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Abstract

To detect urea content in milk powder, a nonlinear chemical fingerprint technique was developed.
In our study, Belousov-Zhabotinsky oscillatory chemical reaction (B-Z) was performed using milk
powder and malonic acid as main dissipative substances. The same dosage of milk powder with or
without artificially added urea was introduced to “H* + Ce** + BrO; + malonic acid” oscillating

system, respectively, and nonlinear chemical fingerprints of different milk powder were thus ob-
tained. The proposed method was based on a linear relationship between inductive time of nonli-
near chemical fingerprints and urea content in milk powder, which held when urea content in
milk powder was in the range of 0 - 40 mg/g. A detection limit of 7.8 x 10-3 mg/g was also obtained.
Our results showed that the method could be used to certify urea content in milk powder without
pretreatment of samples, which was more simple and economical compared with traditional me-
thods.
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1. Introduction

Milk and dairy products are popular nutritional foods suitable for people of all ages. With the fast development
of dairy processing industry in recent years, safety of dairy products was challenged by illegal adulterants such
as urea, starch, whey, dextrin and melamine. Urea is a natural ingredient of milk in the range of 18.00 - 40.00
mg/dL [1]-[3], is one of the most important parameters in analysis of milk and dairy products, and its concentra-
tion indicates product quality. The permissible level of urea in milk should be less than 70.00 mg/dL, according
to related literatures [4]-[6]. When urea content in milk excesses the permissible range, many health problems
may be caused, which include ulcer, cancers, indigestion, acidity and malfunctions of kidney [7]. Since urea is
rich in nitrogen and relatively cheap, it has been adulterated in milk by unscrupulous merchants to earn huge
profits. Therefore, detection and quantification of urea is of vital importance in dairy processing industry, food
processing technology and clinical analysis.

Up to now, several methods have been reported to be used in detecting urea in milk, which include enzymatic
determinations [8], diacetylmonoxime assay [9], infrared spectrometric techniques [10], flow injection analysis-
enzyme urease method [11] and gas chromatography-mass spectrometry method [1]. The use of Chemspec 150
instrument for the detection of urea in milk also has been reported [12]. Additionally, numerous types of urea
sensors have been widely studied based on potentiometric, conductimetric, thermometric and optical methods
like urea electrochemical sensor [13] and potentiometric biosensor [14]. Most of these methods show high sensi-
tivity and meet the requirements for detection of maximum amount of urea allowed in milk and other related
products. Recently, a nonlinear chemical fingerprint method was reported to analyze traditional Chinese medi-
cine, for example, Glycyrrhiza [15]. Meanwhile, there are no nonlinear chemical fingerprint reported in analysis
of urea in milk and milk powder.

Kinetic-catalytic reaction is one of the most simple and rapid analytical methods [16]. The Belousov-Zhabo-
tinsky oscillatory chemical reaction (Belousov and Zhabotinsky were the names of two Russian scientists, who
were the first ones to study the reaction) is a well-studied typical nonlinear chemical reaction system, and the
reaction mechanism has been explained by many scholars using different kinetic models. The most famous one
is Field, Kords and Noyes model, namely FKN model [17] [18], which is successfully used in explanation of
B-Z oscillatory reaction. The reaction phenomena are complex, involving chemical oscillation, chemical turbu-
lence, chemical patterns and chemical waves [19]. Furthermore, the reaction mechanism and applications of
chemical oscillation in single component detection have been investigated extensively and thoroughly by do-
mestic and foreign scholars [17]-[20]. However, there has been little progress in studies on application of nonli-
near chemical reaction in authenticity identification and quality evaluation of milk and dairy products. Accord-
ing to literatures [15] [21], a nonlinear chemical fingerprint is a kinetic fingerprint involving abundant qualita-
tive and quantitative information that reflects kinetic information of entire nonlinear chemical reactions. In non-
linear chemical reactions, reactant species and concentrations in samples have great influences on nonlinear
chemical fingerprint, which varies with component and concentration [21]. Therefore, nonlinear chemical fin-
gerprint is applied to rapid identification and evaluation of milk powder. In this study, we introduced milk
powder with or without artificially added urea to “H* + Ce** + BrO; + malonic acid” oscillating system and
the corresponding nonlinear chemical fingerprint was obtained. Urea content in milk powder was calculated ac-
cording to the linear relationship between inductive time of nonlinear chemical fingerprints and urea content.
Furthermore, the method developed provides a more simple and economical way for adulteration detection of urea
in milk powder, which avoids the time-consuming and laborious process of separation and purification of samples.

