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Abstract

Determination of Adulteration in Commercial Fruit Juices
Dissertation Directed by: Dr. William R. LaCourse; Professor, Department of
Toxicology
Food safety and security remains an under investigated forensic problem. The US
Department of Agriculture (USDA) and the Food and Drug Administration (FDA)
examine close to 42 million imports per year, with a mere one percent being tested in a
laboratory. These tests are often laborious, complicated, and time consuming with the
consequence of economically motivated adulteration (EMA) products entering the
consumer marketplace. EMA Is estimated by the Grocery Manufacturers Association to
cost from $10-$15 billion per year, much of which is passed directly to the consumer.
Fruit juice adulteration occurs when a more expensive product is diluted with a less
expensive juice for an economic advantage. Açai juice is made from the berries of the
açai palm, and is a major cash crop in the Amazon River region of South America. Due
to the fragile nature of these berries, the expensive processing to create the juice, and the
high importation costs, açai juice remains a target for adulteration by unscrupulous
suppliers. The juice of these berries has a unique organic acid profile, which imparts the
tartness of flavor and stability to the juice. This research uses high performance anion
exchange chromatography followed by suppressed conductivity detection to profile the
organic acids as a means to detect product authenticity. The linear range of this method
spanned 0.2 μg/mL to 100 μg/mL for the nine investigated organic acids. The limit of
detection for this assay was 0.1 μg/mL with a limit of quantitation of 0.2 μg/mL. Novel
aspects of this research include the use of relative retention times to improve

reproducibility, high throughput, and little to no sample preparation. This method allows
for the establishment of the organic acid profile of açai juice as well as other juices. It
also allows for the determination of the single strength, mixed juice, and adulterated
juices. Importantly, this work can be expanded into other juices. The forensic utility of
this method is highlighted by the successful determination of adulteration in a two juice
blend.
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SPECIFIC AIMS
Food security and protection remains the most highly regulated issue in the
United States today. Historically, food and beverage safety came to the forefront in U.S.
society in the late 19th and early 20th century with the publication of “The Jungle” by
Upton Sinclair [1]. With the food supply chain in the U.S. becoming more dependent on
foreign entities to supply fresh fruits and vegetables; food protection remains a priority,
and has lead to the passage of the Food Safety Modernization Act of 2011 [2]. The U.S.
Department of Agriculture (USDA) and the Food and Drug Administration (FDA)
examine approximately 42 million food and beverage imports per year, with only 1% are
laboratory tested for authenticity because of the laborious, complicated and time
consuming nature of laboratory testing [3].
Lack of testing for product authenticity has resulted in a rise in economically
motivated adulteration (EMA) in a wide variety of products.

EMA involves the

substitution of cheaper ingredients for those of higher value and quality. EMA is
estimated by the Grocery Manufacturer’s Association (GMA) to cost $10-$15 billion per
year in grocery cost increases, with this cost directly affecting consumers [4]. Court cases
for fraudulent fruit juices including $45 million awarded in an adulterated pomegranate
case, to $57 million for an adulterated orange juice case (Pom Wonderful LLC v. Purely
Juice, Inc., 2008 U.S. Dist. LEXIS 55426 (C.D. Ca. 2008); United States v. Beech-Nut
Nutrition Corp., 871 F.2d 1181 (2nd Cir. 1989); United States v. Mays, 77 F.3d 906 (6th
Cir. 1996)). It is these reasons which warrant a more efficient, timely way of testing
commercial fruit juices which are imported into the United States.
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Açai juice is made of the berry from the açai palm and is a major cash crop of the
Amazon River region of South America. Due to the fragile nature of açai berries, as well
as the expensive processing, and high importation costs, açai juice is a prime target for
unscrupulous suppliers. Thus, laboratory testing of açai juice remains important to thwart
EMA. The juice of açai berries as well as other juices has a unique organic acid profile
which imparts the distinctive tartness, stability, and flavor of that particular juice.
Analyzing this organic acid profile is one means to determine juice authenticity.
This research surpasses existing literature by improving the current anion
exchange chromatography with suppressed conductivity detection (HPAEC-CD)
methodologies to determine organic acids in suspect juices. This research also improves
inter-day precision with the incorporation of a relative retention time approach. This
method also identifies specific organic acids and anionic components in juice without the
need for sample preparation.
The goal of this thesis is to develop an analytical method to determine the authenticity
of commercially available açai juices using a novel profiling system based on organic
acid content. This was accomplished with the following specific aims:
1. The development of an analytical method to separate and detect organic acids in
juices using high performance anion exchange chromatography coupled with
suppressed conductivity detection.
2. Characterization of commercially available fruit juices by profiling selected
organic acids such as lactic, quinic, malic, tartaric, maleic, oxalic, citric, and
isocitric acids.
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3. Validation of the developed method to identify adulterated açai juice through
comparison of organic acid profiles of single strength pure juices.
4. Assay locally purchased juice products to determine if adulteration has occurred.
These aims achieve the goal of optimizing and validating the analytical method for
determining the authenticity of açai juice based solely on the organic acid content.
Various anions such as chloride are naturally within commercially available fruit juices.
This could be because additional water is added to the juice as a diluent [5]. While these
anions will be present in the chromatographic method; it is as a qualitative and not
quantitative capacity.
SIGNIFICANCE
With the recent enactment of the Federal Food Safety Modernization Act, the
U.S. FDA has more power to enforce food regulation than ever [6, 7]. The FDA is in
urgent need of efficient methods of analysis for a variety of food stuffs and beverages to
preserve the integrity of our food supplies. This research involved the development and
validation of an analytical method to screen juices for evidence of adulteration in a timely
and cost effective manner.

3

CHAPTER 1. BACKGROUND AND INTRODUCTION
BACKGROUND
Authenticity is defined in Webster’s Dictionary as “ of undisputed origin, or to be
genuine” [8]. For fruit juice, authenticity involves verifying that a juice contains the juice
(or juices) listed on the product label. A typical U.S. family may spend approximately
$300/year on fruit juice according to the United States Economic Research Service [9].
Due to the increased popularity and high price of some exotic red and darker juices,
authenticity remains an important issue for the fruit juice market world-wide. Primary
authenticity issues arise from the adulteration of 100% juice with less costly alternatives
to decrease costs during production. In red and darker juices, adulteration can involve the
addition of water, sugar, or other juices that are less expensive to produce causing the
dilution of the original juice without changing the taste. This research will emphasize the
latter by basing the method on possible changes caused by adulteration in the organic
acid content. These organic acids influence the stability, nutrition, and flavor of each
juice and determines whether juices are of acceptable quality[10, 11].
1.1 Adulteration Studies
Adulteration research centers on three distinct forms of adulteration:
1. Adulteration with sugars of one or more different types;
2. Adulteration with other fruit juices that are less expensive or more easily
processed;
3. Adulteration by dilution.
While all of these areas are important, the methods examine juice as a whole without
identifying the individual chemical components that determine the characteristics of the
4

particular juice in question. In addition to organic acids, total titratable acidity is an
important factor when determining authenticity. When the chemical components are
investigated, they are also compared to one another (e.g. Citric acid content and total
acidity) to establish unique profiles of a variety of fruit juice components. The Technical
Committee on Juice and Juice Products (TCJJP) maintains a detailed database of a
variety of different properties for fruits and juices from around the world[12]. TCJJP is
an international committee of juice producers, testers, and regulatory institutions that
work towards a “level playing field” for juice products and also interacts directly with the
Association of Official Analytical Chemists to continually update methods to authenticate
and test juice and juice products.
Although it is essential to report how other adulteration studies have been
performed, it is also important to emphasize that this is the first report of an analysis
using one property of a juice to not only determine if it is “pure” at its single strength or
not; but also to chemically characterize lesser known juices. For identification purposes,
this testing will help ensure the nutritional quality of the juice given to the consumer.
1.2 Existing Methods for Detecting Adulteration
Adulteration has been detected using a variety of methods with various separation
and detection systems. Many of these methodologies were initially developed because of
the concern of economically motivated adulteration (EMA) of citric juices. Citric acid
containing juices include orange, tangerine, grapefruit, and a wide variety of other juices,
such as acerola, which has just been deemed a “super fruit” juice due to its higher than
average vitamin C content [13]. These methods include mass spectrometric methods,
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reversed phase chromatography,

gas chromatography,

and atomic absorption

spectroscopy [14-17].
Isotope ratio mass spectrometry methods examine different ratios:
18

O/16O, and 2H/1H.

13

C/12C,

Carbon stable ratios are a measurement of which form of

photosynthesis is performed by a plant. Either the carboxylation of ribulose bisphosphate
or phosphoenolpyruvate occurs, depending on whether the plant utilizes the C3 or C4
carbon cycle [18]. C3 plants have more similar

13

C ratios to surface carbon dioxide,

reflecting the fixation of carbon dioxide to ribulose bisphosphate by ribulouse
bisphosphate carboxylase. Fractionation also occurs extensively in C3 plants, decreasing
the ratio value. This differs from C4 plants which have elevated 13C ratios in comparison
to atmospheric carbon, because carbon dioxide is fixated to phosphoenolpyruvate to form
oxaloacetic acid through the action of phosphoenolpyruvate carboxylase. Little
fractionation occurs during this process of carbon dioxide fixation, accounting for the
larger

13

C ratio [19]. These pathways determine how plants generate sugar, making

isotope ratio mass spectrometry a valuable tool for determining adulteration achieved by
the addition of sugar from a different plant source. In particular, this technique is
important in determining adulteration in orange juice and other citric varieties[19].
Oxygen stable ratios are used to determine differences between natural
groundwater used by the plant versus water from other sources. Changes in the hydrogen
and deuterium stable ratios have also been used to determine if the addition of water is
detected; especially in cases where the price of reconstituted juice is less than that of a
fresh juice. While this ratio determination is often done with mass spectrometry, the
hydrogen/deuterium ratio is also often measured using nuclear magnetic resonance

6

(NMR) spectrometry to avoid the additional sample preparation that is needed for isotope
ratio mass spectrometry[20].
Inductively coupled plasma atomic emission spectrometry has been used
previously as an indicator of the concentrations of trace metals that are present in
different juices. This analysis establishes an important profile that can be used not only to
determine if the juice is at a single strength or “pure” level but also if it has been diluted
with water, or other ingredients such as beet sugars.
As was stated previously, much of the method development that has been
discussed occurred for the purpose of testing citric juices; making it difficult to adopt
these methods to red and darker juices which are the focus of investigation in this
thesis[21].
Ultraviolet-visible (UV-Vis) and fluorescence spectrophotometry has also been
used to produce profiles that can be used to determine authenticity in a wide variety of
juices and wines. This test is known as the Petrus test, and while efficient in the
determination of adulteration, it does not provide information on how the juice has been
manipulated. A change in a spectrophotometric profile is not sufficient to determine that
a change in the juice has been determined, as there needs to be a visible and quantifiable
difference between both the UV-Vis and the fluorescence profiles. [16].
With the added regulatory emphasis on adulteration because of the passage of the
Food Safety Modernization Act, the development of methods to characterize juice
components become more important as cost effective measures of testing become more
necessary.
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1.3 Target Analytes
Organic acids in juices range in concentration from trace amounts to being
plentiful depending on the juice of interest [22]. As seen in Table 1, a wide variety of
organic acids have been characterized in common juices.
Juice (ppm)
Apple

Malic
Acid
2000

Tartaric
Acid

Citric
Acid
200

Isocitric
Acid

50008000

8.1
5 mg

Lactic
Acid
0.5

Quinic
Acid
0.09%

Blackberry

10002000

Sour Cherry

18

Trace

300

Sweet
Cherry
Cranberry

7.3-11.1

Trace

100-150

47

6.6-10.2

8.3-13.9

Grape

160013,360

Raspberry

8

Plum

2940

Pomegranate

1.39

77709100
39006900

Trace
10-30

Not
Detected
0.5

Sorbic
Acid
1.1-2.1

8-223

Oxalic
Acid
3-7
124
47

15-388
50-481

Not
Detected
2.82

0.4

150
2140

trace

0.38

Table 1: Common juices and their organic acid profiles in comparison to açai juice[11, 23].

The organic acids that were investigated in this research include lactic, quinic,
malic, tartaric, maleic, oxalic, citric, and isocitric acids. These acids were chosen due to
their prominent concentrations in many established organic acid profiles [11].
Additionally, inorganic anions such as chloride were investigated to contribute to the
overall profile of the juice. While chloride was determined to be present in the analysis, it
was a qualitative value to the test being developed.
Organic acids were chosen for characterization because of their presence in each
fruit in question. These selected acids are present as components in plant specific
metabolic pathways (e.g. C3, C4, and Crussealean pathways) as well as more common
pathways such as the shikimic acid pathway, glycolysis, and the Krebs or citric acid cycle
8

[24]. While this poses additional challenges because every plant contains various
concentrations of these acid species, more stringent requirements placed on
manufacturers will allow for distinctive characterization, such as distinguishing between
juices made from Washington State apples, as opposed to juice made of apples from
Massachusetts. The acid dissociation constants or pKas of the organic acids range from
1.83 to 6.4; making the acids good candidates for ionization, and allowing for a good
separation on an anion exchange chromatography column.
1.4 Açai
Açai is a multi-stemmed monoecious palm that grows berries that are green
clusters immaturely and ripen to a deep purplish blue. The berries are the size of a grape
depending on the species, and have a large seed that represents 80-95% of the volume of
the fruit. There are two predominant species of açai; e. oleracea and e. precatoria. E.
oleracea dominates the juice market as well as what is currently documented in the
literature [25-28]. The açai palm is indigenous to the Amazon River region, and is a
popular traditional fruit. It has been used in the northern regions of Brazil as an analgesic,
an anti-diarrheal agent, and the rind of the fruit has been used to treat skin ulcers [25].
The popularity of this juice was only strengthened in 2004 when Oprah Winfrey
reported the potential health and anti-aging benefits of the açai berry. This prompted
literature reporting the phytochemical structure, stability, and pharmacological uses of
açai. Açai pulp has high protein content similar to the amount found in cow milk. Açai
pulp contains large amounts of calcium, vitamin A, with the most notable components
being large quantities of anti-oxidants and polyphenols present in the pulp and juice[29].
While Winfrey never endorsed these proposed health benefits publically, many studies
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afterwards confirmed some health benefits of açai whether the pulp or the juice [25].
These studies showed a variety of health benefits of açai, whether the fruit pulp or the
juice. The anthocyanins were investigated by Del Pozo-Insfran et al. found that the
anthocyanins were the contributing factor of the anti-oxidant capacity of açai as measured
by an oxygen radical absorbance capacity test (ORAC) [26]. The amount of antioxidant
capacity and anthocyanin concentration was also found to be higher than many red or
darker berries including strawberries, raspberries, blackberries, and cranberries [26].
Inhibition of COX-1 and COX-2 pathways was found, but only at higher concentrations
(6.96 and 12.5 mg/mL IC50) [27]. Açai has been shown to have activity against
lipopolysaccharide (LPS) and reduces chemotherapeutic genotoxicity in normal cells
[25]. While many of these results were later proven invalid [25], it has yet to deter the
popularity of açai and açai based products.
The internet revolutionized the açai market.

