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ABSTRACT
Isolation and Purification of Anthocyanins from BkaBean Canning

Wastewater Using Macroporous Resins

by

Xiaoxi Wang, Master of Science

Utah State University, 2013

Major Professor: Dr. Conly Hansen
Department: Nutrition, Dietetics and Food Sciences

Isolation and purification of anthocyanins from diabean canning wastewater by
column chromatography with macroporous resins werestigated in this study.
Different adsorption materials and adsorption cbods were compared and the most
effective material and adsorption conditions wesdected to purify anthocyanins.
Purified anthocyanins then were identified by hggrformance liquid chromatography
electrospray tandem mass spectrometry. The mostte# macroporous resin was
selected by comparing the adsorption performande®fifferent types of macroporous
resins (Diaion Hp20, Sepabeads Sp70, Sepabeads7 Sipabeads Sp700, and
Sepabeads Sp710). Equilibrium adsorption isoth@fnfise resins with wastewater were
measured and analyzed using Langmuir and Freunidlatherm models. Both Langmuir
and Freundlich models could describe the adsorpgmrtess. The adsorption and

desorption behaviors of anthocyanins were studgdgua dynamic method on the five



v
types of resins, and Sp700 presented the highesttbn capacity as well as desorption
capacity, indicating that Sp700 is a good candifateurification of anthocyanins from
black bean canning wastewater. The most effectdsomption conditions were tested
using Sp700. Dynamic adsorption and desorption wesdormed in glass columns
packed with Sepabead Sp700 to optimize the putidicgprocess. Temperature during
adsorption and desorption (25°C and 35°C) did mgtiicantly affect the adsorption and
desorption ratio. Adsorption ratio was significgnttduced when the flow rate increased
from 1.5 mL/min to 2.5 mL/min. However, desorpti@iio was not affected by flow rate
(from 1.5mL/min to 0.3mL/min). Ethanol concentratigfrom 30% to 60%) did not
affect desorption ratio. Four kinds of anthocyamrese identified in black bean canning
wastewater. The major anthocyanins were delphirBdghucoside, petunidin 3-glucoside,
and maldvidin 3-glucoside, with a small amount efymidin 3, 5-diglucoside also in the

final product.

(80 pages)



PUBLIC ABSTRACT
Xiaoxi Wang

Wastewater treatment is needed in almost all famxtofies. Removing color in
wastewater is one of the most important tasks sint@red wastewater could easily draw
public attention. The color of wastewater is ofthre to the presence of anthocyanins,
like the black color in the black bean canning wastter resulting from anthoyanins in
the black bean coat. Anthocyanins are colored wsikible pigments that can provide
attractive colors in foods. They are listed as ratcolorants by the European Union and
FDA. They have been used in beverages, fruit g§insnacks, and dairy products. They
also are antioxidants that may have health-prorgdbenefits such as increased visual
acuity and lower cancer risk. They have receivevgrg attention and increasingly been
used in food and pharmaceutical products.

Our study aimed to investigate the effects of d#ifie adsorption materials and
different adsorption conditions to purify anthociyen from wastewater. Macroprous
resin Sp700 was found to be an effective adsorptiaterial. It has a good performance
in both steps of the purification: adsorption am$atption. For adsorption, a low flow
rate at room temperature should be used. For dgsorpoom temperature (25 °C), low
flow rate (0.3 mL/min), and high ethanol concentnat(60% acidified ethanol) was an

effective desorption condition with low cost.
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CHAPTER 1

INTRODUCTION

Introduction

Phaseolus vulgaris is one of the most important industrial legumegjclv can not
only be used for human or animal feed but alsorhapr importance in furnishing a
variety of industrial, agricultural, food and phaweutical products (Black and others
2006) Kidney bean, which is one of the largest at@s of Phaseolus vulgaris, is
relatively inexpensive and a good protein supply daimals and humans, especially
important for growth and skeletal muscle nitrogescfions (Marzo and others 2002).
Even though it contains several phytochemical camepts that can limit its consumption,
some processing techniques like soaping and coakingbe utilized to reduce its toxicity
(Marzo and others 2002).