2. Materials and Methods
2.1. Reagents and Materials

All chemicals used were of analytical grade. Sulfuric acid (1.00mol/L), malonic acid (1.00 mol/L), ceric ammo-
nium sulfate (0.05 mol/L), sodium bromate (0.80 mol/L) and sodium bromide (0.01 mol/L) were purchased from
Tianjin TianLi Chemical Reagents Ltd. (Tianjin, China). Solutions were kept at a constant temperature (50.0°C)
until used. Double distilled water was used throughout the experiments. Trichloroacetic acid and hydrochloric
acid were purchased from Xinxiang PuLi Chemical Reagents Ltd.(Henan, China). Urea was obtained from
Ningbo Chemical Reagent (Ningbo, China). In this work, two brands of milk powder provided by the Institute
of Product Quality Supervision and Inspection in Shaanxi Province (Xi’an, Shaanxi, China) were referred to as
milk powder 1# and milk powder 2#, respectively.
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2.2. Instrumentation

A nonlinear chemical fingerprint instrument (Model MZ-1B-2) developed by Central South University and
Xiangtan Ltd. (Hunan, China) was used. A Type 217 calomel electrode was used as reference electrode and a
Type 213 platinum electrode was used as working electrode (both were purchased from Shanghai Precision &
Scientific Instrument Co., China). Electronic balance (Model BS 224S) and azotometer (KDY-9820) were pur-
chased from Shanghai Precision & Scientific Instrument Co., China and Beijing Electromechanical Technology
Research Institute (Beijing, China), respectively.

2.3. Preparation of Samples

Each sample was spiked with known amounts of urea (0 mg, 5 mg, 10 mg, 20 mg, 30 mg and 40 mg) to obtain a
series of milk powder with different urea content. In addition, a sample of pure milk powder was prepared for
experiments. The total dosage of each milk powder sample with or without artificially added urea was 1 g. Milk
powder 1# was referred to as standard milk powder and its urea content was determined by GB 21704-2008
(National Standards of PR China) method. The following procedure was used in all experiments. The nonlinear
chemical reaction mixture was prepared by mixing 25 mL of 1.00 mol/L sulfuric acid, 10 mL of 1.00 mol/L
malonic acid, 12 mL of 0.05 mol/L ceric ammonium sulfate, 1 ml of 0.01 mol/L sodium bromide, 15 mL of
double distilled water and 1g of milk powder sample with or without artificially added urea. All components of
reaction mixture was added into the reactor. The reactor cover with two injection holes, the electrodes and a
thermometer was closed. The instrument was then turned on, with temperature and stirring rate adjusting to
50.0°C and 800 r/min, respectively. After stirring for 3 minutes, 5 mL of sodium bromate solution was injected
into the reactor. Electric potential-time (E-t) curve was immediately obtained and finished as soon as the poten-
tial oscillation disappeared.

2.4. Data Analysis

Data was analyzed using Excel 2010, and all quantitative parameters of nonlinear chemical fingerprint were
analyzed using MATLAB ver.8.5 (The Math-Works, USA).