Literature provided extensive

information on the pharmacological and physiological benefits of açai juice prompting an
economic supply and demand response. Current prices for açai juice range locally from
$2.99 to $5.99 for a 500 mL bottle to up to $50 on the internet. Açai has created a
lucrative environment in the juice market that has not gone unnoticed by unscrupulous
suppliers who practice EMA. This emphasizes the importance of developing new and
simpler ways to determine authenticity in açai juice preventing misrepresentation on juice
labels.
1.5 Existing Methods
Previous methods to detect organic acids in juice include enzymatic analyses,
capillary

isotachophoresis

(CITP),

reversed

10

phase

high

performance

liquid

chromatography (RP-HPLC), ion exclusion and ion exchange separations conjugated to a
wide variety of detectors. CITP is affected by a wide variety of interferences, as well as
being limited in the number of organic acids that can be analyzed. These limitations
affect the number of juices that can be successfully analyzed [30]. HPLC methods
coupled with different detectors such as ultraviolet (UV) or refractive index (RI) are
acceptable for a large variety of organic acids, but these techniques need extensive
sample preparation to prevent the interferences caused by the color rich anthocyanin
content in these juices. Reversed phase HPLC UV and RI does not allow for the
separation and detection of minor organic acids in the profile without additional sample
preparation. Ideally, it would be necessary to add an ion-pairing reagent to the mobile
phase as well [31]. Also, refractive indices of some organic acids overlap with the
indices of common sugars like fructose. Refractive index is also directly affected by
slight changes in the mobile phase, preventing the successful detection of a wide variety
of organic acids [32].
Ion exchange chromatography, specifically anion exchange chromatography
coupled with suppressed conductivity detection allows for the separation of all the
organic acids of interest, depending on the column chosen for the investigation. Previous
work used high performance anion exchange chromatography coupled with suppressed
conductivity detection (HPAEC-CD), but because of problems with the separation,
organic solvents were needed to ensure that all acids were separated efficiently [33].
Chemical suppression adds another level of complexity to ion exchange chromatography
with conductivity detection. Two different methods either recycle or external water mode
can be used. External water mode allows the use of organic solvents, such as was
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previously discussed. This increases the chemical waste that can be accumulated. Using
recycle mode, the water needed in the suppression is recycled through the suppression
system, and reused as a regenerant after being used as an eluent in the electrochemical
cell [34]. This allows a cleaner, more environmentally conscious form of chemistry.
HPAEC-CD allows for rapid sample analysis by eliminating time consuming
enzymatic assays and rigorous sample preparation for the sensitive and selective
detection of organic acids. Using suppression in recycle mode allows for a more
environmentally friendly method of analysis, accumulating less organic waste.
The standard method used in the fruit juice industry was developed by the
Association of Official Analytical Chemists (AOAC) and is listed as method 986.13.
Due to difficulties in successfully separating quinic acid, two C-18 reversed phase
columns are used in tandem, followed by an ODS-10 hydrophobic column. A phosphate
buffer at a low flow rate is used. UV detection is used but at a low wavelength (214 nm),
and the method is limited because of interferences caused by anthocyanins and
polyphenols in red and darker juices such as açai. Sample preparation involves a solid
phase extraction (SPE) to remove the soluble solids associated with each juice being
analyzed [35]. The sample preparation does not remove much of the anthocyanin and
polyphenol pigment concentration which can contribute to error in the UV detection. SPE
propagates the error associated with the analysis as well as making the method time
consuming. The time consuming nature of this analysis dictates the need for different
methods for separation and detection of organic acids that are efficient, timely, and if
possible, environmentally friendly.
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1.6 High Performance Anion Exchange Chromatography Coupled with Suppressed
Conductivity Detection
HPAEC-CD is a well known technique that has been applied for the successful
separation and detection of a variety of compounds including organic and inorganic
anions, nucleic acids, proteins, carbohydrates, and in this case organic acids [32].
Selectivity in anion exchange chromatography is primarily based on electronic charge of
the analyte in question. For molecules containing the same charge group and/or similar
molecular weights the size and shape of the hydrated ion must be considered. Steric
hindrance must also be considered, especially for isocitric, malic, and citric acids. While
these acids still undergo hydration, it will not affect every hydroxyl group on the
molecule sterically [36]. Anion exchange chromatography was chosen as the separation
technique for this research because it incorporates a stationary phase specifically
designed for the determination of organic acids.
Conductivity detection is classified as non-suppressed or suppressed. This
detection is chosen for its high selectivity, universality, and its efficient response to
concentration changes of analytes [32, 36]. Non-suppressed conductivity detection
requires a low capacity anion exchange resin, an eluent with low ionic concentration and
thereby low conductance, and an eluent ion having a lower conductance than the analyte
of interest [36]. This specific project took advantage of suppressed conductivity detection
to reduce background conductance. The large background current generated by a
hydroxide mobile phase is virtually eliminated using suppression, with hydrogen ions
neutralizing the basic eluent [34].
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Figure 1. Recycle mode chemical suppression [34].

Analyte signal is enhanced with the exchange of sodium ions with hydronium
ions allowing for higher conductance. This method has been used previously to
characterize a wide variety of juices including citrus juices and some varieties of red
juices [37-41]. It has also been used to determine the authenticity of wines [42]. This
research expands upon previous applications by determining the organic acids present in
unknown juices as well as determining any distinguishable organic acid profile patterns.
This research will also allow for the development of a profiling system which will allow
for the accurate, rapid, and effective determination of juice combinations and label
authentication without time-consuming protocols.
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CHAPTER 2: MATERIALS AND METHODS
2.1 Introduction
This chapter describes the standards, materials, and experimental approach that
were used in the development of a high performance anion exchange chromatography
coupled with suppressed conductivity detection method for identifying adulteration in red
and dark fruit juices. The figures of merit and additional details of the method
development will be presented in Chapter 3.
2.2 Standards
Standards for lactic, isocitric, and 1,3,5-cyclohexanetricarboxylic acids were
purchased from Sigma-Aldrich (St. Louis, MO). Quinic, malic, maleic, and citric acid
standards were purchased from Fisher Scientific, Inc (Pittsburgh, PA). Tartaric,
cyclohexanoic, and cyclohexanedicarboxylic acids were all purchased from Acros
Organics, distributed through Fisher Scientific. A standard for phthalic anhydride as well
as the 50% sodium hydroxide solution which was diluted to prepare the mobile phase
were purchased from JT Baker (Philipsburg, NJ).
2.3 Preparation of Solutions
The mobile phase for this assay was prepared using two liters of double deionized distilled water at 18 MΩ, prepared using a Millipore filtration system
(Billireca,MA). A 50% sodium hydroxide (NaOH) solution was diluted with double
deionized water to the approximate concentration of 0.1 M NaOH and used as the mobile
phase in conjunction with double deionized water. Special attention was paid to reducing
the level of carbonate in the mobile phase. Carbonate is a natural contaminant produced
from the interaction of carbon dioxide and oxygen with the sodium hydroxide. There are

15

small concentrations of carbonate present in sodium hydroxide but is accentuated if care
is not taken to reduce the amount of exposure the mobile phase has to oxygen [43]. The
mobile phase once prepared is kept under nitrogen gas to keep the amount of oxygen
exposure low.
Stock standard solutions were prepared weekly at

concentrations of

approximately 1000 µg/mL. Stock solutions were then serially diluted to obtain the
working standards at the concentrations needed for each specific organic acid. Some
standard

solutions,

such

as

those

for

the

cyclohexanoic

and

1,3,5

cyclohexanetricarboxylic acids, were prepared more often due to their extensive use.
The working standards were used to calibrate the instrumentation at least three
times during the method development process. This was to ensure that the
instrumentation responded consistently through the linear range throughout the
development process. Standards were not run during each injection to save resources.
Samples that were used for mass spectrometric analysis were diluted in 100 mM
ammonium acetate from Fluka Chemicals which is distributed through Sigma-Aldrich
(St. Louis, MO). The samples were diluted to a final concentration of 0.1 mg/mL.
2.4 Instrumentation
A GP-40 four solvent pump was connected to an AS-11 HC column which was
preceded by an AG-11 guard column via a GM-3 gradient mixer. The AS-11 HC column
was followed by an ASRS-1 anion suppressor which was used in recycle mode.
Following the suppressor, the conductivity cell was housed in a DS-3 thermistor, used to
stabilize the temperature within the cell. The plumbing proceeded into the ED-40
conductivity detector where the data were integrated and then stored in a Hewlett Packard
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386 PC computer. All other components of the instrumentation were supplied by Dionex,
Inc (Sunnyvale, CA) as seen in figure 2.

Figure 2. Diagram of instrumental setup [34, 44].

The solvent flow rate was 1.0 mL/min. The gradient that was used initially
increased the ionic strength of the mobile phase from 10 mM NaOH, and then in a
stepwise fashion the ionic strength increased the ionic strength to 20mM NaOH and then
to 40 mM NaOH as seen in figure 3.
Figure 3. Ionic Strength Gradient
Conditions.

Some method development was done with a Bruker (Billerica, MA) Apex IV
Fourier Transform Ion Cyclotron Resonance (FT-ICR) equipped with a 12 T magnet. The
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FT-ICR was run with a micro-electrospray ionization source in negative mode at 10
µL/minute infused. The capillary voltage was +3500 V, with a spray shield of +3000 V, a
nebulizer set at 1.0L/minute and a capillary exit of -300V.
2.5 Juices
Three different varieties of açai juice were purchased from local grocery and
organic stores. Sambazon® açai pureé (San Clemente, CA) was used as the standard açai
juice, as it was the purest juice available in the Mid-Atlantic states. Bossanova® açai
juice (Los Angeles, CA) was initially tested as the standard juice but was dismissed due
to the large amount of added isocitric acid and also because it was processed from
concentrate. The third brand of juice that was used in this work was Zola® açai juice
pureé (San Francisco, CA). PomWonderful® pomegranate juice (Los Angeles, CA),
Minute Maid® apple juice (Atlanta, GA), Apple and Eve® organic apple juice (Apopka,
FL), Simply Apple® apple juice (Apopka, FL) and Welch’s® grape juice (Concord, MA)
were analyzed in this study as suspect juices that could be used to adulterate açai juice
without changing the taste.
Preparation of juice for analysis: Aliquots of clear juices were double filtered using a
polyethelyene sulfonate (PES) 0.2 µm filter (Millipore, Billerica, MA). Juices that had
added puree and smoothie characteristics were initially centrifuged at 6,340 rpm for 30
minutes, in a Beckman Coulter centrifuge (Brea, CA). This separated the contents of the
pureé into three distinct layers: a top layer of açai oil, a middle layer of açai juice, and
finally the bottom layer of peel, fat, fiber, and other soluble solids of the açai berry. The
central layer of açai juice was carefully removed with a Pasteur Pipet (Fisher Scientific,
Pittsburgh PA), double filtered using a PES 0.2 µm filter and finally diluted.
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Dilution studies were conducted to determine which dilution would allow for the
maximum number of organic acids within the linear range without affecting the
chromatographic figures of merit. These studies were based on the most prominent acid
in the juice profile in question and an asymmetry factor was determined to ensure that the
separation was the most efficient. Large amounts of peak tailing or fronting was an
indication of overloading the column above the linear range. The final dilution factor was
1:25 for all the juices investigated, chosen because it provided the most efficient response
for all the organic acids involved, while not increasing background noise or losing
efficiency within the column.
Blind studies conducted to ensure the accuracy of pure juice profiles used juice
that was purchased at a local grocery or organic food markets. A sample of the juice was
transferred to a glass vial which was either centrifuged 30 minutes then filtered twice
with a 0.2 µm PES filter, or immediately filtered twice and analyzed. Once the accuracy
and precision of the analysis for the single strength juices were established, mixing
studies were conducted to ensure that adulteration could be detected.
Mixed organic acid profiles were tested at two distinct concentrations to
determine if adulteration could be detected. The first was a 50:50 dilution of açai juice
with a specific adulterant, and the other was 90:10 with açai being 90% of the volume,
and the adulterant being 10% of the volume. Authors and coworkers have reported that
adulteration would not be less than 10% since there would be no significant economic
gain at less than 10% adulteration.
Organic acid profiles were also determined for juices both before and after the
sell-by date marked on their containers to determine whether organic acid profiles change
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over time under recommended storage conditions. Most juices in the marketplace have a
sell-by date which is largely accepted by the public as an expiration date. We tested the
hypothesis that organic acid profiles could be an indicator of the freshness of juice. This
was determined by a method similar to that used for the adulteration studies. Standard
deviations and percent relative standard deviations were used to compare single strength
profiles and to determine if organic acid concentrations were significantly different.
2.6 Statistics
Statistical analyses were conducted in three ways to determine the validity of
results of the method development. Early in the method development process, linear
regression was used to determine the linear and dynamic range of the analysis, as well as
the calibration parameters of the analysis. Then, as initial single strength studies were
being conducted, standard deviations and percent relative standard deviations were used
to determine if there were statistical differences between lots of juices or between
different brands of juice. Finally, Dixon’s Q test [45] was used to determine if outliers
were present both in the single strength and mixed juice profiling studies.

20

CHAPTER 3: METHOD DEVELOPMENT
3.1 Introduction
Method development for the separation and detection of organic acids has used a
wide variety of techniques to more effectively determine organic acids in a variety of
fruits, vegetables, juices, and other products for industrial uses. As was stated previously,
capillary electrophoresis, HPLC, as well as GC methods have been used in the
determination of organic acids [33, 41, 46-50]. The U.S. FDA takes into account
important characteristics for bio-analytical validation of new methods such as what will
be laid out in this chapter.
While a full method validation is not necessary for this specific application,
method characteristics that need to be determined include selectivity, accuracy, precision,
dynamic and linear ranges, as well as stability. While recovery was not emphasized in
this research, it will be discussed in the next chapter as it relates to the pure single
strength juice profiles. Previous methods that have addressed these Analytical Figures of
Merit are efficient, simple, but not without difficulties. This allows for more development
for increased ease of use in an efficient, easy, HPAEC-CD method [51].
The predominant method used to determine organic acids in red and darker juices
is the Association of Official Analytical Chemists (AOAC) method 986.13. This method
while effective has a variety of issues associated with it [35]. The method uses two
reversed phase columns in tandem in an aqueous mobile phase. While it offers an
effective separation and detection using UV detection, the method has several limitations.
The method requires significant sample preparation including a Bio-rex solid phase
extraction (SPE) resin, rinsing, filtration followed by elution with sulfuric acid. The
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eluate then passes through an activated C18 mini-column before being filtered again and
finally injected into the LC system. This pre-treatment decreases sample recovery as well
as makes the method time consuming [52]. The opportunity exists for improved methods
to separate and detect organic acids using other techniques.
Masson published a method using HPAEC-CD with suppression. This method
used suppression in external water mode to allow for the use of organic solvents in the
mobile phase so selectivity is increased between particular organic acids. While the
increased selectivity occurred, increased detection limits and increased processing time
also accompanied the increased selectivity. Using HPAEC-CD with a suppressor in
recycle mode, allows the water generated by the suppressor to be passed through the
conductivity cell and then be used again as the regenerant in the suppressor. The method
designed by Masson determined only select organic acids; not for any organic acid that
may be present in either juice or wine [33]. Increasing the capacity of the column used in
the method increases the amount of organic acids that can be analyzed. Increasing the
amount of organic acids allows for their profiling which opens up a wide variety of
forensic uses to prevent adulteration.
This chapter will investigate the various aspects of method development including
the development of the separation, the analytical figures of merit, quantitative and
calibration parameters, selectivity, sensitivity, as well as answer questions about
reproducibility issues that have plagued organic acid methods in the past.
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3.2 Separation
Chromatographic parameters were developed using standards of the organic acids
in question. Separation characteristics that were investigated include asymmetry, capacity
factor, plate count, and specificity between analytes that elute within close proximity to
one another. The column selected based on a literature review was the Dionex AS-11HC
column. The AS-11 is a hydroxide selective polymeric resin, specifically designed for the
separation of organic acids [44]. The high capacity column was used in place of the
regular AS-11 column permitting a greater variety of organic acids for separation and
detection allowing for a more complete organic acid profile. This choice was confirmed
by injecting diluted aliquots of açai juice to determine how many peaks were seen.
Once the column was chosen, the mode of elution, whether gradient or isocratic
was determined with the goal of achieving timely analyses. Each organic acid was
analyzed to determine its best mode of elution within the mixture. Due to the mono-, di-,
and trivalent nature of these analytes, a gradient elution of increasing ionic strength in a
stepwise fashion was selected as the best mode for timely analyses.
The sodium hydroxide (NaOH) gradient was optimized with respect to the
isocitric acid elution time because it was the latest eluting acid. The initially developed
gradient ionic concentration ranged from 10 mM NaOH to 40 mM NaOH producing
asymmetry values at 10% ranging from 1.13 to 1.57. Also, close elution with a lack of
selectivity occurred in the divalent acids (malic, tartaric, maleic, and oxalic acids). The
application of a shallower gradient from 20mM NaOH to 40 mM NaOH (as seen in
figure 3) resulted in a better separation. The shallow gradient was created with two

23

ramping stages, one for five minutes between 10 and 20 mM NaOH and another
shallower between 20 and 40 mM NaOH.
Carbonate as was stated in chapter 2, is present in virtually every sodium
hydroxide mobile phase because of atmospheric contamination of carbon dioxide and
oxygen. The build-up of carbonate increases background noise affecting the analysis by
increasing the baseline. While eluent generation reduces the effect that carbonate has on
the analysis, older instrumentation such as what is being used in this research may not
always be compatible [53].