Canned beans have a long history of use and atersalmost all supermarkets in the
USA. Ironically, while the Phaseolus wulgaris itself provides health during its
consumption, its resulting by-products (wastewatering bean canning) represent a
serious environmental threat; it contains high am®uof sugar, starches and dark
pigments, with a pollutional strength (Biochemi€atygen Demand) approximately ten
times greater as compared to domestic sewage (LI§®#%). During the canning process
of the beans, large amounts of water are requmesbap, wash, blanch and cook the
beans. This transfers part of the anthocyanin & lleans’ coat into the industrial
wastewater and gives the wastewater color.

Anthocyanins are the largest group of water-solyidgnents inPhaseolus vulgaris;

the content and different types of anthocyanindbeans coats are responsible for the



color variation (red, black, brown, and white) betbeans (Choung and others 2003).
Anthocyanin pigments, which are innocuous and @adyicorporate in agueous media,

are perfect as an alternative to substituting stitlcolorants which have toxic effects in

humans (Castafieda-Ovando and others 2009). Taleukathers (1997) reported that

among the different colors of the beans, red aadkbpigments in the seed coats of the
beans are an attractive source for natural foocherg in food industry. Wastewater from

black or red bean canning containing anthocyanins ipotential resource to obtain

natural pigments.

Also, currently research shows that anthocyanirondt can be used as food pigments,
but also as active antioxidants in some food prtedaad medicines (Goldstein 2010).
Many kinds of chemical analyses, including the i&iocalteu method, the oxygen
radical absorbance capacity (ORAC) assay and th®oXrequivalent antioxidant
capacity (TEAC) assay were used to study the aidiéox capacity of anthocyanin (Prior
and others 2005). Some researchers have also lestidehemical methods to study the
antioxidant capacity of anthocyanins from Chilead wine, grapes, and raspberries
(Aguirre and others 2010). Thus, anthocyanins froamning wastewater have the
potential to work not only as pigments, but alsbexidant products.

Even though there are several researches on emfraaghthocyanins from some
vegetables and fruits, and there are several metlboddetermining the antioxidant
capacity of the anthocyanin, the research on extigaganthocyanin from food waste and
using electrochemical methods to determine the ymtsdfrom the wastewater is still
limited. Also, their genetic study and other retatéeatures such as anthocyanin

composition and content are more limited in cannprgcess wastewater, although



reusing food waste and reducing energy in wasteag@ment are becoming more
important today. An understanding of the compositémd contents of anthocyanins in
canning process wastewater may aid in their furthidization as anthocyanin resource
materials. The objective of this research was taratterize the colorant compounds
present in the industrial wastewater from black nbeanning and to investigate a

potential industrial process for the extractioranthocyanins for use as natural pigments.

Hypothesis
The extraction conditions, including resin mateyjaémperature, flow rate and eluent,
which affect the purification of anthocyanins framastewater using macroporous resin,

may affect the purification effectiveness of théhacyanins significantly.

Objectives
Objective 1. To investigate a potential industreddsorbent for the extraction of
anthocyanins from black bean canning byproducug® as a natural food colorant, and
to test the suitability of the Langmuir and Freuchlladsorption models for describing
the adsorption isotherms of anthocyanins on diffekends of macroporous resins.
Objective 2: To optimize pigment extraction procésscomparing different resin

extraction conditions in order to provide recommezhduidelines for application.
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CHAPTER 2

LITERATURE REVIEW

Anthocyanins

The interest of the food industry in natural cofdsato replace synthetic dyes has
increased significantly over the last several yedumthocyanins, which are colored
water-soluble pigments that also are antioxidami$ have health promoting benefits
such as increased visual acuity and cognitive fanstamong humans, have received
dramatically growing attention and increasingly toeesed in food and pharmaceutical
products (Wallace and Giusti 2008). Another noteiporproperty of anthocyanins is
easy incorporation in aqueous media, which makesthuitable to be used as natural
pigments (Alexandra Pazmifio-Duran and others 2001)

They are listed as natural colorants by the Eunopédon (EU) legislation as product
E163. Also being natural colorants, they are exeingoh certification by the U.S. Food
and Drug Administration (FDA), but their use istresed (Mateus and Freitas 2009).
They have been used in beverages, fruit fillinggcks, dairy products (Choung and
others 2003).