3. Results and Discussion
3.1. Essential Information of Nonlinear Chemical Fingerprint of Milk Powder

Nonlinear chemical fingerprint contained abundant qualitative and quantitative information due to its dynamic
property. In this study, nonlinear chemical fingerprint (Figure 1) was obtained by adding 1g of pure milk powd-
er into the reactor, which obviously showed that the essential characteristic information of nonlinear chemical
fingerprint mainly included undulatory period (7, ), undulatory life (t,, ), inductive time (t;,, ), canyon poten-
tial ( E, ), canyon time (t.,,), peak top potential (E ), peak top time (t, ), oscillatory end potential ( E, ),
oscillatory start potential ( E, ), maximum amplitude ( AE,,,, ), oscillatory end time (t, ), which were reported
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Figure 1. Basic characteristic information of nonlinear chemical fingerprint of milk powder. e-f: inductive curve; f-g: fluctu-
ation curve; g-h: stop wave curve; e and h indicate the start and end points of reaction, respectively.
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in details in other studies [22]. Oscillation wave shape of fingerprint reflects characteristics of complex samples,
and quantitative information is of vital importance for distinguishing and evaluating milk powder. Therefore,
inductive curve, oscillatory curve, oscillatory-end curve and a part of the equilibrium curve constituted the
whole nonlinear chemical fingerprint [22].

3.2. Basic Process of Nonlinear Chemical Fingerprint

Existing studies have reported kinetic and thermodynamic conditions of nonlinear chemical fingerprint, as well
as entropy change laws and expression suitable for describing entropy change rates of any thermodynamic sys-
tem [21]. It was demonstrated that an open system without complementarity of dissipative substances and a
close system far from the equilibrium were suitable for studying nonlinear chemical fingerprint since the chem-
ical reaction was able to be accomplished in a properly short period of time in these systems.

Process of a nonlinear chemical reaction is very complicated and involves oxidation-reduction reaction, pre-
cipitation reaction, neutralization reaction and free radical reaction [21]. Although B-Z oscillatory reaction in-
cludes complex kinetic steps like dozens of elementary reactions [23], its mechanism can be summed into two
main processes of inductive process and oscillatory process [23]. In this study, oscillatory process was explained
by process A, B and C.

Process A:
Br~ +BrO; + 2H" — HBrO, + HOBr 1
HBrO, + Br~ + H* — 2HOBr )
Br +HOBr+H* — H,0 +Br, ®)

Process B:
BrO, + H* + HBrO, — 2BrO; + H,0 4)
H* +Ce* + BrO; — Ce* + HBrO, ®)
2HBrO, — HOBr + H* + BrO; (6)

Process C:
CH,(COOH), + Br, — Br™ +H" + BrCH(COOH), ()
4Ce*" + BrCH(COOH), + 2H,0 — 4Ce*" + HCOOH + Br~ +5H" +2CO, (®)
HOBr + HCOOH — Br™ + H* + H,0+CO, )

B-Z oscillating reaction is initiated by Br~ [23] when the concentration of Br™ in the reaction system is higher
than [Br ], namely, the critical concentration. In process A, Br™ is consumed and Br, is accumulated. With the
reactions prolonging, the concentration of Br~ gradually decreases [16]. When the concentration of Br™ is lower
than [Br]e the whole oscillating reaction is dominated by process B, during which Ce** and HOBr are accu-
mulated. HBrO, is an important intermediate that operates the switch from process B to C. Accumulation of Br,
Ce™ and HOBF initiates process C that regenerates Br~. Then the next new cycle will start as the concentration
of Br™ being accumulated. In this way, process A, B and C move in cycles and form the oscillating reaction.

According to process described above, nonlinear chemical reaction is highly sensitive to foreign substances
such as variation of reactants and components in the medium. Effects of species and their concentrations in reac-
tion system on quantitative information of nonlinear chemical reaction are influenced by many factors. Shape of
nonlinear chemical fingerprint is changed with reaction condition, reactants, products and coexisting substances
in reaction system. When pure milk powder is introduced to “H* + Ce** + BrO; + malonic acid” oscillating
system, quantitative information including inductive time and undulatory period change with the amount of
components in the reaction system. As shown in Table 1. Therefore, nonlinear chemical fingerprint of a sample
is based on various degrees of all coexisting substances in the reaction system other than a single reaction sub-
strate. This accounts for usage of adding a sample into reaction system to obtain its nonlinear chemical finger-
print. However, nonlinear chemical reaction mechanism is also affected by different chemical compositions and
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Table 1. Effects of the dosages of reaction reagents in the reaction system on quantitative information of nonlinear chemical
fingerprint of milk powder.