This often makes eluent generation impossible for the

everyday forensic or food safety laboratory which uses instrumentation for a variety of
tasks. So, to decrease the effect carbonate has on the analysis; a five minute pulse of 100
mM NaOH was added at the beginning of each analysis. This acted as a cleaning pulse to
remove carbonate and other contaminants that may have accumulated on the column.
Also, a blank was run daily, and analyses were subtracted from that background.
Nine candidate organic acids were selected as potential components to be found in
the juice profiles. Succinic acid, an initial organic acid candidate and malic acids were
shown to co-elute [54]. After a literature review, succinic acid was eliminated, despite it
being a component of the citric acid cycle because it was not present above residual
levels in previously published literature [11]. Sorbic acid which was also initially
proposed as a candidate organic acid was also eliminated because its use is
predominantly as a preservative [49].
This left seven organic acids for inclusion into this study: lactic, quinic, malic,
tartaric, maleic, citric, and isocitric acids. These acids can be categorized as mono-, di-,
and trivalent varieties (Monovalent: Lactic and Quinic acids, Divalent: Malic, Tartaric,

24

Maleic, and Oxalic; Trivalent: Citric and Isocitric Acids). Chloride was also added as a
qualitative marker. As a key nutrient in soil for plant growth; chloride was analyzed as a
determining factor of whether dilution of pure juice was with water versus water
naturally contained within the fruit itself [55]. Chloride, a regulator of gas exchange in
the stomata of plants, is well below residual amounts in fruit juices being present in the
leaves of many plants; and not the seed or fruit itself [56]. While chloride was detected
and quantified initially in all the juices excluding one certified organic by the USDA.
Chloride detected was not quantified in any of the remaining method development studies
but was visible in many of the juice profiles.
Chromatographic figures of merit were calculated to determine the efficiency of
the separation as seen in table 2. While many of the capacity factors offer good results,
lactic and quinic acids showed capacity factors less than one, meaning elution was often
so fast, accuracy suffered [57]. While citric and isocitric acids are greater than five, the
separation was acceptable to keep the total elution of all analytes less than one hour. It
also allows some change for other acids that were not characterized to be eluted. Plate
count was also calculated as a measure of column efficiency. Increased plate counts
designate increased column efficiency, as is seen with the calculated N of isocitric acid.
Asymmetry measure the consistency of the Gaussian shape of chromatographic peaks.
The ideal range of this factor is 1.0-2.0 with the ideal being approximately 1.5 [57]. In
complex mixtures, this range can be extended to be as high as five, ideal for all the
analytes present in table 2. Selectivity was calculated for analytes to determine if baseline
resolution for analytes with similar retention times. Malic and tartaric acid showed
baseline resolution, as well as citric and isocitric acids.
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Acid

Quinic (2)

Maleic (6)

Oxalic (7)

k'

0.04 ± 0.8

3.6 ± 0.01

4.2 ± 0.03

N

2.2 ± 4.2

1293 ± 62

1062 ± 26

Asymmetry

1.4 ± 0.3

1.3 ± 0.1

1.7 ± 0.1

Tailing

1.25 ± 0.2

1.15 ± 0.03

1.35 ± 0.03

Acid

Malic (4)

Tartaric (5)

Citric (8)

Isocitric (9)

k'

2.83 ± 0.01

3.15 ± 0.01

9 ± 00

9.60 ± 0.03

N

735 ± 37

852.52 ± 42

4481 ± 445

6510.6 ± 42

α
(selectivity)

1.110 ± 0.001

0.9 ± 0.000

1.0 ± 0.1

1.0 ± 0.1

Asymmetry

1.23 ± 0.1

1.2 ± 0.1

1.9 ± 0.2

1.6 ± 0.05

1.5 ± 0.1

1.3 ± 0.03

Tailing
1.13 ± 0.02
1.1 ± 0.04
Table 2. Chromatographic figures of merit.

3.3 Retention Time and Internal Standards
Due to changes that occur with the column during day-to-day use, slight
variations occur in the retention time of analytes as seen in figure 4. The day-to-day
variability did not affect the intra-day precision studies which were analyzed at least five
consecutive times as seen in figure 5.

Figure 4. The blown up chromatogram of 1,3,5-cyclohexanetricarboxylic acid, citric, and isocitric
acids to demonstrate the need for retention time standards.
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Figure 5. 1: Lactic Acid, 2. Quinic Acid, 3. Cyclohexanecarboxylic acid, 4. Malic Acid, 5. Tartaric
Acid, 6. Maleic Acid, 7. Oxalic Acid, 8. Citric Acid, 9. Isocitric Acid

These slight shifts are often caused by everyday use and the dynamic nature of the
mobile and stationary phases. These changes cannot be prevented but the error caused is
compensated for by the inclusion of internal standards.
Also, the inclusion of internal standards increase the precision of the analysis by
taking into account error associated with sample injection, as well as aiding the
determination of the sensitivity of the analysis. A retention time ladder has been
incorporated into ion exchange chromatography previously for the determination of
glycan size post-translationally on a protein. This allowed the researcher to determine the
glycan size visually on the chromatogram without the need for quantitation [58]. Adding
another internal standard allows for a similar “ladder” to be constructed, in this case
being used to identify organic acids not only by their respective adjusted retention time
but also by their position between the two “rungs” of the ladder.
An ideal internal standard is a compound that is different from the analyte or
analytes in question, that is added to the unknown sample. The signal from the internal
standard is compared to the signal of the analyte to find out how much analyte is present.
Internal standards are also useful when there are slight variations from run to run in the
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chromatography as well as if there is a chance that sample loss might occur during
sample preparation[59]. In choosing proper internal standards so that a retention time
ladder could be constructed it is important that an internal standard successfully elute
both early and late in the analysis [60].
It is important to remember specific characteristics of how the separation takes
place when choosing internal standards. Ion chromatography is based not only on charge,
but also on the dissociation constant of the analyte in question, polarity, and the hydration
size of the anion. The ideal internal standards would elute between the mono-, di-, and
trivalent acids so that the two standards would work like rungs in a chromatographic
ladder. This would allow for the acids to be identified not only by their adjusted retention
time but also by their position relative to the standards. For example, quinic acid as seen
in figure 6, has a pKa of 3.2 with three hydroxyl groups that only partially ionize, if
ionization occurs at all, elution occurs almost immediately.

Figure 6. The chemical structure of
quinic acid.

By replacing the cyclohexane ring of quinic acid with a benzene ring and
eliminating the hydroxyl groups, the first candidate for an internal standard was benzoic
acid with a pKa of 4.21 as seen in figure 7. Benzoic acid has increased retention time
because of the ring stabilization that accentuates that retention. Phthalic acid was also
tested because of its similarity to benzoic acid. Phthalic acid has pKas of 2.98 and 5.28,
the acid will have increased retention, but also the added retention because of the ring
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stabilization occurring with the benzene ring and the two carboxyl groups. Benzoic acid,
once injected eluted at the same time as maleic acid making it impossible to use as an
internal standard. Phthalic acid eluted at the same retention time as citric acid, preventing
it from being considered a viable standard, despite being able to modify the gradient to
attempt to correct the co-elutions.

Figure 7. The chemical structure and chromatogram of benzoic acid.

The next candidate eliminated the ring stabilization of the benzene ring. While
cyclohexanecarboxylic acid has an increased pKa of 4.9, the lack of ring stabilization
decreases the overall retention of the compound. Cyclohexanecarboxylic acid eluted
between chloride and malic acid making it an ideal first internal standard as seen in figure
8.

Figure 8: Chromatogram of cyclohexanecarboxylic acid.
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The next candidate was 1,4-cyclohexanedicarboxylic acid. This acid decreased
the pKa to 4.5; and eluted in the divalent acids effecting their baseline resolution. Also,
the only commercially available standard was a combination of the cis and trans varieties.
This changes the availability of the carboxyl groups for ionization, showing two peaks
instead of one as seen in figure 9. This was confirmed with mass spectrometry and the
dicarboxylic acid was eliminated as an internal standard.

Figure 9. Chromatogram of cyclohexanedicarboxylic acid.

The

next

candidate

for

a

possible

internal

standard

following

cyclohexanedicarboxylic acid was 1,3,5-cyclohexanetricarboxylic acid. With pKas of
3,75, 4,33, and 4.96; this tricarboxylic acid retains longer than the single carboxylic acid
of cyclohexane. This allowed the compound to elute between the di- and trivalent acids
making it a good second standard for the retention time ladder.
The two standards were added to the seven organic acids and used in precision
studies to determine if inter-day or intra-day precision was increased with the use of the
ladder. Values were calculated as a ratio:
(tr,a /(tr,s1-tr,s2))
Where: tra = adjusted retention time of the analyte
tr,s1 = adjusted retention time of 1 st standard
tr,s2 = adjusted retention time of the 2nd standard
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Inter-day precision was unaffected by retention time shift, as is seen by the low
standard deviations shown with the averages of the days involved in the inter-day
precision. Inter-day precision was also efficient, but was increased using the ladder
according to the corresponding percent relative standard deviations seen in table 3.
Retention Times Inter-day Precision
Run

Malic Acid

Tartaric Acid

Maleic Acid

Oxalic Acid

Day 2

10.6 ± 0.1

11.2 ± 0.1

12.8 ± 0.1

15.0 ± 0.1

Day 3

11.0 ± 0.3

11.6 ± 0.3

13.3 ± 0.4

15.4 ± 0.5

Day 4

10.7 ± 0.6

11.3 ± 0.3

13.0 ± 0.4

15.2 ± 0.4

Average

10.8 ± 0.2

11.4 ± 0.2

13.1 ± 1.8

15.2 ± 0.2

%RSD

1.7

1.7

1.8

1.6

Ladder Values Inter-day Precision

Run

Malic Acid

Tartaric Acid

Maleic Acid

Oxalic Acid

Day 2

0.52 ± 0.02

0.55 ± 0.02

0.63 ± 0.02

0.73 ± 0.02

Day 3

0.52 ± 0.02

0.55 ± 0.02

0.63 ± 0.02

0.73 ± 0.02

Day 4

0.50 ± 0.04

0.54 ± 0.03

0.61 ± 0.03

0.71 ± 0.03

Average

0.513 ± 0.008

0.554 ± 0.008

0.622 ± 0.006

0.726 ± 0.008

%RSD

1.5

1.4

1.0

1.0

Table 3: Retention time Inter-day precision for the four analytes that are surrounded by the two
retention time standards, as well as ladder values. Times were written in minutes. Day one was
abandoned due to instrumental repair.

Problems with the internal standards only arose when the analytical column
started to degrade. Some of these problems were controlled by subtracting the baseline
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that was determined by the water injections at the beginning of each day. This prevented
cyclohexanecarboxylic acid from being used for quantification in the grape juice studies.
This changed how the mixed juice profile studies were conducted with grape juice and
açai. These chromatographic issues arose because of cost constraints, and only after the
column has been used day-to-day for close to 21 months.
3.4 Calibration and Quantitative Parameters
Calibration was done to determine linearity as well as the sensitivity of the assay.
The tested range spanned 0.2 µg/mL-100 µg/mL containing some of the organic acids
which maintained linearity as seen in figure 10, some did not. Hallmarks of the figure
include citric and isocitric acids, which were linear through the concentrations tested.
Meanwhile other acids such as lactic, quinic, and tartaric acids had areas of non-linearity
and are not seen in this figure. Malic acid remains a hallmark because after calculations,
malic acid had the limit of detection (LOD) and limit of quantification (LOQ) of the
entire analysis as seen in table 4. The LOD was calculated by multiplying the signal to
noise ratio by three, while the LOQ was calculated by multiplying the signal to noise
ratio by ten. The LOD was 0.4 µg/mL while the LOQ was 1.4 µg/mL. These two limits
allowed for the successful detection and quantification of all the investigated acids in the
analysis.
Peak areas were centered upon due to increased r 2 values. Peak heights also have
increased error associated with their analysis, but they were not shown here. The
problems which arose with the reproducibility of the calibration curve stems from
variability present in the analysis. This variability arose from the calibration curves being
conducted day to day, increasing error. This was conducted because the total calibration
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analysis was timely. This could be alleviated by adding calibrators to a standard operating
procedure to be used daily. This would increase the reproducibility and lower error
throughout the analysis. Also, as will be discussed in greater detail in Chapter 4, using
calculated percent areas will prevent the need for calibration as well.
While the calibration shows that many of the organic acids were linear throughout
the concentration range tested, some such as tartaric acid may have had two linear ranges
as opposed to one. It is important that future research includes expanding the linear range
of the analysis to determine if that truly is the case. Dilution curves were also used in
conjunction with the calibration curve to allow for the samples to be investigated to fall
within the linear range calculated

Figure 10. Calibration Curves of select
organic acids.
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Peak Heights
Linear Range
Organic Acid

LOD (µg/mL)

A

r2

b

LOQ (µg/mL)

Oxalic Acid

0.8

50057

7783

0.99992

3

Citric Acid

0.8

28315

19005

0.99960

3

Malic Acid

0.8

26492

9718

0.99842

3

1

19532

3380

0.99986

5

0.5

18813

31201

0.99354

1

3

9765

10119

0.99677

9

12

27718

-12977

0.99866
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Isocitric Acid
1,3,5-cyclohexanetricarboxylic acid
Cyclohexanoic Acid
Maleic Acid

Peak Areas
Linear Range
Organic Acid
Oxalic Acid

LOD (µg/mL)
0.01± 0.0

A

r2

b

50057

7783

Citric Acid

0.01 ± 0.0

28315

Malic Acid

0.4 ±0.3

26492

0.02 ± 0.01

1,3,5-cyclohexanetricarboxylic acid

0.01

Cyclohexanoic acid

0.01
0.01 ± 0.0

Isocitric Acid

Maleic Acid

LOQ (µg/mL)

0.99992

0.04 ± 0.02

19005

0.9996

0.05 ± 0.03

9718

0.99842

1 ± 0.9

19532

3380

0.99986

0.1 ± 0.03

18813

31201

0.99354

0.02

9765

10119

0.99677

0.03

27718

-12977

0.99866

0.02 ± 0.01

Table 4. Quantitative Parameters for both peak areas and heights for the analytes and standards .

