pores [40, 41], which is consistent with the results obtained 

for this sample using scanning microscopy methods (Figure 1) and low-temperature nitrogen 

adsorption (Figure 4). In order to describe scattering in the Guinier region, which is determined 

by the size Rс and shape of scattering inhomogeneities, one should use the generalized 

relationship [42]: 

𝑑𝛴(𝑞)

𝑑𝛺
=

𝐺

𝑞𝑠 ∙ exp (−
𝑞2𝑅𝑔

2

3−𝑠
),  (1) 

where the amplitude G is directly proportional to the product of the number of inhomogeneity's 

in the scattering volume and the square of the average density  of the scattering amplitudes 

on them [43], Rg is the radius of gyration of scattering inhomogeneities, and the parameter s is 

determined by the shape of the scattering inhomogeneities. s equals 0 for spherical objects, s 

equals 1 for one-dimensional particles or pores, and s equals 2 for two-dimensional 

inhomogeneities. The values of the parameter s can be not only integer but also fractional, for 

example, if the scattering inhomogeneities have the shape of an ellipsoid of rotation or the 

presence of heterogeneities of various shapes in the system. 

Since non-spherical items are defined not by one but by two characteristic dimensions 

(radius Rc and length L in the case of elongated inhomogeneities) or three (thickness T, width 

W, and length L for flattened inhomogeneities), the Guinier region can comprise two or three 

momentum transfer q ranges. The presence of only one power-law section in the Guinier region 
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(Fig. 3) indicates that the length L (in the case of elongated inhomogeneities) or the width W 

(for flattened inhomogeneities) exceeds the maximum size that can be determined using the 

setup used in the experiment. Nevertheless, using the ratio Rmax  3.5/ qmin [44], it is possible 

to estimate this size, which was Rc > 550 Å. 

 
Figure 4. The dependence of the cross-section of small-angle neutron scattering d(q)/d versus the 

momentum transfer q for the powder DB-B. Solid lines result from the description of experimental data using 

formulas (1) and (2). 

The values of the exponents of the degree s and n, which were determined from the 

slope of the linear parts of the SANS curve in the ranges: 0.11 < q Å-1 and 0.11 < q < 0.35 Å-

1, − are equal to s = 2.08 ± 0.02 and n = 3.92 ± 0.04, which corresponds to scattering on 

inhomogeneities (pores) of a flattened (slit-like) shape with a surface close to a smooth 

surface (Ds = 6 − n = 2.08 ± 0.04). 

In view of the above, to analyze the scattering curve d(q)/d for DB-B powder, we 

use the generalized empirical Guinier-Porod model [42]: 

In view of the above, to analyze the scattering curve d(q)/d for the powder DB-B, 

we use the generalized empirical Guinier-Porod model [42]: 

 
𝑑𝛴(𝑞)

𝑑𝛺
=

𝐺

𝑞𝑠 ⋅ 𝑒𝑥𝑝( −
𝑞2𝑅𝑔

2

3−𝑠
) at q < qc,  

(2) 

 
𝑑𝛴(𝑞)

𝑑𝛺
=

𝐵

𝑞𝑛          at qc < q < 0.35 Å.  

Here (3 − s) is the dimension factor; Rg − is the gyration radius of non-spherical 

scattering inhomogeneities. For flattened inhomogeneities with thickness T: Rg = T/121/2. G  − 

is the gyration radius of non-spherical scattering inhomogeneities. For flattened 

inhomogeneities with thickness [42, 45]; B − the coefficient depending on the local structure 

of scattering inhomogeneities [46]. 

In the range of large q > 0.35 Å-1, the appearance of the so-called "shoulder" on the 

scattering curve is observed, which indicates the presence of small spherical 

inhomogeneities in the system, possibly particles of non-combustible impurities, with a 
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characteristic size r0. In this case, the behavior of the scattering cross-section d(q)/d is also 

described by the Guinier approximation (1) with the parameters s = 0 and r0 = (5/3)1/2rg [45]. 

To obtain the final results, Eq. (1) and Eq. (2) were convoluted with the instrumental 

resolution function. The experimental dependences of the differential scattering cross-section 

dΣ(q)/dΩ were processed using the least-squares method throughout the entire range under 

study. The results of the analysis are shown in Figure 3 and Table 4. 

Table 4. Structural parameters of the powder DB-D obtained from the analysis of SANS data. 

G∙102, 

cm-1Å-s 
s T, Ǻ 

B∙104, 

cm-1Å-n 
n 

G0∙101, 

cm-1 

r0 = (5/3)1/2rg, 
Å 

4.6 ± 0.3 2.08 ± 0.02 24.9 ± 0.4 2.8 ± 0.2 3.92 ± 0.04 0.56 ± 0.10 4.7 ± 0.5 

3.3. Biological activity of seed pre-sowing treatment preparations. 

3.3.1. Morphometric indicators of plant development at early stages of development. 

Pre-sowing treatment of Chinese cabbage seeds with aqueous suspensions of DND and 

DB-B separately or combined with TEOS-derived silica sols showed a predominantly positive 

effect on seed germination and growth parameters of plant seedlings (Table 5). 