Anthocyanins are responsible for the colors disgdialgy many flowers, fruits, stems,
and roots (Mateus and Freitas 2009). There are msanyces suitable for extracting
anthocyanins, including red beans, black beansdotmanges, strawberries, raspberries,
and grapes (Clifford 2000; Choung and others 2@Qfiirre and others 2010; Cao and
others 2010; Cerezo and others 2010). Table 2.Wwshihe average amount of

anthocyanins in some foodstuffs.



Table 2.1. Average amount of anthocyanins in saoddtuffs

Anthocyanin source Amount Anthocyanin source Amount

(mg/L?) (mg/L?)
Blackberry 1150 Currant (black) 1300-4000
Blueberry 825-4200 Elderberry 2000-10000
Black bean 2100-2800 Red grapes 300-7500
Cherry 20-4500 Blood orange 2000
Chokeberry 5060-10000 Raspberry (black)  1700-4277
Cowberry 1000 Red bean 200-800
#mg/L or mg/kg

Summarized from Clifford (2000), Giusti and Wroki{@2001).

From Table 2.1, we can see that black bean is anpal resource to extract
anthocyanins. However, with new sources of natocoédrants being in current demand
by industry, food waste is being examined as amiaiesource to extract anthocaynins:
for example, purple corn colzda mays.), red grape pomace, and bract waste from
harvesting bananas (Di Mauro and others 2000; ReiDuran and others 2001; Giusti
and Wrolstad 2001; Mantell and others 2002; YardyAmai 2010).

Red and black color pigments in the seed coatsidiiel bean are an attractive
potential for natural food colorants (Takeoka anldecs 1997). During canning of the
beans, the process consumes large amounts of twatdeap, wash, blanch and cook the
beans, transferring part of the anthocyanin inlibans’ coat into the industrial waste
water (Brooks and Houpt 1973).

Therefore, due to the enormous potential of nataméhocyanins extracted from bean
processing waste as natural pigments, there amecegasing number of reports found in
the literature on analyzing anthocyanins in comrbeans, for example: purification and
separation of anthocyanins from Korean cultivatédhé&y bean (Choung and others

2003), quantitative analysis of anthocyanins in ©mn beans using chromatographic



methods such as high performance liquid chromaptgyrédHPLC; Diaz and others 2010),
antioxidant activity in common beans (Jiratantad kiu 2004; Oomah and others 2010),
and microwave-assisted extraction of anthocyaramfbeans (Sutivisedsak and others
2010).

In this review, | will focus on bean anthocyanirepfistry and recent investigations

about extraction, purification and identificatiohamthocyanins.

Bean Anthocyanin Chemistry

Anthocyanins are water-soluble vacuolar pigmends thay appear as red, purple, or
blue depending on pH. They are known as the an#rodins’ glycoside form. The main
anthocyanidin structure is an aromatic ring thaitams oxygen, which is also bonded by
a carbon-carbon bond to a third aromatic ring (Ahaswamy and others 2004). There is
a huge variety of anthocyanins spread in natugurgi2.1 shows the general structure of
the anthocyanins and Table 2.2 shows the 6 anthaliya occurring most frequently in
plants: pelargonidin (12%), cyanidin (50%), peonid{12%), delphinidin (12%),

petunidin (7%), and malvidin (7%; Kong 2003)

OH

HO '\ - H:‘

Figure 2.1 General anthocyanin structure



The sugars commonly linked to anthocyanidins arenowsaccharides (glucose,
galactose, rhamnose, and arabinose) and di- sa¢gharides formed by combination of
the 4 monosaccharides, which may also be acylaigd avphenolic or aliphatic acid
(Bureau and others 2009). The glycoside derivatitias are more widespread in nature
are 3-monosides, 3-biosides, 3,5- and 3,7-diglgess(Kong 2003). The huge variety of
anthocyanins are formed by the different numbenyafroxylated groups, the nature and
number of the sugars bound to the anthocyanidenpttenolic or aliphatic acid bound to
the sugar in the molecule, and the different possiof these bonds. Several investigators
(Feenstra 1960; Stanton and Francis 1966; Choudgo#mers 2003) have identified
different kinds of anthocyanins from diverse kidndean varieties. Common
anthocyanins in different bean cultivars are showmnTable 2.2. Distribution of

anthocyanins between diverse bean varieties isshowable 2.3.