Dilutions were conducted not only for açai but also pomegranate juice because of
the overwhelming amount of citric acid present in the juice. Dilution of 1:25 was used to
maintain all organic acids within this linear range. Anything greater than this dilution
showed a loss of some of the organic acids, while anything less showed increases in
asymmetry for some chromatographic peaks such as citric acid.
Linearity needs to be further investigated to determine if specific acids were
greater than what was investigated. Many of the acids necessary for this analysis were
present in the juice at greater concentrations that than what was tested; making dilution
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necessary. This linear range is similar to many of the current organic acid methods using
ion chromatography [38, 42, 61]. While the calibration curve has considerable error in
certain concentrations, it is important to also remember that is an additional reason to use
the internal standards. The lack of reproducibility present in some of the calibration
curves is precisely the reason why calculated percent areas become so important. Without
the need for calibration, precision studies become a more relevant test to determine the
reproducibility of the analysis.
Precision studies were conducted to determine the repeatability of the
concentration calculations using each internal standard as seen in table 5. This was
initially conducted using concentrations, and additional research will allow the precision
to be tested usin percent areas. While each internal standards show excellent percent
relative standard deviations of each of the organic acid standards, cyclohexanecarboxylic
acid was initially used because it allowed for the least error associated with the analyses.
Additional development will need to be conducted to allow the retention time
ladder to be effective for any organic acid present in the profile. The solvent front can be
used in conjunction with the retention time standards allowing for the mono- and divalent
acids to be able to use retention time ladder. An additional retention time standard added
after the trivalent citric and isocitric acids; would allow the retention time ladder to be
extended to the trivalent acids as well.
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Inter-day Precision
(ppm)

Cyclohexanecarboxylic acid
Malic
Tartaric
Maleic
Acid
Acid
Acid

Quinic
Acid

Oxalic
Acid

Citric
Acid

Isocitric
Acid

Day 1

128

422

628

277

941

380

249

Day 2

119

392

640

262

859

358

224

Day 3

127

399

681

267

876

361

229

Average

125

404

650

269

892

366

234

Std. Deviation

5

16

28

8

43

12

13

%RSD

4

4

4

3

5

3

6

Inter-day Precision
(ppm)

1,3,5-cyclohexanetricarboxylic acid
Malic
Tartaric
Maleic
Oxalic
Acid
Acid
Acid
Acid

Quinic
Acid

Citric
Acid

Isocitric
Acid

Day 1

40

133

198

87

295

119

78

Day 2

40

132

216

88

289

120

75

Day 3

42

133

226

89

292

120

76

Average

41

132

214

88

292

120

76

1

0.4

14

0.9

3

0.5

1

Std. Deviation
%RSD

3
0.3
7
1
1
0.4
Table 5. Precision studies for concentration of organic acids with each internal standard.

2

This method also has potential uses as part of a conjugated method using mass
spectrometry as part of a two dimensional system. Splitting the flow after the suppressor
in the instrumentation by using a zero dead volume t-piece allows the flow entering the
mass spectrometer to be less than the flow rate through the conductivity cell. This set-up
will also allow for removing the discrepancy of some co-elution problems that has been
seen in previous research adding another facet of separation [62, 63].
This method shows excellent analytical specificity and sensitivity, a good linear
range, and added precision with the addition of both internal standards.

While the

retention time ladder still needs additional research to perfect it, it allows a more
efficient, sensitive separation and detection of organic acids in red and darker juices.
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CHAPTER 4: Single Strength Juice Profiles
4.1 Introduction
When investigating pure or single strength juice profiles, it is important to
remember certain parameters to determine both the unknown and established organic acid
profiles. First, it is important to establish the error associated with the analysis. This
includes seasonal variation and experimental variation. This will be established by
determining lot-to-lot variability of each fruit juice whether using different brands of
juice or different packages of the same brand of juice. Second, differences between
brands of juice and different “lots” of the same brand of juice allow for more
characteristics to be gathered, as well as challenging the developed method. Using the
results of these challenges will allow for organic acid profiles to be used as a profiling
system for juices. Eliciting the organic acid profile of juices will allow for the method to
be challenged, avoid excess interferences, and give a more complete chemical profile of
each juice in question.
Single strength juice organic acid profiles are a hallmark of the chemical
characteristics of fruit juices[26, 29, 64-66]. While not a complete picture of the juice, the
organic acid profile offers the most unique, identifying characteristics of juice making it a
useful forensic tool. Many of the other components of red and darker juices including
anthocyanins and polyphenols, while characteristic in concentration are not unique in
content [64, 67, 68].Adulterant juices, ones that will dilute the target juice without
dramatically changing the taste, are just as important to characterize as the juice itself.
Apple, grape, and pomegranate juices will serve as the adulterating juices while açai juice
will be the target juice for this research. While there has been one profile of açai juice
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published, it was important to investigate açai juice to find out how complete the
published profile is because the method that was used to detect this profile was a reversed
phase HPLC method combined with enzymatic analysis of isocitric acid [66]. The current
research presented uses an HPAEC-CD method which prevents many problems that arise
with reversed phase HPLC.
In this chapter, açai, pomegranate, apple, and grape juices are profiled and
characterized. Important questions including the difference between juice from
concentrate versus fresh juice will be discussed. The characteristics of açai will also be
discussed between how the juice that is marketed in the United States versus juice that is
from açai puree. This research serves as the building blocks of a profiling system which
will be used to distinguish between single strength and mixed juice blend profiles.
4.2 Açai
Açai juice is made from the berries of the açai species Euterpe oleracea and
Euterpe precatoria. These berries are picked year round, with slight changes in their
organic acid content depending on which species is emphasized. There are also seasonal
variabilities from growing season to growing season. For example, e.oleracea is
predominant between December and June, e. precatoria is predominant through the rest
of the year [29, 40, 69]. Much of the research that has been done has worked with e.
oleracea as it is the berry that is stronger in nature and can be transported and utilized the
most efficiently [26, 70].
Much of the research that has been conducted emphasizes the vitamin rich
anthocyanin and polyphenolic profiles of açai juice[25, 26, 40]. What little was known of
the organic acid profile of açai was determined by Dana Krueger of the Krueger Food
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Laboratories, research conducted in conjunction with TCJJP. This data was normalized to
determine a wide variety of parameters including fats, cholesterol, total carbohydrates,
sugars, and vitamins C and A content. The juice was found to contain citric, malic,
quinic, tartaric, and isocitric acids. While the presentation may be complete with aspects
of the vitamins and minerals that are present in the juice; including the total anthocyanin
profile, using only nine samples of açai juice, without cataloging whether there were
seasonal changes or variations between samples leaves the profile incomplete [66].
This investigation initially researched parameters to determine the most “pure”
açai standard. Various juices were tested from a variety of companies including
Sambazon® açai juice, Bossanova® açai juice, as well as Zola® açai juice.

Figure 11. Zola® and Sambozan® Açai Organic acid profiles. 1. Lactic Acid, 2. Quinic Acid, 3.
Unknown 1, 4. Chloride, 5. Cyclohexanecarboxylic acid, 6. Malic Acid (in Sambazon®), tartaric acid
in Zola®, 7. (in Sambozan®) Tartaric Acid, Oxalic Acid in Zola®, 8. Oxalic Acid (in Sambozan®),
and Unknown 2 9. Unknown 2 (Sambozan®), and Unknown 3 10. Unknown 3 (Sambozan®) and
Citric Acid in Zola®, 11. Citric Acid (Sambozan®), Isocitric Acid (Zola®), 12. Isocitric Acid in
Sambazon®. Note the absence of malic acid in Zola® Açai juice.

Zola® and Sambazon® açai juices were prepared by separating these pureés into
three component parts: oil, juice, and soluble solids. Soluble solids can range from sugars
to the fibrous matter that is present in some smoothies. This was done by centrifuging
each juice sample for thirty minutes at approximately 6939.9 rpm. These two brands of
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açai juices have a similar organic acid profiles as seen in figure 11 but there were some
differences that were present. An additional juice was tested because of these differences
to determine if it could be used as a standard of the most pure açai juice on the market.
Bossanova® USA markets an açai juice which is not a pureé but is made from a berry
concentrate.

Figure 12. Bossanova® Açai juice organic acid profile. 1. Lactic Acid, 2. Quinic Acid, 3. Unknown 1,
4. Chloride, 5. Cyclohexanecarboxylic acid (Internal standard), 6. Malic Acid, 7. Tartaric Acid, 8.
Oxalic Acid, 9. Unknown 2, 10. Unknown 3, 11. Citric Acid, 12. Isocitric Acid. Take special attention
to peak 4, chloride.

Bossanova® proved to add additional variability with the dramatic increase in
chloride in the sample as seen in figure 12. The chloride arises because of water being
added to the juice outside of what is present in the fruit [71]. As a concentrate,
Bossanova® juice contains 80% juice. So, of the 296 mL of a drink, approximately
270mL is juice, while the rest contains water, and other added ingredients including
agave nectar, and other fruit juices. Agave nectar affects separation at the solvent front,
affecting the selectivity of lactic and quinic acids if they are present in the juice. The
addition of water and other fruit juices prevents Bossanova® açai juice from being
considered a “pure” juice standard. Zola® juice was also eliminated because of the
addition of guarana, a natural source of caffeine, but also a natural source of additional
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organic acids that can contribute to the profile. All three different brands also have added
citric acid associated with them. Citric acid is added to açai juice before export to the
United States because the juice itself is so alkaline in nature [72]. Additives such as citric
acid have been seen like this previously, for example in cranberry juice. Cranberry juice
is marketed as a juice cocktail to overcome the low pH of the single strength juice.
Cranberry juice is highly acidic in nature and added sugars and other juices increase the
pH of the juice making it more palatable [73].
This is similar to the case of açai juice because an inflated citric acid
concentration and percent area were present in the juices as seen in table 6. These two
tables show the concentrations and percent areas of each acid in each brand of juice. The
percent areas were calculated after normalizing the signal of each acid in question with
the signal of the internal standard. Once the sum of these normalizations was calculated,
each acid was divided by the total and multiplied by 100 to determine the percent area.
Concentration
(ppm)

Bossanova® Acai

Quinic
Acid
132

Sambozan® Acai

87

Zola® Acai

93

Lactic
Acid

Juice

Lactic
Acid

Malic
Acid
98

Tartaric
Acid

Maleic
Acid
4

Oxalic
Acid
118

Citric
Acid
70

Isocitric
Acid
236

15

31

60

15

15

29

3

163

0.8

50

ND

4

ND

43

85

192

Malic
Acid

Tartaric
Acid

Oxalic
Acid

Citric
Acid

Isocitric
Acid

Percent Area
Juice
Bossanova®
Acai
Sambazon®
Acai

Quinic
Acid

Maleic
Acid

10

8

1

2

0.3

9

5

19

21

14

4

1

7

0.6

38

0.2

Zola® Acai
18
10
ND
0.7
ND
8
16
37
Table 6. This is a figure of the concentrations of acids through the three juices that were investigated
to be standards. The 2nd table is the percent areas. Special attention should be brought to the percent
area differences in both Oxalic and Citric acids among the three beverages. ND = Not detected.
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Once it was determined that commercially available juice would not be able to be
used as a “pure” juice standard; frozen pureés were investigated as viable standards.
Sambazon® advertised a pure unsweetened açai frozen pureé which is marketed to be
used in açai bowls and smoothies[74]. This pureé contains less than a gram of added
citric acid and soy lecithin, an emulsifier. With this being the most “pure” açai product on
the market in the mid-Atlantic United States, it was chosen as the juice “standard” for this
thesis.
The frozen pureé was prepared for analysis in a similar way to the juice smoothies
that were tested earlier. By centrifuging the pureé sample at approximately 6940 rpm for
thirty minutes it separates the sample into three component parts. The top layer was açai
oil, a large secondary juice layer, and a soluble solid pellet. The juice layer was then
carefully separated from the other two, filtered using a PES filter, and diluted in a 25 mL
volumetric flask with double de-ionized water before injection.
Figure 13. A chromatogram of the frozen pureé juice
standard for açai juice. 1. Lactic Acid, 2. Quinic
Acid,
3.
Unknown
1,
4.
Chloride,
5.
Cyclohexanecarboxylic acid (Internal standard) 6.
Malic Acid 7. Tartaric Acid 8. Oxalic Acid, 9.
Unknown 2, 10. Unknown 3, 11. 1,3,5cyclohexanetricarboxylic acid, 12. Citric Acid, 13.
Isocitric Acid

The açai juice profile contains all of the investigated organic acids, but also three
unknown acids as seen in figure 13. These acids could be glycolic acid (peak 3), shikimic
(peak 9), and fumaric acids (peak 9 and 10). Hallmarks of the açai profile are increased
oxalic and citric acid peaks.
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Lot-to-lot variability was tested to determine if differences were present between
lots of the same brand of juice; researching these changes determines seasonal as well as
manufacturing variability. Various lots of açai frozen pureé were purchased and classified
using the lot number assigned to them from the manufacturer. Initially, the research
studied lot-to-lot variability. Concurrently confirmation of the organic acid profiles
changes as the fruit ages. Initially, one of the lots was tested after the expiration date and
was found to have increased malic and citric acid percent areas, with decreased tartaric
and oxalic acid percent areas were decreased. This eliminated the lot that had expired,
and adding an additional lot of açai pureé was investigated with the generous donation of
Sambazon® Inc.
The variability between the three tested lots was determined using standard
deviations and visual cues from the chromatograms themselves as seen in figure 14. The
three chromatograms were similar once retention time shift was accounted for, as seen in
figure 15. Table 7 shows the calculated percent areas for each lot tested for the frozen
pureé products.
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Figure 14. Lots 10028, 10030, 10032 of
Sambazon® juice.
1. Lactic Acid, 2. Quinic Acid, 3. Unknown 1,
4. Chloride, 5. Cyclohexanecarboxylic acid, 6.
Malic Acid, 7. Tartaric Acid, 8. Oxalic Acid,
9. Unknown 2, 10. Unknown 3, 11.
1,3,5cyclohexanetricarboxylic acid, 12. Citric
Acid, 13. Isocitric Acid

Inter-lot differences

10028

10030

10032

Lactic Acid

6

6

6

6

0.1

Quinic Acid

5

6

3

4

1.2

Unknown 1

6

6

5

6

0.7

Malic Acid

Average %Area

Std. Dev.

