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Abstract Joint results of the differential scanning calo-

rimetry (DSC) and thermogravimetry (TG) experiments

were the basis for the fusion enthalpy and temperature

determination of the biuret (NH2CO)2NH (synthesis by-

product of the urea fertilizer (NH2)2CO). Recommended

values are DmH = (26.1 ± 0.5) kJ mol-1, Tm = (473.8 ±

0.4) K. The DSC method allowed for the phase diagrams of

‘‘water–biuret,’’ ‘‘water–urea,’’ ‘‘urea–biuret’’ binary sys-

tems to be studied; as a result, liquidus and solidus curves

were precisely defined. Stoichiometry and decomposition

temperature of the biuret hydrate identified, composition of

the compound in ‘‘urea–biuret’’ system was suggested.

Keywords Urea � Biuret � Thermal decomposition �
Enthalpy of fusion � Phase diagram � DSC � TG

Introduction

Urea ((NH2)2CO) is a high-demand fertilizer. Interaction of

carbon dioxide and ammonia under both high pressure and

temperature lies in the core of the industrial urea-making

method. Biuret ((NH2CO)2NH) is a by-product, formed in

the process of production stages of the ‘‘urea synthesis

melt’’ distillation, which are accompanied by the rise of

temperature. At 3% content, it negatively influences growth

of plants. Conditions of producing carbamide with low

biuret content can be predicted, requiring a modification of

the ‘‘urea synthesis melt’’ model. A real object is comprised

of many compounds: carbon dioxide, ammonia, water, urea,

ammonium carbamate, ammonium carbonate, and other

substances. Thermodynamic modeling of multicomponent

systems traditionally proceeds from the lower dimension

systems. Binary subsystems of the ternary ‘‘urea–biuret–

water’’ system became the object of this study.

Sufficient information on thermodynamic properties of

crystalline urea [1–10] and water [11] is available, but data

on biuret are limited and contradictory. There is no com-

mon opinion regarding melting processes and biuret

decomposition (both processes occur in the same temper-

ature range). At 190–200 �C biuret melts and decomposes

[12–17], though some authors adhere to the point of view

that the process taking place is considered merely a

decomposition. Melting temperature values cited by dif-

ferent authors vary from 179 to 195 �C. Seemingly, such

divergences might occur as a result of the varying purity

state of the reagent. In [13] biuret melting temperature of

193 �C and enthalpy of fusion of 28.8 kJ mol-1 were

obtained, but no attempts to take into account the decom-

position’s contribution to the total DSC-measured effect

were done. The objective of this study is to set apart

contributions of the melting and chemical reactions to the

process’s total heat effect observed by DSC. The obtained

data are necessary for phase equilibria calculation in every

biuret-containing system.

There is one publication dealing with experimental

construction of each binary system phase diagram of

‘‘urea–biuret’’ [18] and ‘‘water–biuret’’ [19].

Constructed in [19], the ‘‘urea–biuret’’ diagram represents

a superposition of two diagrams: one with simple eutectic and

another with the incongruently melting compound of 2:1. At

high cooling rate the compounddoes not seem to form, and the
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eutectic temperature is 106 �C. In case of slow cooling, a

stable equilibrium takes place, eutectic is at 111 �C. While

studying the aforementioned system, it is necessary to figure

out which equilibria are stable and which are metastable, as

well as to define the exact composition and conditions of the

stoichiometric compound.

The incongruently melting biuret hydrate is formed in

the ‘‘water–biuret’’ system. Coordinates of the peritectic

point: 112.5 �C, 63.5 wt% (NH2CO)2NH. Spectral and

structural properties of the biuret crystal hydrate were

studied in the works [20–22]. In the 1898 year study (cited

from [19]) it was noted that the hydrate composition might

differ from that of 1:1. Information on the ‘‘water–biuret’’

system may be supplemented by identifying the composi-

tion and the stability region of the crystal hydrate. Con-

sidering that these binary systems have only one

publication each, establishing the solidus and liquidus

coordinates is required.

The ‘‘water–urea’’ system has been studied in quite a

detail, there are verified data on solubility of the urea in

water [23–27]. The part of the fusibility diagram of the

‘‘water–urea’’ system near the solvent angle is partially

present in the studies [27, 28]. The eutectic points in the

mentioned publications were measured at low temperatures.