System Sulfuric acid Ceric ammonium Sodium bromate Malonic acid g T AE,,,
No. (mol/L) sulfate (mol/L) (mol/L) (mol/L) (S) (S) V)

1 0.25 0.10 1.00 0.80 224.29 7.90 0.12

2 1.00 0.10 1.00 0.60 252.30 7.32 0.09

3 1.00 0.01 0.75 0.80 366.90 341 0.04

content in different samples, which may result in the change of entire nonlinear chemical reaction. Sample qual-
ity is thus analyzed and evaluated using the obtained different parameter information and shapes of nonlinear
chemical fingerprint. In the cases of content of a single substance changing and the others remaining constant,
quantitative parameter information (such as inductive time) of nonlinear chemical fingerprint changes indicate
the variational substance content in reaction system.

3.3. Calibration Methods

The proposed method was used to determine urea content in milk powder. Samples of milk powder 1# were
prepared and analyzed as described in the section of “Preparation of samples”. Effects of urea content on nonli-
near chemical fingerprint of milk powder 1# were shown in Figure 2(a), which suggested a positive correlation
between urea content and inductive time of nonlinear chemical fingerprint of the corresponding milk powder.
Furthermore, different first peak time of each fingerprint resulted in different inductive time, which was shown
in Figure 2(b) and Figure 2(c). A linear relationship between inductive time and urea content in milk powder
1# was thus obtained. The method also obtained linearity range for urea in spiked milk powder (0 - 40 mg/qg).
The p-value was 6.15 x 10", which is less than 0.0001, indicating that the curve fitting was highly significant.
The fitted regression equation based on the least square method was given:

t,q =0.1152C + 249.07 (10)

Here t,, represents inductive time and C represents urea content in the corresponding milk powder 1#.

In our study, urea content in milk powder maintained in the range of 0 - 40 mg/g. This is because high urea
content leads to deviation of effects on inductive time of nonlinear chemical fingerprint from the linear relation-
ship in some cases. Quantitative analysis of urea content in different batches of the same brand of milk powder
was determined by usage of the corresponding regression equation, which was firstly established by nonlinear
chemical fingerprint and least square method and then used for calculation of urea content in milk powder. The
established regression equation was only applied as a permanent calibration model for the same brand of milk
powder. Since effects of other substances in milk powder on inductive time of nonlinear chemical fingerprint
were included in the intercept of the linear regression equation, the interference experiment was then omitted. A
limit of detection (LOD) based on the signal-to-noise ratio of 3 in response to blank sample was 7.8 x 10~ mg/g.
Our results showed that the proposed method meet the requirements for detection of urea content in milk powd-
er.

3.4. Recovery of Urea in Milk Powder

In order to evaluate feasibility of the method in detecting urea added in milk powder, recovery was calculated
with samples of milk powder 1# spiked with five different amounts of urea. The proposed method was validated
using GB method and six repeated measurements of each sample were carried out. Urea content in milk powder
1# was calculated by Equation (10), and the result was presented in Table 2. The recovery was 95.41% -
100.75%, confirming that the method could be applied to detection of urea in milk powder and further indicating
that it provided references for evaluation and detection of other components in milk and dairy products.

3.5. Reproducibility and Precision of Nonlinear Chemical Fingerprint of Milk Powder

Reproducibility of nonlinear chemical fingerprint was estimated by measuring the known content of urea in milk
powder 1#. Eight groups of urea of different amounts were selected and repeated eight times each. The precision
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Figure 2. Effects of urea content on nonlinear chemical fingerprints of milk powder 1#. Urea content in milk powder 1# was
1-0mg/g, 2 - 5mg/g, 3 -10 mg/g, 4 - 20 mg/g, 5 - 30 mg/g and 6 - 40 mg/qg, respectively. The first peak for each fingerprint
was indicated by a black arrow. (a): Integral graphics; (b) and (c): Corresponding local graphics.