2

2

5

3

1.6

Tartaric Acid

0.3

0.3

0.5

0.4

0.1

Maleic Acid

0.6

0.3

0.4

0.4

0.1

Oxalic Acid

24

24

25

24

0.7

Unknown 2

1

1

1

1

0.2

Unknown 3

2

2

2

2

0.2

Citric Acid

53

51

51

51

1.1

Isocitric Acid
0.4
0.2
0.4
0.3
0.1
Table 7. Inter-lot differences of Sambazon juice derived from the pure unsweetened açai pureé
purchased at local grocery or organic markets.
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With low standard deviations as well as nearly identical chromatograms it was
determined that all three lots were similar and the açai pureé had few organic acid
changes during processing. This allowed the pureé to be used as the source for the most
pure açai juice.
This also establishes the açai juice organic acid profile that was detected here as
more complete than what was published previously [66]. Previous literature is sparse in
characterizing the organic acid profile of açai juice, emphasizing the anti-oxidant
qualities of the anthocyanin and polyphenolic content of the açai fruit. The Krueger
report states a small amount of citric, malic, quinic, tartaric, and a large amount of
isocitric acid present in açai juice. The low values that were reported for citric, malic,
quinic, and tartaric acids were caused by the laborious method that was followed [35].
Isocitric acid reported a larger concentration per 100g sample because of the ease of the
enzymatic method that was performed before being analyzed using a UV/Vis
spectrophotometer. As was stated earlier, a spectrophotometer is not able to distinguish
between a color change caused by anthocyanins and one that is caused by increased
isocitric acid [75]. The organic acid profile published in this thesis contains an organic
acid that was not part of the Krueger profile; namely oxalic acid. Oxalic acid was present
in the largest concentrations, second only to citric acid. This was also confirmed by the
calculated percent areas as well. This differs from the current profile in the literature as
well [66].
Lactic acid, the organic acid that elutes the earliest, was the most difficult to
assess in the profile. Eluting with a low capacity factor less than one, lactic acid proved
difficult to quantitate. While the retention time ladder could be used to any retention time
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shift that may occur; because the separation is questionable, lactic acid remains in the
profiles but will not be used as a hallmark or as an indicator of juice exposure.
Additional characterization of single strength profiles and juice blends prompts
the need to pick acids that were consistent across the juices in question which would be
used as indicators of adulteration. These acids were based on the consistency seen in the
three lots of açai pureé that was tested. As seen in table 7, malic, quinic, and oxalic acids
were chosen above citric acid because of its status as an additive in many açai juice
brands. These acids will regain importance when the juice blends are discussed in
Chapter 5.
4.3 Pomegranate
Pomegranates are a fruit with a celebrated past in the Mediterranean, Europe, and
North America. They have medicinal properties, containing anti-carcinogenic, antimicrobial, and antiviral compounds [76]. Fourteen different varieties are available for
growth in the United States, with the Wonderful variety being the most popular [77]. This
is also the predominant juice that is available in the marketplace, predominantly sold by
the company PomWonderful®. While PomWonderful® often dominates the commercial
pomegranate market, Puregranate® imports their juice from the Mediterranean, and
recently published articles name pomegranate the next cash crop for the state of Florida
[78]. This would entail using a different variety of pomegranate (other than the
Wonderful variety), which could thrive in the humid environment.
Pomegranate juice was chosen as an adulterant for açai juice for many reasons.
The first was that it is a natural way to add citric acid. According to experts in the field,
the alkaline quality prevents açai from achieving market success in the United States
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[72]. So, citric or isocitric acid is added for the juice to be imported into the United
States. Secondly, adding pomegranate juice does not disrupt the color, and finally the tart
nature of pomegranate makes açai more palatable. Like açai, pomegranate has seen a
resurgence of popularity largely due to the perceived health benefits of drinking the
juice[79].
An international multi-dimensional algorithm has been generated to determine
pomegranate adulteration due to the high popularity of the juice of the arils of this super
fruit. Within this algorithm organic acids were separated and detected using a C-18
reversed phase HPLC column with UV detection. Despite the variety of pomegranate,
citric/isocitric acid ratio will be less than or equal to 350, have a non-detectable tartaric
acid, and an approximate concentration of malic acid of 1 mg/mL with some varieties
increasing to 2 mg/mL [67]. Pomegranate has a vast diversity amongst the geographical
areas as well as the varieties of the fruit itself, so the algorithm has been contradicted, as
in this research. The algorithm uses the AOAC method 986.13, which is less sensitive
than HPAEC-CD used in this thesis. The wonderful variety of pomegranates is one of 14
different varieties of pomegranates that grow throughout California [77]. All of the
varieties have a slightly different taste, which leads to the conclusion that the organic acid
profiles are different.
Lot-to-lot variability was not tested between brands in the case of pomegranate
juice because many of the other brands other than PomWonderful® juice use different
variations of pomegranates from different countries around the world. The organic acids
in pomegranates change not only from variety to variety, but from geographic location to
geographic location like other fruits [76, 80]. Instead, lot variability was tested in a

47

variety of different bottles of PomWonderful®, as seen in the three chromatograms of
figure 16 and the calculated percent areas shown in table 8.

a.

Figure 15. Three chromatograms for three
different lots of PomWonderful juice.
A and b. 1. Lactic Acid, 2. Quinic Acid, 3.
Unknown 1, 4. Chloride, 5.
Cyclohexanecarboxylic acid, 6. Malic
Acid, 7. Oxalic Acid, 8. Unknown 2, 9.
Unknown 3, 10.
1,3,5cyclohexanetricarboxylic acid, 11.
Citric Acid, 12. Isocitric Acid
c. 1. Lactic Acid, 2. Quinic Acid, 3.
Unknown 1, 4. Chloride, 5.
Cyclohexanecarboxylic acid, 6. Malic
Acid, 7. Tartaric Acid, 8. Maleic Acid, 9.
Oxalic Acid, 10. Unknown 2, 11. Unknown
3, 12. 1,3,5 cyclohexanetricarboxylic acid,
13. Citric Acid 14. Isocitric Acid

b.

c.
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Acid

Trial1

Trial2

Trial 3

Lactic Acid

0

3

3

Blind Trial
2

2

1.4

Quinic Acid

4

0

0

0.4

1

1.8

6

7

6

0.7

0.3

0.4

0.3

0.2

0.3

ND

0.4

0.6

2

2

2

0.7

84

85

86

1.8

0.3

0.3

0.1

Malic Acid
Tartaric Acid
Maleic Acid
Oxalic Acid
Citric Acid

5
ND
1
0.5
88

6
0.4
0.1
2
86

Isocitric Acid
0.4
0.3
0.4
Table 8. Percent areas for Pomegranate trials.

Average Peak Area

Standard Deviation

As seen in the three chromatograms of figure 15, the characteristic marker of
pomegranate juice and thereby pomegranate exposure is citric acid. The citric acid peak
fronts and affects the resolution between 1,3,5-cyclohexanetricarboxylic acid and citric
acid. Despite citric acid being non-linear and well above the linear range of this method,
the presence of this lack of linearity is important to screen for pomegranate exposure.
Maleic and tartaric acids have considerably lower concentrations than in açai juice. Using
three different trials of PomWonderful® with one blind trial of pomegranate juice that
had an unknown origin the low standard deviations show that there is similarity in the
organic acid profiles of all three bottles.
Tables 8 and 9 address the differences between methods that use concentrations
and this method that uses percent area determination. While both were determined in this
thesis research, the concentrations had a larger degree of variability as measured by high
standard deviations that were seen in table 8. This prevented the need to perform any
statistical analysis, because the screening of the differences between the different trials
was enough information to determine the variability.
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Lactic Quinic Malic Tartaric Maleic Oxalic Isocitric
Acid
Acid
Acid
Acid
Acid
Acid
Acid
16
117
150
3
0.7
14
2
41
ND
110
3
4
24
17
50
8
78
7
65
29
5
3
4
98
3
59
30
13
55
9
105
8
ND
33
8

Trial 1
Trial 2
Trial 3
Trial 4
Trial 5
Averag
e
Std.
Dev.

33

27

108

5

26

26

9

22

50

26

2

33

7

6

Table 9. Concentration of organic acids in pomegranate juice and their associated standard
deviations.

It is important to see in table 9 that citric acid was eliminated from the
concentration determination. This is because citric acid is well above the linear range
investigated in this thesis. Future work emphasizing pomegranate juice would need to
dilute the sample further in order to quantitate the excessive amount of citric acid present.
Similar organic acid concentrations have been seen in sour and semi-sweet
pomegranates from California[80]. It is important to switch to percent areas however,
because percent areas are more consistent and less prone to error.
4.4 Apple
According to the United States Apple Association, an advocacy group for apple
growers and producers in the United States, 17% of the more than 100 varieties produced
in the country are processed into juice. This causes a large majority of the apple juice
consumed in the United States to be produced from concentrate that has been imported
from countries around the world. Apple juice was chosen as an adulterant juice
predominantly for economic purposes. While açai juice from concentrate costs $3.00 for
10 to 12 fluid ounces, the same size of apple juice from concentrate costs approximately
$0.64. Apple juice is a juice that does not have a pungent or overwhelming tart flavor as
pomegranate juice; making it a perfect adulterant for a wide variety of red and darker
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juices whose color would not be impaired by the pale apple juice. As the single strength
juice profile was investigated, it was important to determine the difference between fresh
juice and juice from concentrate; as well as the difference between a certified organic
apple juice and non-organic apple juice.
Isherwood first investigated total acidity in apples and apple juice in his paper
first investigating organic acids in 1946 [81]. The initial measurement of acidity was for
the total amount of malic acid in the apple; as it is the predominant organic acid in apples.
Mattick et al. continued using the predominant acid determination when publishing their
official findings of all the chemical components of apple juice [82]. While this does show
the predominant nature of malic acid, it was Lee and Wrolstad that published the full
chemical composition profile including the organic acid profile of thirty one different
apple types which represented the principal varieties in all the growing regions of the
United States [83]. It was the research from Lee and Wrolstad that defined the
contributing acids to be malic, quinic, shikimic, citric and fumaric acids. Two of these
acids, shikimic and fumaric acids were not investigated in this research. Previous
research has shown that fumaric and shikimic acids can be separated successfully using
the AS-11HC column [84, 85]. These acids may also account for two of the three
unknowns that are present through many of the profiles that are presented in this thesis.
It is important to remember that geographic region of purchase of the apple juice
may not correspond to the region where the apples were grown and concentrated. For
example, Apple and Eve® Organic Apple juice from concentrate is actually apples not
only from the United States, but also China and Argentina[86]. Regional geographical
differences will also have cause changes in organic acids[87]. The TCJJP committee lists
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the variety of organic acid concentrations and the predominant acids in United States
apples are citric, fumaric, and malic acids [12]. Concentrates are also similar in nature,
with quinic acid being an addition. Some various concentrates, like Washington State
Apples have concentrations of shikimic acids as well.
Changes in organic acid patterns are also caused by changes that occur during
pasteurization. For example, fumaric acid is present only due to the pasteurization and
concentration process of apple juice [87]. It is important to initially discuss the overall
characteristics of the apple juice organic acid profile. Apple juice, while having
detectable levels of every organic acid tested for is dominated by malic acid which is
consistent with the research of Lee and Wrolstad [83]. Low percent areas were seen for
maleic and tartaric acids and it is important to note that the citric acid is at a significantly
lower percent area relative to malic acid. This eliminates citric acid as a viable marker for
apple juice exposure in other fruit juices. This is shown in the chromatograms of figure
18, as well as the calculated percent areas of table 9.
One of the key measurements needed was the difference between organic
concentrate versus pasteurized juice. Simply Apple® was tested as a pasteurized fresh
juice. The difference between that juices organic acid profile and the profile of a certified
organic apple juice from concentrate is seen in figure 16.
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Figure 16. The chromatograms of Simply Apple® a fruit juice, and Apple and Eve® Organic Apple
Juice from concentrate. 1. Lactic Acid, 2. Quinic Acid, 3. Unknown 1, 4. Chloride, 5.
Cyclohexanecarboxylic acid, 6. Malic Acid, 7. Maleic Acid, 8. Oxalic Acid, 9. Unknown 2, 10. 1,3,5
Cyclohexanetricarboxylic acid, 11. Citric Acid, 12. Isocitric Acid. Take note that in the Simply Apple
Chromatogram, the additional peak (at point 7) is tartaric acid.

As the chromatogram shows in figure 16, the predominant differences in the two
profiles are changes in lactic and quinic acid; changes that are seen in the concentration
process [87]. Tartaric acid is a hallmark of Washington State Apples, distinctive for the
Simply Apple® which uses apples from the United States and Canada [88]. There is an
increase in percent area of malic acid between the concentrated apple juices versus fresh
apple juice as seen in table 10. The chromatograms were subtracted from the water blank
which was injected daily to achieve baseline resolution before beginning juice analyses.
This is important because some acids at low percent areas may be affected by error in the
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analysis if baseline resolution is affected by the status of the chromatography column. As
contaminants accumulate on the column, error associated with acids at low percent areas
will increase.

Simply
Apple®

Acid

Apple and
Eve® #1

Apple and
Eve® #2

Standard
Deviations
Apple and
Eve®

Apple and Eve®
#3

Lactic Acid

2

17

11

10

4

Quinic Acid

1

9

4

3

3

Unknown 1

1

5

6

5

0.4

Malic Acid

89

55

66

64

6

Tartaric Acid

0.1

1

ND

2

0.5

Maleic Acid

0.1

ND

ND

ND

ND

Oxalic Acid

1

2

3

0.2

1

Unknown 2

1

5

5.0

4

0.5

Unknown 3

3

3

3

3

0.1

Citric Acid

1

2

0.9

7

3

Isocitric Acid
0.2
1
1
1
0.2
Table 10. Percent area of each organic acid in both the concentrate and fresh apple juices. Changes
in malic acid were attributed to the differences between fresh juice and juice from concentrate.
Unknowns could be shikimic, fumaric, acetic, and glycolic acids [83].

Additional research into the organic acid profile of apple juice was done by using
a single blind study sample was conducted without data on the country of origin, or
whether the juice was from concentrate or fresh.
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Simply
Apple®

Apple and
Eve® #1

Apple and
Eve® #2

Apple and
Eve® #3

Acid
Lactic
Acid
2
17
11
Quinic
Acid
1
9
4
Unknown
1
1
5
6.0
Malic
Acid
89
55
66
Tartaric
Acid
0.1
1
ND
Maleic
Acid
0.1
ND
ND
Oxalic
Acid
1
2
3
Unknown
2
1
5
5
Unknown
3
3
3
3
Citric
Acid
1
2
0.9
Isocitric
Acid
0.2
1
1
Table 11. The apple organic acid profiles as percent areas.