This study’s purpose was to define: (1) the value of

biuret thermodynamic functions of fusion; (2) data on

diagrams of the binary systems, and also to specify of the

binary compound compositions. These data allow to con-

struct the thermodynamic phase models of the ternary

system (NH2)2CO–(NH2CO)2NH–H2O. In perspective (if

the system dimensions increase) conditions of producing

carbamide with low biuret content can be predicted.

Experimental

Biuret

A sample of the commercial (‘‘Viking’’) pure-grade (99%)

biuret reagent underwent extra recrystallization from water

and ethanol twice. The solvent was evaporated at 120 �C
and pressure of 0.1 Torr using an oil pump. The purity

grade was estimated by the change of the NMR spectra.

Purified reagent was characterized by means of DSC and

XRD methods and element CHN analysis. During the entire

study period biuret was kept in an airtight vessel, regularly

checked for any impurities. No changes were observed.

Urea

Commercial urea reagent (‘‘Reahim’’) of analytical grade

(99%) was recrystallized from water. Single phase was

confirmed by XRD and DSC methods.

Biuret hydrate (NH2CO)2NH�0.7H2O

The sample of biuret hydrate was obtained by the following

method: a biuret shot was dissolved in distilled water while

heating up to 80 �C. When the dissolution process ended, it

was registered visually by the absence of any visible

reagent particles or turbidness. The solution was slowly

cooled to room temperature, the settled precipitate was

filtered using a Buchner funnel and air-dried to a constant

mass. Compound was characterized by means of TG, DSC,

XRD, and CHN methods.

Methods

1H NMR and 13C NMR spectra were run on a Bruker

Avance 400 DPX spectrometer at an operating frequency of

400 and 100 MHz, respectively.

X-ray powder diffraction data were obtained with a

Guinier-type focusing camera (2h = 37100�, step 0.005�).
Measurement results were transferred to a computer.

Obtained spectra were compared with the Joint Commit-

tee on Powder Diffraction Standards Powder Diffraction

File-2 (JCPDS PDF-2) databank. Possible residual impurity

content is 1 wt%.

Elemental analysis was carried out on the Carlo–Erba

Elemental Analyzer Model 1106 with the method’s error at

0.3%.

Thermal analysis of biuret was performed via the dif-

ferential scanning calorimeter NETZSCH DSC 204 F1 in

25–230 �C temperature range at heating rates varying from

1 to 30 R min-1. The differential scanning calorimeter was

calibrated for every heating rate by a set of standards with

known transition temperatures and enthalpies. The exper-

iments were carried out in the flow of dried argon (flow rate

was 10 or 20 mL min-1), cooling was executed using a

manual system with liquid nitrogen. The sample mass was

approximately 5 mg.

Mass change measurements were done on NETZSCH

TG 209 F1 in the 50–230 �C temperature range. The

experiments were conducted in the 10 mL min-1 flow of

dry air. The sample mass was about 10–15 mg.

Analysis of evolved gas during biuret decomposition was

performed on NETZSCH STA Jupiter 449C coupled with

the Fourier transform infrared (FTIR) spectrometer Bruker

Tensor 27. Sorption spectra were registered at the 700–

4,000 cm-1 region, where linear dependence for the IR

intensity (for the GlobarTM emitter) and detector’s sensi-

bility (MCT D315) versus the wavelength took place.

Phase diagram investigation for the binary systems

‘‘water–biuret,’’ ‘‘urea–biuret,’’ ‘‘water–urea’’ was done

using the differential scanning calorimeter NETZSCH

DSC 204 F1.
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The sample preparation and registration conditions

(heating rate) were optimized during the preliminary

experiments. The equilibrium transition was confirmed for

every system.

Results and discussion

Thermal properties of urea

According to the literature data, urea is stable up to the

fusion temperature of 133.5 �C under the standard pres-

sure. A data summary on urea temperature and enthalpy of

fusion found in the literature combined with our own

results are in Table 1.