Table 2.2 Structural identification of anthocyanili

Anthocyanin | Abbreviations | R R, Amax (Nnm)* colour
Rs=H | Rs=gluc

Delphinidin Dp OH OH 546 541 Blue-red
Petunidin Pt OH OCK | 543 540 Blue-red
Malvidin Mv OCH; | OCHs 542 538 Blue-red
Cyanidin Cy OH H 535 530 Orange-red
Peonidin Pn OCH H 532 528 Orange-red

Pelargonidin Pg H H 520 516 Orange-red

In methanol with 0.01% HCI (Giusti and Rolstad 2004stanedaovando and others 2009)



Table 2.3 Bean anthocyanins structure and cultivar

Anthocyanin R R, Rs R4 Cultivar

Cyaniding 3,5- | OH H O4f-D- O-B-D- | Korean red bean (KG98001)

diglucoside glucose | glucose

delphinidin 3- | OH OH O$-D- OH Korean bean (KG98001,

glucoside glucose KG98287),
Kurodanekinugasa black bean,
Canadian Wonder bean,
Yamashirokurosando black
bean
Black bean (US UI911)

cyanidin 3- OH H O4f-D- OH Korean red bean (KG98001)

glucoside glucose

petunidin 3- OCH3| OH O$-D- OH Korean black bean

glucoside glucose (KG98287), Black violet bean,
Kurodanekinugasa black begn
Black bean (US UI911)
American commercial black
bean

pelargonidin 3-| H H O-D- OH Korean red bean (KG98001)

glucoside glucose

Malvidin 3- OCH3 | OCH3 | O-p-D- OH Kurodanekinugasa black bean

glucoside glucose Black bean (US UI911)

Malvidin 3,5- | OCH3 | OCH3| O-B-D- O-B-D- | Kurodanekinugasa black bean

diglucoside glucose | glucose | American commercial black
bean

delphinidin 3, | OH OH O$-D- O-B-D- | Black violet bean

5-diglucoside glucose | glucose | American commercial black
bean

Cyanidin 3,5- | OH H Of-D- O-B-D- | Canadian Wonder bean

diglucoside glucose | glucose

Pelargonidin 3-| H H O-D- OH Canadian Wonder bean

glucoside glucose

malvidin 3- OCH3 | OCH3 | O-B-D- OH American commercial black

galactoside galactose bean

petunidin 3- OCH3| OH O{-D- OH American commercial black

galactoside galactose bean

delphinidin 3- | OH OH O$-D- OH American commercial black

galactoside galactose bean

Pelargonidin | H H O-D- O-3-D- | Canadian Wonder bean

3,5-diglucoside glucose | glucose | American commercial black
bean

Chemical structures of anthocyanins in seed coftifierent bean cultivar (Takeoka and others 1997;
Choung and others 2003; Wu and Prior 2005)
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Extraction and analysis of anthocyanins

Extraction is a very important step in the isolatiadentification and use of
anthocyanin compounds and there is no single amtlatd extraction method. Fruits,
vegetables and herbs can be ground, dried, or lypgih and some fresh plants can be
soaked with subsequent solvent extraction to exfpshenolic compounds (Merken and
Beecher 2000). These methodologies result in thextaction of non-phenolic
substances such as sugars, organic acids, andnpraequiring subsequent purification

processes such as solid phase extraction (SPEr@dstovando and others 2009).

Chemical extraction

Anthocyanins are polar molecules, thus using st$vdike aqueous mixtures of
ethanol, methanol or acetone is better for exwactiKahkonen and others 2001).
Because anthocyanins are not stable in neutrallkaliree solutions, acidic aqueous
solvents have been used as extraction solventsler to disrupt cell membranes and at
the same time dissolve the water-soluble pigmdrts.most common methods are those
which use acidified methanol or ethanol as extrastaHCI (usually <1%) is chosen for
acidulating the extraction solvent (Rodriguez-Saand Wrolstad 2001; Amr and Al-
Tamimi 2007). Ethyl acetate, methanol and aqueowudures (50%-90%,v/v), and
ethanol and aqueous mixtures (10-90%) have beestigated (Ignat and others 2011).