Table 5. Influence of seed pre-sowing treatment of Chinese cabbage variety Daqingkou (China, k-56) with 

tested preparations on their germination and growth characteristics of seven-day seedlings 

Seed treatment 

preparations 

Germination energy Germination Sprout length Root length 

% 
% to 

control 
% 

% to 

control 
cm 

% to 

control 
cm 

% to 

control 

H2O (control) 49 100 48 100 2,3±0,2 100 3,9±0,7 100 

Aqueous 

suspension 

2.5 % DND-TAN 

40* 82* 40* 83* 2,6±0,3 113 4,8±0,9 123 

Aqueous 

suspension 

0.05 % DB-B 

84* 171* 80* 166* 2,1±0,1 91 5,2±0,2* 133* 

Aqueous 

suspension 

0.1 % DB-B  

76* 155* 72* 150* 2,4±0,1 104 5,3±0,6* 136* 

Silica sol 

1 % TEOS 

pH 7-8 

53 108 51 106 2,3±0,2 100 5,0±0,7 128 

Silica sol  

1 % TEOS + 0.1 % 

DB-B 

pH 7-8 

33* 67* 43 90 2,8±0,2* 122* 5,8±0,7* 149* 

Aqueous suspensions of DB-B (0.05-0.1 wt.%) had a positive effect on germination 

energy and germination capacity. Their efficiency, according to this indicator, is significantly 

higher than for DND-TAN suspension (2.5 wt.%). The sizes of sprouts and roots turned out to 

be the highest when seeds were treated with silica sol based on TEOS (1 vol%, pH 7-8) with 

the addition of DB-B (0.1 wt%). In other cases, approximately the same effect was noted.  

The positive effect of pre-sowing treatment of Chinese cabbage seeds with an aqueous 

suspension of DB-B (0.1 wt.%) and TEOS-derived silica sol on the growth and development 

of plants at the early stages of development persists for 20 days of plant cultivation (Table 6). 
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Table 6. Morphometric parameters of plants of Chinese cabbage variety Daqingkou (China, k-56), the seeds of 

which were pre-sowing treated with tested preparations (plant age 20 days). 

Pre-sowing treatment 

preparations 

Diameter, 

cm 
Height, cm 

Number of 

leaves 

Leaf length, 

cm 

Leaf width, 

cm 

Wet weight 

g 
% of 

control 

H2O (control) 19,1±2,6 8,3±1,2 6,6±0,4 13,8±2,5 7,6±0,9 4,5±2,2 100 

Heteroauxin 10 mg/L (reference 

for comparison) 
23,8±2,2 13,4±2,0** 7,4±0,8 18,6±2,6 9,0±1,2 7,4±2,9** 164** 

Aqueous suspension 

0.1 % DB-B 
21,1±2,5 10,1±1,2 7,5±0,6 16,8±2,2 8,3±0,6 6,6±2,1** 147** 

Silica sol, 1% TEOS, pH 7-8 22,1±2,1 10,2±1,6 6,7±0,4 16,7±2,0 8,7±0,7 6,6±2,2** 146,7** 

Silica sol, 1% TEOS + 0.1% 

DB-B, pH 7-8 
20,1±3,9 10,1±2,3 7,0±0,1 16,7±2,7 9,1±0,4** 8,9±3,8** 198** 

Note: The values are significantly different from the control at the 5% significance level is marked with the sign (*). 

A pronounced synergistic effect on the formation of plants with higher biomass and the 

growth rates of plants from using DB-B additive together with silica sol may be noted. 

4. Conclusions 

The advanced carbon nanopowder – the boron-enriched diamond batch (DB-B)- was 

synthesized by detonating TNT with hexagen (50/50). The resulting DB-B contained 14.7 wt.% 

DND, 0.96 wt.% B and 3.5 wt.% of incombustible impurities. According to SEM and low-

temperature nitrogen adsorption data, DB-B powder had a high specific surface area SBET ~300 

m2/g, consisting of lamellar mesoporous nanoparticles, with slit pores of the pore average size 

~9 nm, practically without micropores. The SANS data confirmed the results obtained by other 

research methods. The DB-B powder consisted of randomly oriented non-spherical 

(anisodiametric) inhomogeneities, highly elongated or flattened particles (and/or pores). The 

size of carbon nanoparticles can be characterized by the following parameters: thickness T ~ 

2.5 nm and width (W) or length (L) > 55 nm. Some spherical nanoparticles (~0.5 nm) were 

found, which are apparently formed by incombustible impurities. DB-B was tested as a 

biologically active additive (0.05-0.1 wt.%) for the pre-sowing treatment of Chinese cabbage 

seeds (variety Daqingkou, China, k-56). As a result, the reliable positive effect of an aqueous 

suspension of DB-B (0.05-0.1 wt.%) was revealed on the following characteristics of seedlings 

(in relation to the control): the germination energy of Chinese cabbage seeds and germination 

increased by ~50-70%.  A significant positive effect of DB-B on the morphological 

characteristics of Chinese cabbage plants at the early stages of its development was revealed 

when using DB-B for pre-sowing seed treatment in combination with silica sol (an increase in 

the sprout length by ~ 20% and root length by ~ 50% in relation to the control) as well as the 

biomass of plants Chinese cabbage increased by ~ 100% (20 days after planting the treated 

seeds). 
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