A joint DSC and TG experiment proved that urea melts

without decomposing (see Fig. 1). With the scanning rate

at 10 K min-1, no mass loss prior to the start of the melting

process took place, unlike the observation in [14]. After the

melting stops, the mass loss is insignificant, reaching 0.3%

at a minor temperature interval (2–3 K). Therefore, it

appears that there is a small temperature range where liquid

urea may exist. An experiment to define the specific heat

capacity of liquid urea in the given temperature interval is

shown as possible.

Thermal properties of biuret

The experiments that were carried out with the heating rate

of 10 K min-1 served the purpose of defining the ther-

modynamic melting functions of biuret. The DSC analysis

and TG measurement were conducted simultaneously at

the same heating rate. Obtained curves are presented in

Fig. 2.

The endo-effect (Q = 26.2 kJ mol-1) occurs at

198.0 �C, accompanied by mass loss (*6%). After the

experiment, the biuret sample visually became agglutinate,

covering the cell’swalls like a film, but still beingwhite. This

proves the fact mentioned in the literature that heating of

biuret causes simultaneous processes of fusion and chemical

transformation. Biuret mass loss at fusion temperature is

insignificant; nevertheless, such data cannot be used for

further calculation. Attempts were done to estimate the

contribution of the chemical decomposition reaction to the

total value of the observed effect. Since the peak of the DSC

curve (representing the decomposition process) is not clearly

shown, the results of the DSC experiment could not be used

directly to estimate the heat of the decomposition reaction.

Thermogravimetry coupled with FTIR-analysis of evolved

gas was performed in order to study in detail the progress of

the pure biuret samples’ decomposition at 190 �C.
According to the FTIR-spectra, residual quantities of

CO2 and H2O are observed in the gas phase up to 170 �C.
The amount of NH3 increases gradually from 190 �C, and
the CO2 content in the gas also rises at 200–210 �C. It
provides evidence of the biuret decomposition. The process

may be described by the reactions like the ones presented

in [15]:

Table 1 A data summary on urea melting temperature and enthalpy

of fusion found in the literature combined with our own results

Tm/�C DmH/kJ mol-1 Source

132.7 14.52 [29]

– 13.47 ± 0.25 [30]

132.8 13.61 [31]

133.0 14.41 [32]

132.0 15.52 [33]

132.8 13.9 [3]

133.5 14.79 ± 0.16 [34]

133.0 14.5 [4]

133.0 14.1 [13]

134.8 15.03 ± 0.12 [7]

134.3 15.13 Present study
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Fig. 1 The results of DSC and TG study of urea fusion process
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Fig. 2 The results of DSC and TG study of biuret thermolysis
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2 NH2COð Þ2NH ¼ 2NH3 gð Þ þ HNCO cyanic acid; gð Þ
þ C3H3N3O3 cyanuric acid; sð Þ

2 NH2COð Þ2NH ¼ NH3 gð Þ þ 2HNCO cyanic acid; gð Þ
2 NH2COð Þ2NH ¼ NH2 OHð Þ2C3N3 ammelide; sð Þ

þ HNCO cyanic acid; gð Þ þ NH3 gð Þ
þ H2O gð Þ:

It is difficult to propose an exact decomposition

mechanism since the obtained condensed products may

be quite numerous. Gas phase composition results may be

adequately described by each of the aforementioned

processes.

We analyzed the heating rate influence on the observed

effect in order to estimate the decomposition’s contribu-

tion. DSC experiments were performed at heating rates

varying from 1 to 20 K min-1. The obtained data are

presented in Fig. 3 and in Table 2.

Figure 3 shows that while heating rate steadily decrea-

ses with a reduction in effect temperature, the heat effect

rises. (Due to different calibration conditions, the same

square unit equals higher heat effect in case of lower

scanning rate.) TG experiments at varying heating rates

were conducted at the same time. We observed decreasing

mass loss with increasing scanning rate.

To prove that the method’s limitations did not cause the

difference in effect value, we conducted a check experi-

ment on a sample with tabulated enthalpy of fusion and

melting temperature. Intermetallic InBi with the phase

transition in the temperature range of our interest became

our test subject. It was shown that in case of varying

scanning rates, the relative error in the heat effect’s value is

at 2.3%. The distinction in heat effect values for biuret is

significantly larger than that, reaching 8%.