Methanol is the most effective of these solvents.ahthocyanin extractions from
grape pulp, extraction with methanol is 20% morffective than with ethanol, and 73%
more effective than only water (Ignat and otherd1)0It also has been found that
acidified methanol resulted in significantly highealues for total anthocyanins than

aqueous acetone, as the extraction with acidifiedhanol was twice as efficient as
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agueous acetone (Lee and others 2004). For fodécafppns, although having a lower
extraction capacity and being difficult to elimieatfterwards, ethanol is usually
preferred due to its low toxicity (Mateus and Fasi2009).

Aqueous acetone may not be an appropriate soleer@xtracting anthocyanins from
some plants like sorghum. Anthocyanin molecules gadergo significant structural
modification in aqueous acetone through oxidatidditeoon mediated by acetone and
hence forming pyranoanthocyanins (Awika 2005).

When we use food waste as an anthocyanin resotirese solutions are used to
extract solid food waste. For the aqueous food eyadtese methods may not be
appropriate. As mentioned, soaking has also bed¢ensixely used for anthocyanin
extraction. In some food processes like canningi®esoaking is an important step which
also results in a “natural” extraction processdtld be directly applied to raw material
in the food industry, is easy to control the sogkoonditions, and could extract a

considerable amount of anthocyanins while maintaitine food product quality.

Physical extraction

In recent years, various novel extraction techrsqueve been developed as
alternatives to conventional extraction which caketlong extraction times. For example,
ultrasound-assisted extraction, microwave-assis&xdraction, supercritical fluid
extraction and high hydrostatic pressure extracttan be used to extract phytochemicals

from plants.

Concentration

After extraction, rotary evaporator under vacuurtoattemperature can be used in
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the concentration process, in order to minimizenacyanin degradation (Romero and

Bakker 2000; Chaovanalikit and others 2012).

Purification

As mentioned, the extraction methods may not bectee for anthocyanins due to the
co-extraction of non-phenolic substances such garsporganic acids and proteins. A
subsequent purification processes is required. dewiariety of techniques have been
examined, varying from extractions in solid phaSeK) and liquid-liquid (LLE) to the
use of sophisticated chromatographic techniques d&untercurrent chromatography
(CCC, Schwarz 2003; Wybraniec and others 2009), iumed pressure liquid
chromatography (MPLC) and HPLC (Diaz and others020The most common method
used for anthocaynin separation is HPLC with UV-\is photodiode array (PDA)
detectors (Castanedaovando and others 2009).

Although some reports are available, research enube of plants or fruits for
anthocyanin extraction at an industrial plant seake limited. This might be due to 3
limiting factors, often overlooked in scientificusies: The effectiveness of recovery and
extraction; the marketability of resulting extrgcééd the practical suitability for food

and pharmaceutical products (Castanedaovando aets@009).

Column chromatography

The components of a mixture can be separated basetheir different relative
mobilities using chromatographic methods. Figure2 2s a general column
chromatography showing how 2 components, A andrB,rasolved on a column by
column chromatography. Column chromatography is effective method for the

extraction and purification of anthocyanins on anplscale. Kammerer and others (2005)
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evaluated ion exchange resin (Amberlite XAD 16HFsime for recovery and
concentration of anthocyanins from grape pomaceaetst The aqueous extract was
prepared by adding water to fresh grapes skins gam3ple; water at 80°C). The crude
extract was passed through the resin and eluteld migthanol. The temperature of
adsorption and desorption were 25°C and 50°C, otispéy. Recovery rates reported
ranged from 96% to 100%. The recovery rates ond-piant scale were compared to
bench-lab experiments and the results revealedignofisant difference between the
recoveries provided by both experiments.

In another study, macroporous resin was used taeand purify the anthocyanins in
31 cultivars of mulberry, and a process for theustdal preparation of mulberry
anthocyanins as a natural food colorant was stu@é&é resins tested, X-5 demonstrated
the best adsorbent capability for mulberry anthagya Residual mulberry fruit juice
after extraction of pigment retained most of itdriemts, except for anthocyanins, and
may provide a substrate for further processing (And others 2004). This research
showed that macroporous resins can be used faregifipurification. They are made of
highly cross-linked nonpolar or slightly hydrophilstyrene-divinyl-benzene (SDVB).

Figure 2.3 shows the chemical structure of SDVB laomd SDVB forms macropores.