Blind Study

Std. Dev. Apple and
Eve® and Blind
Study

10

13

3

3

3

3

5

4

0.6

64

68

6

2

0.3

0.8

ND

0.9

ND

0.2

4

2

4

3

0.8

3

2

0.5

7

1

3

2

0.2

0.6

As seen in table 11, the blind study corresponds with the percent area values of an
apple juice concentrate; which when labels were revealed was found out to be so. A
variety of apples were used; including apples from Argentina, Chile, Brazil, China, and
the United States. There will be variation, so Apple and Eve® was chosen as the juice
standard for the remainder of the method development process because of the decreased
chloride content. While there is variation present, it needs to be presented in a case by
case basis. The standard deviation is high between fresh and from concentrate juices, but
when the standard deviations are calculated for the juice from concentrate as seen in
tables 10 and 11, the standard deviations are decreased. Continued method development
would add various steps in ionic strength to allow for a better separation. Starting the
analysis at 5 mM NaOH would assist in the increase of baseline resolution between lactic
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and quinic acids. Extending the shallow S curve increase from 10-20 mM NaOH and
from 20-40mM NaOH allows for additional time for elution of divalent acids. This would
allow for addition of more acids, including succinic acid. More time for elution decreases
the overall time efficiency of the method.
The apple juice profile presented here corresponds to what has been presented in
the literature with additional sensitivity unfortunately accompanied by possible additional
error, presenting malic acids as a hallmark in the profile, but tartaric acid increases were
also noted [83, 87, 89].

4.5 Grape
Grape juice in the United States is dominated by the Concord variety of grapes,
first extracted by Dr. Thomas Welch in 1868. While there are four broad classes of
grapes grown in the United States, concord grapes offer the distinct tart flavor and dark
red foam associated with grape juice when shook [90, 91]. This is the species of grape
juice that is the hallmark of the juice market in the United States and was used in this
research.
While extensive research has been conducted to elicit the organic acid profile of
grape juice, many changes occur in the processing of the juice. The published organic
acid profiles for grape juice, specifically red grape juice, have tartaric and malic acid as
the primary components. A plethora of minor organic acids including citric, lactic, quinic,
maleic, isocitric, fumaric, glyceric, glycolic, shikimic, and succinic acids have also been
identified [91]. This adds a further complication to the elicitation of the complete
established profile using HPAEC-CD.
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As

was

stated

previously,

problems

with

co-elution

have

plagued

chromatographic separations in a variety of fruit juices from apple to grape, and even açai
juice. The previous examples have largely been due to the lack of separation between
lactic and quinic acids which while experienced in this research, was not a priority in the
method development because lactic acids showed problems with a low capacity factor.
Selectivity was not calculated because of the low capacity factors of both lactic and
quinic acids. Additional co-elution with succinic and malic acids have necessitated the
addition of organic solvents in previous research [33]. It also changes the proposed
identities of the unknowns that are seen in many of the profiles that have already been
presented. In the case of grape juice there are eleven different organic acids that could be
proposed as the unknown peaks that are seen in the chromatograms as seen in figure 18
[91]. These acids including α-oxoglutaric, pyruvic, glyceric, glycolic, dimethyl succinic,
succinic, shikimic, mandelic, cis-aconitic, and trans-aconitic acids have all been
previously separated in anion exchange chromatography with a variety of different
detectors [38, 42, 92-94].
Hallmarks of the red grape juice organic acid profile is tartaric acid. It is
important to note that malic acid in figure 17 is increased. This is attributed to the detartarization process that occurs during grape juice processing [91]. This would decrease
potassium bitartarate, free tartarate, and tartaric acid, explaining malic acid having an
increased percent area.
Another issue is the elevation of tartarate in fresh grape juice. This compound is a
major by-product in wine making, produced naturally in grape juice. Potassium
bitartarate is also generated during the cold bulk storage of grape juice. While a majority
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of tartarate is precipitated during the cold press processing (from 1.1-1.2g/100mL to
0.6g/100mL) process, the de-tartaration also reduces the total acidity of the juice
measured as tartaric acid [91]. Potassium bitartarate, being the salt of tartaric acid will
increase the concentration as well as the percent area of tartaric acid in fresh juice.
Testing commercial fruit juices offers an advantage to food safety advocates to determine
tartaric acid which directly affects the public on grocery store shelves. Using HPAECCD, there is no way to distinguish between the two compounds, making the testing of
fresh juice difficult.

Figure 17. The chromatogram of Welch’s® Concord Grape Juice from concentrate. 1. Lactic Acid, 2.
Quinic Acid, 3. Unknown 1, 4. Chloride, 5. Cyclohexanecarboxylic acid (Internal standard), 6. Malic
Acid, 7. Tartaric Acid, 8. Maleic Acid, 9. Oxalic Acid, 10. Unknown 2, 11.
1,3,5cyclohexanetricarboxylic acid(internal standard), 12. Citric Acid, 13. Isocitric Acid. The four
arrows correspond to peaks that were visible that were not determined to be any peak investigated.

The profile that is presented was verified by using a single blind study. Grape
juice was purchased and presented without label, country of origin, or whether the juice
was from concentrate or fresh.
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Figure 18. Blind study grape juice organic acid profile. 1. Lactic acid, 2. Quinic Acid, 3. Unknown 1,
4. Chloride, 5. Cyclohexanecarboxylic acid, 6. Malic Acid, 7. Tartaric Acid, 8. Maleic Acid, 9. Oxalic
Acid, 10. Unknown 2, 11. 1,3,5 cyclohexanetricarboxylic acid, 12. Citric Acid. 13. Isocitric Acid. The
four arrows likely correspond to shikimic and/or fumaric acid, as well as dimethyl succinic acid. Cis
and trans aconitic acid, as well as mandelic acid.

Grape juice is the first of the known organic acid profiles that has a wide variation
in organic acids. The standard deviations between the various different organic acids
show variation, largely based upon the age of ripening of the grapes in question.
As was previously stated, as grapes ripen the balance of organic acids to sugars
change. There is changes that also occur as tartarate, including potassium bitartarate is
removed during the processing of juice [90, 91]. This is a larger complication because
grape juice is the building blocks of wine, and organic acids are a key to monitoring the
fermentation of the wines [95, 96].
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Acid

Blind Study (Not Welch’s®)

Welch's®

Concentration

Percent Area

Lactic Acid

Concentration
115

14

Lactic Acid

55

12

Quinic Acid

36

4

Quinic Acid

18

4

Unknown 1

45

6

Unknown 1

20

4

Malic Acid

274

34

Malic Acid

160

34

Tartaric Acid

119

15

Tartaric Acid

137

29

Maleic Acid

38

5

Maleic Acid

6

1

Oxalic Acid

44

5

Oxalic Acid

25

6

3

0.4

Unknown 2

18

4

102

13

Unknown 3

13

3

23

3

Unknown 4

1

0.3

Unknown

2

0.2

Citric Acid

15

3.2

Unknown

1

0.1

Isocitric Acid

1

0.3

Unknown
Citric Acid
Isocitric Acid

Percent Area

Unknown 5
0.8
0.2
Table 12. Concentration and percent area differences between Welch’s® grape juice from
concentrate, and generic purchased grape juice.

Variation presented in grape juice corresponds to variation that occurs in apple
juice due to changes in geographical region of grape growth, species differences, and
whether the juice was fresh or from concentrate. Additional injections would increase the
precision of the method as it relates to grape juice.
The grape juice organic acid profile that is presented coincides with the published
profile, but proved a great challenge to the developed methodology. The addition of a
mass spectrometer would also increase the precision and accuracy of quantitation because
it would be possible to determine if acids were contained in one chromatographic peak.
Also, adding a second dimension to the analysis will allow for the determination of many
of the unknown organic acids in the profile without losing the sensitivity gained by using
anion exchange chromatography.
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4.6 Conclusions
This methodology has successfully reproduced two established organic acid
profiles in apple and grape juice. While the methodology showed a slightly changed
profile for pomegranate juice, the method is more sensitive than what had previously
been used in the investigation. This research also contains the most complete açai juice
profile ever published.

61

CHAPTER 5: MIXED JUICE BLEND PROFILES
5.1 Introduction
According to the Food and Agriculture Organization (FAO) of the United
Nations, the United States imports more than 61% of the fruit and fruit products that are
consumed in the country [97]. This adds emphasis to the testing of fruit and fruit products
entering the country assuring label authenticity. This chapter will discuss the investigated
mixed juice blends. These mixing studies were done to mimic not only what is seen in the
marketplace, and what is possible in an economically motivated adulteration case.
As was stated in Chapter 4, the three adulterating juices were chosen for specific
reasons. One, the color of the juice would be largely unaffected by adding the other juice.
Two, the addition of a certain juice makes the flavor of the target juice more palatable.
Finally, the juice added will add a desirable component to the target juice allowing for
increased sales. This thesis shows that determining the organic acid composition of a
juice blend, will determine what juices are present.
Initial research started with common combinations of açai juice and others seen in
the marketplace. This expanded to grape juice because grape juice has a mild, dry flavor
that could easily be masked in the alkaline quality of açai juice. Apple juice remains
tasteless when mixed with açai juice and will not dramatically dilute the color of the
juice. Apple juice is the most inexpensive of the adulterant juices; providing the most
economic benefit to its addition. Pomegranate juice offers the most citric acid content to
açai juice which is accompanied by a tart taste making the drink more appetizing. This
chapter will discuss the artificial adulteration of açai juice by the three adulterating
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juices: apple, grape, and pomegranate. The discussion will begin with the combination of
açai and pomegranate juices.
Acid

Acai

Apple

Grape

Pomegranate

Lactic Acid

6

13

14

3

Quinic Acid

4

4

4

ND

Unknown 1

6

7

6

0.2

Malic Acid

2

63

31

2

Tartaric Acid

8

3

18

ND

Oxalic Acid

28

4

11

2

Unknown 2

2

3

7

0.5

Unknown 3

2

0.5

3

3

Citric Acid

40

0.9

4

87

Isocitric acid

0.9

ND

ND

0.9

Figure 19. Single strength percent areas of each juice tested
in Chapter 4. Each juice was plotted with three identifying
acid percent areas, oxalic, malic, and quinic acids. This
classified certain areas on the three dimensional
representation as specific to that single strength juice profile.

As was stated in chapter 4, distinctive indicators which can be used through all
the juice profiles needed to be chosen. Three acids are spatially defined each organic acid
profile as seen in figure 19. Using the calculated percent areas, as well as the spatial
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representation of each single strength juice organic acid profile changes will be
recognized easily.
5.2 Açai:Pomegranate
The combination of açai and pomegranate juices offers a tart and palatable tasting
juice blend full of antioxidants, vitamins, and minerals. Both juices contain an excess of
omega fatty acids contributing to their beneficial cardiovascular effects [25, 40, 98].
Increased citric acid balances the overly alkaline açai berry flavor. This section discusses
the juice combinational studies between these two fruits.
The two juices were tested in a similar method to the single strength juice
profiles, first establishing the single strength parameters then the mixed blend. Once these
profiles were analyzed, the analysis of the juice blend was performed. This analysis was
done with five repeat injections to ensure that statistical analysis could be performed.
Visual cues were the first indicator of a mixed juice blend chromatogram to determine if
there were any changes in comparison to the single strength juice chromatograms.
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a. Organic acid profile for açai. 1. Lactic Acid, 2.
Quinic Acid, 3. Unknown 1, 4. Chloride, 5.
Cyclohexanecarboxylic acid (internal standard), 6.
Malic Acid, 7. Maleic Acid, 8. Oxalic Acid, 9.
Unknown 2, 10. Unknown 3, 11.
1,3,5cyclohexanetricarboxylic acid (internal
standard), 12. Citric Acid, 13. Isocitric Acid

a.

b. Organic acid profile for pomegranate juice. 1.
Lactic Acid, 2. Unknown 1, 3. Chloride, 4.
Cyclohexanecarboxylic acid (internal standard), 5.
Malic Acid, 6. Tartaric Acid, 7. Maleic Acid, 8.
Oxalic Acid, 9. Unknown 2, 10. Unknown 3, 11.
1,3,5cyclohexanetricarboxylic acid (internal
standard), 12. Citric Acid

b.

c. Organic acid profile for a 50/50 mixture of açai
and pomegranate juice.
1. Lactic Acid, 2. Quinic Acid, 3. Unknown 1, 4.
Chloride, 5. Cyclohexanecarboxylic acid
(internal standard), 6. Malic acid, 7. Tartaric
Acid, 8. Oxalic Acid, 9. Unknown 2, 10.
Unknown 3, 11. 1,3,5cyclohexanetricarboxylic
acid (internal standard), 12. Citric Acid, 13.
Isocitric Acid

c.
Figure 20. Açai, Pomegranate, and the combination of the two profiles.
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As seen in figure 20, it is important to determine if there are the hallmarks of each
single strength juice organic acid profiles. In the açai juice single strength organic acid
profile, elevated quinic and oxalic acids are present as seen in chromatogram a.
Pomegranate juice has an organic acid profile which is highlighted by a non-linear citric
acid peak and an increased tartaric acid peak as seen in chromatogram b.
Chromatogram c is a combination of the hallmarks of açai and pomegranate
juices. The non-linear citric acid peak is a direct indicator of pomegranate juice addition.
The increased tartaric acid is also an indicator that the juice injected is not single strength
açai juice. To confirm these indicators, the percent areas were calculated; first the single
strength organic acid profiles than the combination profile.
Acid

Acai

Acai/Pomegranate
(50:50)

Pomegranate

Lactic Acid

5

3

Quinic Acid

3

ND

3 ± 0.3

Unknown 1

5

0.2

2 ± 0.2

Malic Acid

4

6

0.2

0.4

0.9 ± 0.2

Maleic Acid

1

0.1

0.1 ± 0.1

Oxalic Acid

24

2

Unknown 2

0.6

0.5

Unknown 3

3

2

2 ± 0.3

Citric Acid

53

86

70 ± 2

Tartaric Acid

7±3

6±1

9 ± 0.5
0.9 ± 0.1

Isocitric Acid
0.9
0.3 0.4 ± 0.1
Table 13. Percent areas of the single strength juices as well as the 50/50 mix of açai and pomegranate.
ND = not detected.

As seen in table 13, changes occur in five of the eleven peaks in the organic acid
profiles. While other peaks in the combination profile had changes, the standard
deviations prevented a conclusion of alteration to be made. So, even if visually a change
may have occurred, if it cannot be verified by percent area change, than a secondary
verification with the three dimensional spatial representation needs to be depended upon.
This research was initially conducted as a 1:1 mixture of açai and pomegranate juices; the
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most detectable adulteration. Low error was associated with the 50:50 mixture; a 9:1
mixture of açai and pomegranate juices to see if adulteration at its lowest concentration
could be determined. By adding another juice at 10%, it offers a minimal economic relief
from the cost of production.
Açai and pomegranate juice combined at a higher concentration of açai mimics
the 50:50 combination organic acid profile without the non-linear citric acid peak.
Initially, it is important to visually inspect all three chromatograms.
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a. Organic acid profile of single strength açai
profile.
1. Lactic acid, 2. Quinic Acid, 3. Unknown 1,
4. Chloride, 5. Cyclohexanecarboxylic acid
(internal standard), 6. Malic Acid, 7. Maleic
Acid, 8. Oxalic Acid, 9. Unknown 2, 10.
Unknown 2, 11.
1,3,5cyclohexanetricarboxylic acid (internal
standard), 12. Citric Acid, 13. Isocitric Acid

a.

Organic Acid profile of pomegranate juice: 1. Lactic
Acid, 2. Unknown 1, 3. Chloride, 4.
Cyclohexanecarboxylic acid, 5. Malic Acid, 6. Tartaric
Acid, 7. Maleic Acid, 8. Oxalic Acid, 9. Unknown 2, 10.
Unknown 3, 11. 1,3,5cyclohexanetricarboxylic acid, 12.
Citric Acid, 13. Isocitric Acid

b.