Changing heating rates leads to a simultaneous decrease

of the effect temperature and an increase of the heat effect.

This temperature dependence can be described as similar to

the cryoscopic effect. According to DSC and TG data,

biuret phase decomposition precedes the melting process

(Fig. 2). The resultant condensed product of the decom-

position acts as an impurity and decreases the mixture’s

melting temperature. If the heating rate increases, higher

temperatures are required to set off the decomposition

process. At the same time, the amount of decomposition

products decreases, which explains the difference between

the effect temperature and the biuret melting temperature

being reduced.
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Fig. 3 The results of DSC study of biuret thermolysis using different

scanning rates

Table 2 The onset temperature and specific heat of the biuret ther-

molysis, obtained at different heating rates by DSC

Heating rate/K min-1 Tonset/�C Q/J g-1

1 190.3 299.7

2 192.3 278.0

5 195.4 271.0

10 198.2 253.4

20 200.3 253.4

Experimental data
Best fitting curve

Experimental data
Best fitting curve
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Fig. 4 Approximation of thermal effects and effect temperatures as a

function of scanning rate using the correlation: y ¼ y0 þ A�
expð�v=tÞ, where a: y0 = 473.8, A = -12.0, t = 6.3; b: y0 = 26.1,

A = 6.29, t = 2.9
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The figure shows the experimental values of effect heats

and temperatures versus scanning rates: T = f(v) (Fig. 4a),

Q = f(m) (Fig. 4b), where m equals heating rate. Approxi-

mation of the obtained data provided the basis for evalu-

ating the biuret fusion properties. The estimation was based

on the fact that a phase transition takes place at a fixed

temperature, whereas a chemical reaction occurs at a

temperature range (since the latter’s effects on TG and

DSC are defined by the process’ kinetics, not thermody-

namics). Altering the heating rate made the contribution of

decomposition reaction to the total heat effect vary. Thus,

in the limit of infinitely high scanning rates, the chemical

reaction’s contribution may be neglected. After the

approximation of experimental data using the correlation

(y ¼ y0 þ A � expð�v=tÞ), biuret melting temperature Tm =

(473.8 ± 0.4) K and enthalpy of fusion DmH =

(253 ± 4) J g-1, or (26.1 ± 0.5) kJ mol-1 were estimated.

During the check experiment at 30 K min-1, we

observed the effect temperature of Tonset = 473.5 K. It

agrees with the approximation.

Urea–biuret system

Special attention was given to the improvement of the

region near the eutectic point. There were seven samples

with biuret concentration varying from 1 to 46 mol%

prepared.

DSC curve has one more peak corresponding to meta-

stable eutectic at the heating rate of 5 K min-1. The data

are similar to the ones obtained in the study [18]. Most

likely, the metastable eutectic can be observed due to slow

kinetics of the binary compound synthesis. In 20 days, the

sample of 6.2 mol% (NH2CO)2NH was tested again in the

same registration conditions (the sample had been kept in

an airtight vessel). However, the DSC curve had changed;

the first peak became hardly noticeable (Fig. 5). It was

indicated that the same peak hadn’t been registered at

1 K min-1, either. System components probably could not

fully react and generate a compound at high heating rates,

that is why a metastable eutectic based on pure components

is present.

Results of the experimental series are generalized in

Table 3.

Figure 6 shows the results of this study (squares) and

[18] (diamonds). The stoichiometric phase and solidus

curves are depicted as lines. Our results confirm the con-

ditions of the compound’s peritectic decomposition and the

position of the left liquidus curve. However, the solidus

curve has higher temperatures compared to the data in [18].