=
A+H= g -
~~

B

/N
|

=

il

Figure 2. 2 General column elution chromatogragiomsng how to separate a mixture
of Components A and B



14

Macroporne

iy By
CH ~CHy= CH ~CHy= CH~CHy= CH~CHy=CH ~CHy’
1 1 l 1

O QOO

Figure 2.3 Chemical (A) and physical (B) structafé&SDVB macroporous resin.

Adsorption models

An isotherm is usually used to describe an adsmmpfirocess on selected resins
(Okeola and Odebunmi 2010). Adsorption isothermthis equilibrium relationship
between the concentration of solute in solutionsphand on adsorbent phase at a
specified temperature (Chabani and others 2007¢. adsorbed molecules distribution
between the liquid phase and the solid phase atethalibrium state point can be
indicated by the adsorption isotherm (Nwabanne Ighdkwe 2008). In order to obtain
equilibrium adsorption isotherms of the adsorberiected and predict the adsorption
capacities, adsorption isotherms are usually testedifferent types of resins. Two
commonly used adsorption isotherm models are thaegiair isotherm and the
Freundlich isotherm.

The Langmuir isotherm assumes that each activeokitiee resins is independent and
occupied only by one particle. It is a theoretizaldel suitable for the ideal conditions of
monolayer adsorption (Scordino and others 2003; &mad others 2007). Langmuir
isotherm equation is described as follows:

Qe = Qnaa Ce/(1+aCe)=K_ Ce/(1+a.Cy)
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where K (L/g) and a (L/mg) are the adsorption equilibrium constants/aKis defined
as Quax (Mg/g), which is the maximum amount adsorbed a&sdbncentration of the
adsorbate increasese @ng/L) is the concentration of anthocyanins iruid)phase at
equilibrium point, Q (mg/g) is the quantity (mg) of anthocyanins onnit amount (g,
dry weight) of adsorbent at the equilibrium poifhis equation is usually applied using
the following linear form:
1/Qe=1/K_ Cet+1/Qmax
A dimensionless constant separation factqr, s been defined (Hall and others 1966)
to assess the validity of the Langmuir-type adsonpprocess given by:
R. =1/(1+aC)

where, Gis the initial sample solution concentration. Madue of R indicates this type
of the isotherm to be either unfavorable wher R linear if R= 1, favourable if O<i1
or irreversible when R= 0.

The Freundlich isotherm, on the other hand, is mpiecal model for non-ideal
adsorption on heterogeneous surfaces. Freundbtheisn is expressed as:

Qe=KeCF
where K (L/g) provides an indication of the adsorption aeipy of the adsorbent, and b
(dimensionless) represents the adsorption intenSitywas described above. It can be
rearranged to the linear form as follows:
log Q= log Kr +be*log Ce

An Example of the Langmuir and Freundlich isothewas shown in Figure 2.4. By

comparing R (coefficient of determination of the linear regries for both isotherms

linear form), which model yields a better fit toetradsorption process could be
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determined (Hameed and others 2007). However, &etg(1991) indicated that more
than one isotherm can be applied to describe therption process. Previous work (Liu
and others 2007) has shown that both Langmuir aednidlich models were suitable to
describe the adsorption isotherms of purple paatbocyanins on the 11 tested SDVB,

methacrylic and acrylic resins when thefB both isotherms were close.

Identification

The detection of anthocyanins can be achieved uw\nyis spectroscopy (Giusti and
Wrolstad 2001), spectrofluorometry (Mateus and tBsei2009), mass spectrometry
(FAB-MS, HPLC-MS, ESI-MS; Liu and others 2008; Hgaend others 2009) or infrared
spectroscopy (Dambergs and others 2006). The cwuptif different analytical
techniques improves the separation as well asehsts/ity of detection of anthocyanins.
HPLC coupled to nuclear magnetic resonance (NMRnis of the recent examples of

such achievement (Valverde and Herve 2008; Veraderand others 2008; Lee and

others 2009).
30
25 pa—
20
=T
515 Freudlich
Q‘IU ----- Langruir
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0 50 100 150 200

C. (mg/L)
Figure 2.4 Example of the Langmuir (dashed line) Breundlich (solid line) isotherms.
Qe is the amount adsorbed at adsorption equilibrinch@ is the equilibrium
concentration in the solution. The graph is forthkies of the constants of ¥0.4 and
a.=0.009 in Langmuir equation,#&3 and p=0.41 in Freundlich equation.
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CHAPTER 3
PURIFICATION OF ANTHOCYANINS FROM BLACK BEAN CANNING