Organic acid profile of the 90:10 combination of açai
and pomegranate juices. 1. Lactic Acid, 2. Quinic Acid,
3. Unknown 1, 4. Chloride, 5. Cyclohexanecarboxylic
acid, 6. Malic Acid, 7. Tartaric Acid, 8. Oxalic acid, 9.
Unknown 2, 10. Unknown 3, 11.
1,3,5cyclohexanetricarboxylic acid, 12. Citric Acid, 13.
Isocitric Acid

c.
Figure 21. Açai, Pomegranate and the 90:10 mixed juice combination of the two.

As was seen in the 50:50 mixture organic acid profile, the hallmarks of each
single strength profile are present. In the mixture as seen in figure 21c, an increase in
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citric acid is visible. The increase of tartaric acid seen in the 50:50 mixture profile is not
visible here. Qualitatively, dilution is also visible with an increase of the peak height of
chloride. The changes between the single strength açai organic acid profile and the mixed
juice profile are not visually distinct as in the 50:50 mixture organic acid profile. This
adds emphasis to the proper calculation of the percent areas to ensure the detection of
adulteration.
Acid

Açai

Pomegranate

Açai:Pomegranate (90:10)

Lactic Acid

5

3

9±2

Quinic Acid

2

ND

7±3

Unknown 1

5

0.2

4 ± 0.4

Malic Acid

3

6

3 ± 0.6

Tartaric Acid

1

0.2

2 ± 0.5

Maleic Acid

0.5

0.3

0.4 ± 0.3

Oxalic Acid

25

2

18 ± 1

Unknown 2

0.9

0.5

2 ± 0.4

Unknown 3

2

2

1 ± 0.3

Citric Acid

55

84

52 ± 4

Isocitric Acid
ND
0.4 0.1 ± 0.0
Table 14. Percent Areas for the mixed combination of 90% açai juice and 10% pomegranate juice.
ND = Not Detected.

Changes in citric acid content are confirmed with the percent area calculation.
This is complicated with greater error associated with this mixture because of the nonlinear nature of citric acid. However, the visual cues were verified by the calculated
percent areas. Another verification that will allow for the conclusion of adulteration is to
spatially place certain percent areas in a three dimensional space. Using the consistent
percent areas of quinic, malic, and tartaric acids, changes can be spatially verified.
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Figure 22. Three dimensional
representation of the mixed profiles of açai
juice and pomegranate juice. The black
circles representing single strength açai and
the red triangles pomegranate juice. The
blue star represents the 50:50 mixed juice
blend combination, while the green
diamond is the 90:10 mixed juice
combination.

Figure 22 shows changes between the single strength and mixed juice organic
acid profiles. Spatially, the 50% combination is approximately 50% of the way between
the two single strength juice profiles. The 90% combination is preferential to the single
strength açai profile because it is in the highest concentration in the blend. This leads to
the conclusion that greater concentrations of pomegranate juice will bring the blend
spatially towards the single strength pomegranate profile.
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5.3 Açai Apple
The combination of açai and apple juices offers the nutritional and
pharmacological advantages of açai juice while lowering the cost of the overall
production of the juice. This can be seen by the pricing of the two juices. A typical 12 fl.
oz. bottle of organic apple juices costs approximately $0.64 in the Mid-Atlantic States of
the United States. This is comparison to the same size bottle of açai juice which can be
purchased for $3.00. This mixed profile was investigated in the same way as the açai and
pomegranate juices mixed organic acid profile.
Apples have been characterized throughout more than 100 different varieties
grown in the United States. More apples are needed to maintain the amount of apple juice
consumed by the public than what is currently grown in the United States [97]. This
causes many of the concentrates used to make apple juice in the United States to be
imported from around the world. This changes some characteristics of the organic acid
profiles as well as the taste of the apple juice. In this section of the dissertation, Apple
and Eve® apple juice is a certified organic acid juice from concentrate and will be used
as the apple juice standard [99]. In the single strength juice investigation of chapter 4, this
juice contained the lowest percent area of chloride.
Apple juice does not dramatically dilute the color of açai juice, and will not alter
the taste of the drink [26, 100]. While the nutritional qualities of the açai juice may be
lessened by the dilution with apple juice, additional vitamin C (ascorbic acid) is added
[83]. The mixed blend was investigated in the same fashion as the açai pomegranate
blend; first visually then verification by calculated percent areas and three dimensional
spatial representation.
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a. Organic acid profile of açai juice for the use in
the apple mixing studies. 1. Lactic Acid, 2. Quinic
Acid, 3. Unknown 1, 4. Chloride, 5.
Cyclohexanecarboxylic acid, 6. Malic Acid, 7.
Tartaric/Maleic Acids, 8. Oxalic Acid, 9. Unknown
2, 10. Unknown 3, 11.
1,3,5cyclohexanetricarboxylic acid, 12. Citric Acid,
13. Isocitric Acid

a.
b. Organic acid profile of apple juice for the use in
apple açai mixing studies. 1. Lactic Acid, 2. Quinic
Acid, 3. Unknown 1, 4. Chloride, 5.
Cyclohexanecarboxylic acid, 6. Malic Acid, 7.
Tartaric Acid, 8. Oxalic Acid, 9. Unknown 2, 10.
Unknown 3, 11.1,3,5cyclohexanetricarboxylic acid,
12. Citric Acid, 13. Isocitric Acid

b.

c. Organic acid profile for the 50:50 mixture of
açai and apple juice. 1. Lactic Acid, 2. Quinic
Acid, 3. Unknown 1, 4. Chloride, 5.
Cyclohexanecarboxylic acid, 6. Malic Acid, 7.
Tartaric Acid, 8. Oxalic Acid, 9. Unknown 2,
10. Unknown 3, 11.
1,3,5cyclohexanetricarboxylic acid, 12. Citric
Acid, 13. Isocitric Acid

c.
Figure 23. Açai, Apple, and the mixed organic acid profiles.

As was the case with the açai and pomegranate mixed juice blend; the hallmarks
of each single strength organic acid profile are present. Increased malic acid is the
defining characteristic of apple juice exposure; and special attention needs to be paid to
that peak in each combinational analysis. The dominant hallmark of the combined profile
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is the increased lactic and quinic peaks from apple juice; but more importantly the
dramatic increase of malic acid from apple juice exposure. Now, the calculated percent
areas will confirm the suspected adulteration. At this point, the increases of lactic and
quinic acids are harder to determine due to problems with quantitation because of the low
capacity factors of these acids.
Acid
Lactic Acid

Açai

Apple

Açai/Apple 50:50

8

17

9±5

Quinic Acid

6

9

7 ± 0.8

Unknown 1

5

5

6 ± 0.4

Malic Acid

6

55

33 ± 4

Tartaric Acid

0.9

1

1 ± 0.5

Maleic Acid

0.3

ND

ND

Oxalic Acid

22

2

12 ± 0.8

Unknown 2

3

5

4 ± 0.2

Unknown 3

2

3

2 ± 0.1

Citric Acid

46

2

23 ± 2

Isocitric Acid

0.7

1

0.9 ± 0.1

Table 15. The percent area calculations of açai, apple, and the 50% combination. ND = not detected.

Changes in the organic acid content are seen in five of the organic acids in the
profile, excluding lactic and quinic acids in the mixed juice organic acid profile. Added
emphasis needs to be paid to the change in malic acid which was verified by the percent
area calculations in the 50:50 mixed juice blend. While it was possible to detect
adulteration in the 50:50 juice blend, the true test for the method is to detect adulteration
in the 90:10 profile.
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a. Organic acid profile of açai for the use
in the mixing study of açai and apple.
1. Lactic Acid, 2. Quinic Acid, 3.
Unknown 1, 4. Chloride, 5.
Cyclohexanecarboxylic acid, 6. Malic
Acid, 7. Tartaric Acid, 8. Oxalic Acid, 9.
Unknown 2, 10. Unknown 3, 11.
1,3,5cyclohexanetricarboxylic acid, 12.
Citric Acid, 13. Isocitric Acid

a.

b. Organic acid profile of apple.
1. Lactic Acid, 2. Quinic Acid, 3. Unknown
1, 4. Chloride, 5. Cyclohexanetricarboxylic
acid,6. Malic Acid, 7. Tartaric Acid, 8.
Oxalic Acid, 9. Unknown 2, 10.
1,3,5cyclohexanetricarboxylic acid, 11.
Citric Acid, 12. Isocitric Acid

b.

Organic acid profile of açai and apple mixed at
a 90:10 ratio. 1. Lactic Acid, 2. Quinic Acid, 3.
Unknown 1, 4. Chloride/Malic Acid, 5.
Cyclohexanecarboxylic acid/Tartaric Acid, 6.
Oxalic Acid, 7. Unknown 2, 8. Unknown 3, 9.
1,3,5cyclohexanetricarboxylic acid, 10. Citric
Acid

c.
Figure 24. Açai and Apple Juice mixing study.

Problems arose with the separation when trying to determine adulteration at the
90:10 mixture of açai and apple juices. During day-to-day use of the instrumentation
changes occur in the stationary phase and the ion exchange sites contained within. This
is compiled when no sample preparation is part of the method. These changes to the
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stationary phase decreased retention times, including malic acid; the emphasized acid for
apple juice exposure. The decreased retention of malic acid may have caused the coelution of the acid with cyclohexanecarboxylic acid.
While quantitation was re-calculated with 1,3,5-cyclohexanetricarboxylic acid;
error increases for the quantitation of malic acid because of the possible co-elution. This
means that the calculated percent area cannot verify the visual change of malic acid seen
in the chromatograms of figure 24. The calculated percent areas in table 16 confirm this
was the large standard deviation in malic acid. The spatial representation will have to be
used to verify the changes.
Acid

Acai

Apple

Acai/Apple 90:10

Lactic Acid

5

11

9±2

Quinic Acid

3

4

7±3

Unknown 1

5

6

4±1

Malic Acid

7

66

20 ± 20

0.6

ND

1 ± 0.6

Maleic Acid

1

ND

ND

Oxalic Acid

24

3

18± 5

Unknown 2

1

5

2 ± 0.5

Unknown 3

2

3

2 ± 0.5

Citric Acid

50

0.9

Tartaric Acid

Isocitric Acid
0.2
1
Table 16. Açai Apple 90/10 mixed juice blend profile. ND = not detected.

36 ± 9
0.2 ± 0.1

The final verification was the spatial representation of each single strength juice
organic acid profile and the combination profiles as seen in figure 25.
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Figure 25. Acai and apple spatial distribution
profile for the two single strength profiles, as
well as the two combinational profiles.

The spatial representation verifies the changes seen in the 90:10 chromatogram of
figure 25. As seen in pomegranate juice; the 50:50 mixed juice blend is spatially between
the two single strength juice profiles. While there was increased error was associated with
the 90:10 mixture because of the degradation of the chromatography column; the spatial
representation qualitatively verified the 90:10 change. Confirmation with mass
spectrometry would be able to determine if the co-elution contained more than one
organic acid. Additional research would need to be conducted with a new analytical
column to verify the method can successfully detect adulteration at the 90:10 level for
açai juice with apple juice added to it.
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5.4 Açai Grape
The combination of açai and grape juice is a combination of high ORAC scores
for each juice because of high polyphenolic content which has been documented to be
efficient for good immunity[27, 101]. Basic characteristics of açai juice like color and
taste will not change dramatically but dilution of citric acid and increase tartaric and
malic acids will occur from single strength grape juice [90]. Grape juice offers an
economic advantage as a diluent; with the price of a 10 fl.oz. bottle of red grape juice
being approximately $0.83. This decreases the overall production costs of açai juice.
This mixed juice organic acid profile was investigated in the same fashion as the other
mixed juice organic acid profiles; investigating the 50:50 combination of the juices then
investigating the 90:10 combination.
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a. Organic acid profile of açai for the use
in the mixing study with red grape juice.
1. Lactic Acid, 2. Quinic acid, 3. Unknown
1, 4. Chloride, 5. Cyclohexanecarboxylic
acid, 6. Malic Acid, 7. Oxalic Acid, 8.
Unknown 2, 9.
1,3,5cyclohexanetricarboxylic acid, 10.
Citric Acid

a.

b. Organic acid profile of grape juice.
1. Lactic Acid, 2. Quinic Acid, 3. Unknown 1, 4.
Chloride, 5. Cyclohexanecarboxylic acid/Malic
Acid, 7. Tartaric Acid, 8. Oxalic Acid, 9.
Unknown 2, 10. 1,3,5cyclohexanetricarboxylic
acid, 11. Citric Acid

b.

c. Organic acid profile for the mixture of açai
and grape juice 50:50.
1. Lactic Acid, 2. Quinic Acid, 3. Unknown 1,
4. Chloride, 5. Cyclohexanecarboxylic
acid/Malic Acid, 6. Tartaric Acid, 7. Maleic
Acid, 8. Oxalic Acid, 9. Unknown 2, 10.
Unknown 3, 11. 1,3,5cyclohexanetricarboxylic
acid, 12. Citric Acid

c.
Figure 26. Organic acid profiles for açai, grape, and the 50% combination profile.

As was seen in the 90:10 açai apple mixed juice organic acid profile, deterioration
of the stationary phase decreases overall retention time of all the organic acids. Hallmarks

78

of the single strength organic acid profiles were present. In chromatogram A the
highlighted oxalic and citric acids of açai juice are present. Grape juice contains
increased lactic, malic, and tartaric acids. The increased malic and tartaric acids are the
cataloged markers of grape juice exposure. These changes need to be verified with the
calculated percent areas.
Acid

Açai

Grape

Açai/Grape 50:50

Lactic Acid

7

24

21 ± 1

Quinic Acid

4

12

11 ± 6

Unknown 1

8

11

8 ± 0.3

Malic Acid

4

4

12 ± 5

Tartaric Acid

4

26

8±5

Oxalic Acid

29

7

15 ± 2

Unknown 2

0.1

8

4 ± 0.5

Unknown 3

2

4

3 ± 0.1

Citric Acid

41

3

21 ± 3

Isocitric Acid
0.2
0.4 0.3 ± 0.1
Table 17. Açai and Grape Percent Areas as well as the mixed juice blend.