The same goes for the metastable solidus line. In case of

the sample with 46 mol% of biuret, special attention ought

to be paid to the number of registered effects. If the binary

compound appears to be 2:1, then we should have obtained

two effects instead of the observed three. Our data act as
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and 20 days kept in airtight

vessel

Table 3 Liquidus, solidus, metastable eutectic, and peritectic points

for the ‘‘urea–biuret’’ system

Biuret mole

concentration/%

t/�C
(metastable)

t/�C
(solidus)

t/�C
(liquidus)

t/�C
(peritectic)

1.1 108.5 112.9 133.9

2.8 106.9 112.3 130.8

6.2 107.8 113.0 127.2

19.8 107.4 – 114.8

22.9 107.9 112.9 114.6

23.9 114.4 117.2

31.8 107.4 112.2 – 116.6

46.1 107.7 113.0 – 116.7

66.2 170.0
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evidence of the binary compound’s synthesis of another

composition (possibly of 50 mol% biuret). This suggestion

does not conflict with the existing experimental data and

correlates with the JCPDS information (the card #47-1948

corresponding with the compound (NH2)2CO�(NH2-

CO)2NH). On the other hand, the powder X-ray diffraction

databank has no card for the phase 2(NH2)2CO�(NH2-

CO)2NH proposed in [18]. Unfortunately, our attempts to

synthesize this compound in a single-phase form were

unsuccessful.

Water–biuret system

Samples with biuret content varying from 1.4 to 8.5 mol%

were prepared for studying liquidus and solidus. The soli-

dus temperature was precisely reproduced during a thermal

analysis of the water-rich mixtures. Liquidus peaks turned

out unclear, taking us two or three attempts to define the

exact effect temperature for every given composition.

Results of our study can be seen in Table 4. They are

plotted on Fig. 7 along with the data from [19]. Figure 7

shows that these results confirm the coordinates of the

incongruently melting biuret hydrate’s liquidus.

Biuret hydrate (NH2CO)2NH�xH2O appears in the

‘‘water–biuret’’ system. A lack of common opinion on its

composition became the reason for us to choose its thermal

stability and exact formula as the objective of our study.

According to the DSC results, the substance undergoes

three transformation stages followed by heat effects. The

first one (at 81 �C) is apparently the evaporation of

absorbed water (not chemically bonded). The second one

(at 111 �C) is the decomposition of crystal hydrate. Third is

the biuret fusion and decomposition. Additional checks

were conducted after 3, 10, and 13 days to make certain the

hydrate was stable while in storage. For the entire period

the substance visually had not changed: the hydrate

remained a crispy white powder.

TG results proposed the C2N3O2H5�0.7H2O formula for

the biuret hydrate. Test measurements after 3 and 7 days

confirmed the obtained value.

In order to identify the composition more precisely, the

CHN analysis of the hydrate was performed two times.

Biuret and water generate the crystal hydrate of the

C2N3O2H5�(0.70 ± 0.05)H2O formula, based on mean

values of the element content.

According to TG and elemental analysis, the biuret–

water ratio in biuret hydrate equals 10:7.

Water–urea system

Eight mixtures with urea content ranging from 0.9 to

20.9 mol% were prepared for the study of liquidus and

solidus. Obtained results are shown in Table 5.

Liquidus peaks are clear only if the urea concentration is

low (up to 4.8 mol%).

Solidus and liquidus coordinates obtained in this study

and published are plotted in Fig. 8. Our results reproduce

the eutectic temperature and specify the area of the left

liquidus curve (Teut = -12.3 �C).

Biuret mole fraction

Te
m

pe
ra

tu
re

/°
C

Present work

[18]

0
95

105

115

125

135

145

155

165

175

185

195

205

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 6 Comparison of experimental results in the ‘‘urea–biuret’’

system (diamonds represent [18], squares—this study)

Table 4 Liquidus and solidus coordinates for the ‘‘water–biuret’’

system according to DSC results

Biuret mole concentration/% t/�C (solidus) t/�C (liquidus)

1.4 -0.3 42.6

4.1 -0.5 68.6

5.2 -0.4 75.2

8.5 -0.7 83.5
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Conclusions

Decomposition and melting of biuret share the same tem-

perature range. Estimation for biuret enthalpy of fusion and

melting temperature was proposed. Recommended values

are DmH = (26.1 ± 0.5) kJ mol-1, Tm = (473.8 ± 0.4) K.

Parts of binary state diagrams were studied experimen-

tally; solidus and liquidus coordinates were obtained.

Compositions of binary compounds appeared to be 1:1 in

the ‘‘urea–biuret’’ system and 7:10 in the ‘‘water–biuret’’

system.

Obtained data on phases and phase equilibria in binary

subsystems can be used further for the ternary system

modeling.
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