WASTEWATER WITH MACROPOROUS RESINS

Abstract:

This study investigated purification of anthocyanifrom black bean canning
wastewater by column chromatography with 5 typesa€troporous resins (Diaion Hp20,
Sepabeads Sp70, Sepabeads Sp207, Sepabeads $p7/BEpabeads Sp710). Byproduct
of canned black beans was partially purified byrdtion, in anticipation of higher
performance during column chromatography. Equilitbri adsorption isotherms were
measured and analyzed using Langmuir and Freunglotherm models. Both Langmuir
and Freundlich models can describe the adsorptioceps of anthocyanins from black
bean canning wastewater using the tested resimsad$orption and desorption behaviors
of anthocyanins were studied using a dynamic metimotthe 5 types of resins, and Sp700
presented the highest adsorption capacity as wellesorption capacity, indicating that
Sp700 is better candidate in these 5 resins fafigation of anthocyanins from black

bean canning wastewater.

Introduction

Anthocyanins, a class of flavonoids derived fromemylalanine, are water-soluble
pigments that can provide attractive colors rangfrgm orange/red to violet/blue
(Tanaka and others 2008). The safety of artifipiglments has been questioned by some
consumers and scientists, for example, an associbtween ingestion of artificial food
pigments and hyperactivity was suggested in théeewewf 10 electronic databases for

double-bind placebo-controlled trials evaluating #ffects of artificial food pigments
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(Schab and Trinh 2004). Due to this reason, thaeldeen a growing need for edible
natural pigments and anthocyanins are very goodidates (Giusti and Wrolstad 2003).
Some research shows that anthocyanin extract amldo@mnin-rich mixtures of
bioflavonoids can not only be used as food pigmdnismay also provide various health
benefits in some food products and medications.

Acquaviva and others (2003) proposed that anthoogaare able to scavenge free
radicals and exhibit antioxidant activity. Othesearchers indicated that anthocyanins
can provide anti-inflammatory activity (Rossi arttiers 2003), anticancer activity (Faria
and others 2010) and may reduce the risk of disb@iedick and others 2012). Taken
together, more and more anthocyanins are and wifldeded, and anthocyanin extraction
methods that are more cost-effective and effiovamt help meet this demand.

For a very long time, grape, elderberries, red agbb Roselle, and other materials
including blood orange, black chokeberry and swegtto were suggested to be the main
sources of anthocyanins (Bridle and Timberlake }9%owever, more and more
materials are needed to meet with the increasingadds. Black beanPhaseolus
vulgaris) is one kind of discovered anthocyanin sourcd, iahas been considered to be
a good candidate because of the high concentraficenthocyanins in the seed coat
(Choung and others 2003). One study reported timeerdration of anthocyanins in
American common black bean could reach 44.5 mggXWu and others 2006). There
are a variety of anthocyanins in black beans, oholy delphinidin 3glucoside,
petunidin 3-glucoside and malvidin’glucoside (Wu and Prior 2005; Wu and others
2006). Large quantities of the anthocyanins in lbleeans are lost to the wastewater

stream in the canning process. By absorbing an@ctefg sunlight entering water,
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anthocyanins in the effluent can cause problenss ilikibiting the growth of bacteria
which biologically degrade impurities in the watg@ierce 1994) and slowing down
photosynthesis in aquatic plants (Slokar and MajoemMarechal 1998). However, new
technology in processing may reduce these probberdsbring commercially profitable
production of anthocyanins from this wastewater.

Adsorption is an effective process for the treatheércontaminated wastewater, and it
includes different kinds of adsorbents, such asv/aetd carbon, macroporous resins,
synthetic polymers, naturally occurring biopolymarsl biomass (Soto and others 2011).
Among all these adsorbents, macroporous resinsuaesl because of their high
adsorption capacity, which comes from their duratd@polar or slightly hydrophilic
styrene-divinylbenzene (SDVB, or acrylic polymes$jucture, large surface area, and
high degree of surface reactivity. Moreover, adagaes like low-cost, easy regeneration
and safety (FDA approved) of macroporous resinsentlaése environmental friendly and
long service life materials more suitable for faadustry application. Past research has
proposed that macroporous resins are good adserbanainthocyanins. Isolation and
purification of anthocyanins from mulberry, purgleshed potato and blood oranges by
column chromatography using macroporous resinspn@ged to be an efficient potential
method (Liu and others 2004, Liu and others 20G4 é@nd others 2010).