Of the eleven peaks in the organic acid profile; changes were seen in six peaks
including two peaks that were unlabeled. While lactic and quinic acid percent area
suffered from poor quantitation; malic and tartaric acid changes were verified. It is
important to determine if adulteration can be determined with organic acid changes in a
90:10 açai/grape juice combination as seen in figure 27.
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a. Organic acid profile of açai in the 90:10
mixed profile with grape juice.
1. Lactic Acid, 2. Quinic Acid, 3. Unknown 1,
4. Chloride, 5. Cyclohexanecarboxylic acid, 6.
Malic Acid, 7. Tartaric Acid, 8. Oxalic Acid,
9. Unknown 2, 10. Unknown 3, 11.
1,3,5cyclohexanetricarboxylic acid, 12. Citric
Acid, 13. Isocitric Acid

a.

b. Organic acid profile of grape juice in the
90:10 mixed profile with açai juice.
1. Lactic Acid, 2. Quinic Acid, 3. Unknown 1,
4. Chloride, 5. Cyclohexanecarboxylic
acid/Malic Acid, 6. Tartaric Acid, 7. Maleic
Acid, 8. Oxalic Acid, 9. Unknown 2, 10.
Unknown 3, 11. 1,3,5cyclohexanetricarboxylic
acid, 12. Citric Acid, 13. Isocitric Acid

b.

c. Organic Acid profile of the açai and
grape combination with açai at 90% of
the solution.
1. Lactic Acid, 2. Quinic Acid, 3.
Unknown 1, 4. Chloride, 5.
Cyclohexanecarboxylic acid, 6. Malic
Acid, 7. Tartaric Acid, 8. Oxalic Acid, 9.
Unknown 2, 10. Unknown 3, 11.
1,3,5cyclohexanetricarboxylic acid, 12.
Citric Acid, 13. Isocitric Acid

c.
Figure 27. Organic acid profiles for the 90% açai and grape juice mixed profile.
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As previously stated; the hallmarks of each single strength organic acid profile
were present in chromatograms A and B of figure 27. Chromatogram c however shows a
different story. Visually, the only indicators of grape juice are increased lactic and quinic
acids. These two acids had problems with quantitation with a new analytical column so
when the stationary phase was deteriorating; error increased. This put into question all
visual cues in the 50:50 mixed juice organic acid profile. The calculated percent areas
need to be completely verifying the visual cues seen in the chromatograms of figure 27.
Acid

Acai

Grape

Acai/Grape 90:10

Lactic Acid

8

22

10 ± 5

Quinic Acid

5

7

8±1

Unknown 1

8

12

7 ± 0.6

Malic Acid

4

ND

9±2

Tartaric Acid

1

28

3±2

Maleic Acid

0.2

1

ND

Oxalic Acid

25

10

22± 2

Unknown 2

1

10

2 ± 0.2

Unknown 3

2

5

2 ± 0.5

Citric Acid

45

4

36 ± 3

Isocitric Acid
0.3
0.5
0.2 ± 0.0
Table 18. Percent areas of the researched organic acids in the single strength and mixed juice profile.
ND = Not detected.

The percent areas were also affected by the deterioration of the chromatography.
Of the eleven peaks, only four showed changes in the calculated percent areas. Changes
in tartaric acid, one of the two major components of grape juice exposure; was not
verified. Also, malic acid quantitation was impossible because the grape juice single
strength profile due to a lack of baseline resolution and possible co-elution. This changes
how the spatial representation determination occurred. Without malic acid, the spatial
representation of the organic acid profiles reduces from three dimensions to two.
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Figure 28. Two dimensional representation of the açai grape mixed juice organic acid profiles.

In the case with pomegranate and apple combinations, the 50% açai juice mixed
blend was equidistant between the two single strength juice profiles. In the case of grape
juice this is the case for the two dimensional graph; and the 90% combination also favors
the single strength açai juice was seen previously. Grape juice was the only mixed juice
organic acid profile that was dramatically affected by column deterioration. Confirmation
with a new stationary phase would need to be done before being able to conclude
quantitatively that adulteration occurred. The two dimensional spatial representation
qualitatively presents that adulteration occurs. A confirmation test with mass
spectrometry detection would also be necessary.
The last part of the mixed juice blend research was to then take all four juices and
determine that if the researcher did not know the identity of the adulterant before hand, if
it was possible to determine if açai juice was adulterated; but also with which juice it was
adulterated with.
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5.5 Blind Study
A blind study was conducted to determine if açai juice not only can be detected
but also if the juice added can be determined. This research initially separated and
detected all four of the juices at a single strength level; and then analyzed a sample made
with two of the juices; açai and another juice serving as an adulterant at an unknown
concentration within the linear range of the method. This study was conducted as the
other mixed juice blends, looking at visual indicators in the chromatograms, verifying
with calculated percent areas, and then finally verifying with a three dimensional spatial
representation to conclude adulteration. It is important to remember that this
methodology was developed as a screening test. This means that the test will be able to
determine adulteration took place, be able to determine what was used as the adulterant,
but not necessarily in what concentration.
The blind study adds a level of complexity because instead of distinguishing
between two juices at a single strength level; there is now four juices to be visually
investigated as seen in figure 29.
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a. Organic acid profile of açai.
1. Lactic Acid, 2. Quinic Acid, 3. Unknown 1, 4.
Chloride, 5. Malic Acid 6.
Cyclohexanecarboxylic acid, 7. Tartaric Acid,
8. Oxalic Acid, 9. Unknown 2, 10. Unknown 3,
11. 1,3,5cyclohexanetricarboxylic acid, 12.
Citric Acid, 13. Isocitric Acid

a.

b. Organic acid profile of apple juice.
1. Lactic Acid, 2. Quinic Acid, 3. Unknown 1,
4. Chloride, 5. Malic Acid, 6.
Cyclohexanecarboxylic acid, 7. Tartaric
Acid, 8. Oxalic Acid, 9. Unknown 2, 10.
Unknown 3, 11.
1,3,5cyclohexanetricarboxylic acid, 12. Citric
Acid

b.

c. Organic acid profile of grape juice.
1. Lactic Acid, 2. Quinic Acid, 3. Unknown 1, 4.
Cyclohexanecarboxylic acid, 5. Malic Acid, 6.
Tartaric Acid, 7. Oxalic Acid, 8. Unknown 2, 9.
Unknown 3, 10. 1,3,5cyclohexanetricarboxylic acid,
11. Citric Acid

c.
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d. Organic acid profile for pomegranate juice.
1. Lactic Acid, 2. Unknown 1, 3. Chloride, 4.
Cyclohexanecarboxylic acid, 5. Malic Acid, 6.
Oxalic Acid, 7. Unknown 2, 8. Unknown 3, 9.
1,3,5cyclohexanetricarboxylic acid, 10. Citric Acid,
11. Isocitric Acid

d.

e. Organic acid profile of the blind study.
1. Lactic Acid, 2. Quinic Acid, 3. Unknown 1,
4. Chloride, 5. Malic Acid, 6. Tartaric Acid, 7.
Maleic Acid, 8. Oxalic Acid, 9. Unknown 2,
10. Unknown 3, 11.
1,3,5cyclohexanetricarboxylic acid, 12. Citric
Acid, 13. Isocitric Acid

e.
Figure 29. Organic Acid profiles used in the blind study.

It is important to ensure that the hallmarks of each single strength organic acid
profile are present. This includes the increased malic acid peak in chromatogram b of the
apple juice organic acid profile. Chromatogram c shows increased malic and tartaric
acids, the hallmarks of single strength grape juice. Pomegranate juice shows a dramatic
non-linear citric acid peak as seen in chromatogram d of figure 29. Once these hallmarks
are confirmed, chromatogram e can be determined. Chromatogram e does not contain a
large increase of citric acid; eliminating pomegranate juice as a possible adulterant.
Increased malic and tartaric acids leave apple and grape juice as possible adulterants. The
dramatic increase of tartaric acid in chromatogram e eliminates apple juice which has a
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low tartaric acid peak. This leads to the conclusion that visually grape juice is the
adulterant juice. The percent areas need to be calculated to verify this conclusion as seen
in table 19.
Acid

Acai

Apple

Grape

Pomegranate

Blind Study

Lactic Acid

6

13

14

3

17 ± 1

Quinic Acid

4

4

4

ND

11 ± 1

Unknown 1

6

7

6

0.2

6 ± 0.4

Malic Acid

2

63

31

2

16 ± 2

Tartaric Acid

8

3

18

ND

Oxalic Acid

28

4

11

2

17 ± 1

Unknown 2

2

3

7

0.5

4 ± 0.3

Unknown 3

2

0.5

3

3

2±1

Citric Acid

40

0.9

4

87

20 ± 1

7±1

Isocitric acid
0.9
ND
ND
0.9 0.5 ± 0.6
Table 19. Percent areas for each single strength juice as well as the calculated percent areas for the
blind study which was performed. ND = not detected.

Of the ten organic acids in the profile, five showed distinct changes including
lactic, quinic, malic, and tartaric acids. The percent area changes seen in table 18 verify
the choice of grape juice as the adulterant juice. Additional verification with a three
dimensional spatial representation is then necessary.

Figure 30. The three dimensional representation
of the organic acid profiles involved in the blind
study.
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The spatial representation of the blind study shows that the blind study is grape
juice in figure 30. Apple and pomegranate juices are outliers with respect to the blind
study representation. Grape juice is the only single strength organic acid profile that is
spatially similar to the blind study. This verifies adulteration with grape juice occurred
but it is not possible to determine at what concentration.
5.6 Conclusions
This study showed unknown juice organic acid profiles being analyzed in a three
dimensional spatial representation make it possible to predict whether the profile is a
single strength juice or a mixed juice blend. Calculated percent areas allow for more
verification. This method is complicated with more than two juices in the juice blend, but
additional research could determine changes that occur with the addition of more than
one juice.

More than three juices are likely to make the visualization in the

chromatograms difficult, so verification with calculated percent areas and the three
dimensional spatial representation increase in importance.
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CHAPTER 6: SUMMARY

6.1 Conclusions
The method developed works effectively to determine if adulteration has taken
place by determining organic acid profiles associated with them. These organic acid
profiles were determined for juices such as açai, expanding the current literature about
that fruit. This method incorporated the use of single strength juice profile
chromatograms, percent areas, and three dimensional spatial representations to recognize
the difference between single strength, mixed juice blends, and a juice that is suspected to
be adulterated. The method has incorporated an initial screening, confirmation with
calculated percent areas, with a three dimensional spatial representation to qualitatively
screen for juice adulteration.
Problems associated with the method started with deterioration of the analytical
column. Deterioration of the chromatography changed a wide variety of parameters in the
analysis including resolution, as well as sensitivity. Addition of a sample preparation
procedure would likely extend the life of the chromatographic column.
Using a solid phase extraction (SPE) column that would capture cations such as a
strong cation exchange column would elute anions being investigated; without the loss
because of retention. This allows for a simple sample preparation using a polymeric SPE
column to increase both accuracy and precision. Removal of the cationic minerals and
metals (such as zinc and potassium) alone would decrease the overall deterioration from
the direct injection of açai juice. Recovery using the internal standard would need to be
conducted to determine if overall error of the method is increased. If organic solvents are
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necessary for the sample extraction, the concentration should be kept at a minimum, or
the suppressor should be re-plumbed to be operated in external water mode [34].
Quality assurance standards need to be integrated into the day-to-day operation of
this method. Quality assurance would take the initially method that has been developed
and ensure that the calibration as well as the analytical and calibration figures of merit do
not suffer due to high throughput testing. The initial method injects two blanks before
injecting the single strength standard juice samples immediately followed by the suspect
samples. The quality assurance procedure will add calibrators at low, medium, and high
concentrations to ensure that the accuracy and precision of the method does not suffer
during high throughput use. Carryover experiments will need to be tested if an autosampler is incorporated to maintain this method and allow it to be used continually
excluding times when mobile phase needs to be replenished. This would establish this
method as a viable screening method in a high output forensic or food testing setting.
6.2 Future Directions
As a screening test, this HPAEC-CD method is highly efficient, and has the
possibility of being used in a high throughput clinical environment, with little to no
sample preparation associated with it. While this offers a proficient way of separating
and detecting organic acids for the purpose of determining adulteration; it is also specific
to red and darker juices.
This method can be expanded to other juices. Implementing the sample
preparation mentioned in the previous section after the centrifugation and filtration of the
juice sample allows for this method to be expanded to citric juices as well. The
prevention of pulp, ash, and other soluble solids from entering the analytical
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instrumentation allows this profiling system to be used with suspect orange, acerola
(Brazilian cherry), passion fruit, and other tropical super fruits that are entering the
United States with little to no importation standards from the foreign Ministries of
Agriculture. The United States FDA has proper standards for importation of fruits and
vegetables including açai juice; but with little research on the chemical characteristics of
this plant it has no legal standard for açai juice entering United States, in some cases not
even providing the country of origin [102-104]. The method works in a similar way with
the standard quality assurance procedure suggested. Implementing the sample
preparation, centrifugation, filtration and the standard quality assurance procedure allows
for the continued high throughput use with little carryover.
This method could also be expanded to be used with the addition of more than
one juice to a target juice. As was seen in the blind study, comparing suspect juices to
single strength juice profiles, many of the percent areas are equidistant at a 50% juice
combination in the three dimensional spatial representation. In the blind study, four
separate juices were compared to the target juice single strength profile. After the sample
preparation methodology was added to the standard quality assurance procedure, it would
be possible to determine if adulteration favored one or more single strength profile. This
would allow for the adulteration to be broken down into its component parts. While the
method cannot determine concentration differences it is important to allow for
determination of whether the juice is mixed with more than one juice. One it is
determined if the juice blend is of two juices, another single strength profile involved
would mean testing the sample again with the knowledge that the two involved juices
would work as one standard while the suspected target juice would be the other “single
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strength” component to the profile. Variation in the method, including documented
changes in organic acid concentrations will need to be carefully recorded.
One of the key points which should be emphasized allowing the method that was
described in chapter 3 to be used in a variety of ways is improving the retention time
ladder. This retention time ladder worked efficiently for malic, tartaric, maleic, and oxalic
acids; the divalent acids involved in the method. The retention time ladder needs to be
expanded to encompass the trivalent acids. A possible candidate to expand the ladder to
the trivalent acids is 1,2,4,5-cyclohexanetetracarboxylic acid. The possible problems that
will arise with this candidate are there is little data about this compound available.
Another detriment to using this is that despite following the trend of the
cyclohexanecarboxylic acids, it would lengthen the overall time needed for the assay.
This would also extend the amount of organic acid candidates that can be determined
using this method. This will necessitate changing the step wise ionic strength gradient.
Decreasing the initial concentration of NaOH, and increasing the final concentration of
NaOH will push the suppressor abilities but will allow the trivalent acids to be identified.
The addition of a working retention time ladder for all the acids investigated would allow
for additional determination of chromatographic peaks despite problems with retention
time shift.
Another expansion to this research is to allow for the use of the HPAEC-CD
method in conjunction with an ESI-MS used in negative ionization mode to allow for
online screening and confirmation as seen in figure 31.
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Figure 31. Instrumental Setup for two dimensional detection system associated with anion exchange
chromatography.

This is possible because after the suppressor in the plumbing of the
instrumentation, the mobile phase contains water and the analytes of interest. That means
the only change in instrumentation would be post electrochemical cell. If efficient mass
spectrometric detection needs organic solvents, the suppressor would need to be replumbed to be used in external water mode, allowing for concentrations of organic
solvents to be used throughout the analysis. This will add efficiency to the separation as
well, as it has been published previously to prevent co-elution [33].
Using a flow regulator slows the flow rate of 1.0 mL/min used in the
chromatography and conductivity detection to less than 0.5 mL/min by either splitting the
volume (with one half to waste and the other half to the ionization source) or going one
step further and lessening the flow to 0.25 mL/min. This would alleviate problems with
chromatography by adding an additional step in the separation with mass to charge ratios.
This allows for a confirmation of the suspected adulteration. So, the conductivity
detection would screen for adulteration, with possible adulterants within the juice. Using
mass spectrometry adds an additional qualification allowing for concentration differences
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to be determined. This permits the ability to report that for example, açai juice is
adulterated with 20% pomegranate juice because of a percent area that is x amount based
on the relative atomic mass calculations done via the mass spectrometry data analysis.
This allows the method not only to be used as a screening method, but also a
conformational analysis using this two dimensional detection set-up.
Additional research needs to be conducted to determine working parameters for
the two detection system with anion exchange chromatography as the separation system.
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