Table 2. Results of the determination of urea in milk powder 1# (n = 6).

Sample No. Added (mg/g) Expected (mg/g) Found (mg/g) GB Found (mg/g) RSD (%) Recovery (%)
1 0.00 - 1.82 1.83 0.001
2 13.00 14.83 14.15 14.27 0.45 95.41
3 26.00 27.83 28.04 27.52 0.68 100.75
4 32.00 33.83 33.91 33.61 0.16 100.24
5 36.00 37.83 37.30 37.15 0.82 98.60

and reproducibility of the method were evaluated by relative standard deviation (RSD). As observed from Table
3, RSD of all samples was less than or equal to 2.66%, indicating a good reproducibility for different urea con-
tent in milk powder 1#. The results confirmed that the proposed method was of good reproducibility and preci-
sion.

3.6. Validation of Method

To further verify and investigate the feasibility and reliability of the proposed method, milk powder 2# was
added with different amounts of urea. Different species and content of coexisting substances in different brands
of milk powder might lead to differences of quantifiable parameters and nonlinear chemical fingerprint shapes.
Thus, the regression equation might be different for different brands of milk powder. Effects of urea content on
inductive time of nonlinear chemical fingerprint of milk powder 2# were shown in Figure 3. Urea content
showed a linear relationship with inductive time of nonlinear chemical fingerprint in the range of 0 - 40 mg/g.
The fitted regression equation based on the least square method was given:

t,, = 0.4619C + 241.28 (11)

The obtained p-value of 1.37 x 10°° was less than 0.0001, indicating that the curve fitting was significant.
Urea content in milk powder 2# was calculated by Equation (11). The results provided evidences for the applica-
tion of the method in analyzing urea content in different milk powder samples.
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Figure 3. Effects of urea content on nonlinear chemical fingerprints of milk powder 2#. Urea content in milk powder 2# was
1-0mg/g, 2 - 5mg/g, 3 -10 mg/g, 4 - 20 mg/g, 5 - 30 mg/g and 6 - 40 mg/qg, respectively. The first peak for each fingerprint
was indicated by a black arrow. (a): Integral graphics; (b): Corresponding local graphics.

Table 3. Reproducibility of nonlinear chemical fingerprint for urea in milk powder 1# (n = 8).

Sample ID Added (mg/g) Expected (mg/g) Found (mg/g) RSD (%) Recovery (%)
Milk powder No. 1 0.10 1.93 191 0.15 98.96
Milk powder No. 2 0.50 2.33 2.27 0.66 97.42
Milk powder No. 3 18.00 19.83 19.87 0.18 100.20
Milk powder No. 4 22.00 23.93 23.35 0.83 97.58
Milk powder No. 5 24.00 25.93 26.04 1.25 100.42
Milk powder No. 6 28.00 29.93 29.77 0.76 99.47
Milk powder No. 7 35.00 36.93 37.15 2.66 100.60
Milk powder No. 8 38.00 39.93 39.58 0.58 99.12

4. Conclusion

A nonlinear chemical fingerprint method was developed for detection of urea in milk powder. Nonlinear chemi-
cal fingerprint is a kinetic fingerprint based on potential change with time, which is determined by all compo-
nents in milk powder. The proposed method provided a detection limit of 7.8 x 10" mg/g. The results further
provided evidences for the application of nonlinear chemical fingerprint including massive qualitative and quan-
titative information in detection and quantification of urea in milk powder more economically and conveniently.
In the study, nonlinear chemical fingerprint technique was proved to be valuable in detecting urea content in
milk powder. In addition, the method omitted sample pretreatment, such as separation or purification and pro-
vided reference for studies on methods for determination of other components in milk and milk products.
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