To achieve efficient large-scale separation of aeyhnins from canning bean
wastewater, having predicable models of the adsworgirocess rather than empirical
data is important. The objectives of this work wayenvestigate a potential industrial
adsorbent for the extraction of anthocyanins frdatk bean canning byproduct for use

as a natural food colorant, and to test the sliyatwf the Langmuir and Freundlich
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adsorption models for describing the adsorptiothiesons of anthocyanins on different

kinds of macroporous resins.

Materials and Methods

Black bean canning wastewater

Dry black beans were obtained from a local supekatan Logan, UT, USA. The
black bean canning byproduct was mimicked by sapki®00 g of dry beans in 3000 ml
distilled water for 24 hours at room temperaturepgz 1987). The wastewater was then
drawn through a Whatman filter paper (Qualitatiyevith a vacuum pump. The sample

solution was kept in sterilized bottles at 4°C ({fomediate use) or at -20°C (for storage).

Adsorbent resin treatment

All of the resins used in this study were macropsr8DVB copolymer resins,
including Diaior? Hp 20, SepabeallSp70, Sepabeali$p207, SepabedtSp700, and
SepabeadsSp710 (Resindion, Mitsubishi Chem, Co., Chesapéake U.S.A). They
are characterized by a wide range of surface #5885~ 1200 1fig) and pore radii (90 ~
290 A). Chemical and physical properties of théneare shown in Table 3.1. Resins
were activated prior to use, and the activationhoetvas based on manufacturers’
recommendations. Briefly, 0.6 g of dry resin wasked with distilled water and filtered
using Whatman filter paper (Qualitative 1). Theaythvere soaked in 2 ml of 95%
ethanol (V/V) overnight, followed by rinsing withdtilled water. Afterwards the resins
were dried at 50°C in a vacuum oven for 24 hotnan wwashed with 2 ml of 95% ethanol

and rinsed thoroughly with distilled water to disfiee ethanol.



28

Stationary adsorption isotherms

Adsorption isotherms of black bean anthocyaninewdaveloped for 5 different types
of resins. For each type, 0.5 ~ 1.0 g (dry weiglictivated resin was mixed with 50 ml
of the filtrated sample solution in a 25°C watethbal'he solution was stirred gently
every 5 minutes until the resins were saturated vathocyanins. The resins were
considered to be saturated with anthocyanins wiméimoayanin content in the sample
solution did not change.

The adsorption ratio (AR), the amount adsorbedha tesins (¢, and amount

adsorbed at adsorption equilibriumef@ere calculated using the relationships below (Fu
and others 2005; Akar and others 2009):

Adsorption ratio (AR):

AR (%)=100*(G-Cy)/Ce ) (1
Qvalue:
Q=(G-C)*Vim (2)
QeVvalue:
Qe=(Ci-Ce)*VIm 3)

Table 3.1 Chemical and physical properties of mepmovided by manufacturer

Trade name Particle size| Pore radius | Surface area Structure
(nm) A) (m*g)

Hp20 >250 290 590 SDVB

Sp207 >250 210 600 SDVB

Sp70 >250 70 870 SDVB

Sp700 >250 90 1200 SDVB

Sp710 >250 90 900 SDVB

&styrene-divinyl-benzene structure (SDVB)
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where Q(mg/g) is the quantity (mg) of anthocyanins basea unit mass (g dry weight)
of adsorbent at time t; mg/g resin) is the adsorption capacity at adsonpgiquilibrium;
Ci, G and Ce (mg/L) are the concentrations of anthooyaim liquid phase at the initial
stage, at time t and at equilibrium point; V (Ll volume of the solution; and m (g) is

the mass of dry resins.

Dynamic adsorption and desorption

Dynamic adsorption and desorption were performéer @dsorption resin screening.
Figure 3.1 is a schematic of the adsorption andrgésn system. For each different
resin type, about 0.6 g (dry weight) of the actahtesin was introduced into a 10 ml
disposable syringe. One adsorption run was defaseed00 ml of filtrated anthocyanin
extraction (25°C) or effluent after being passerbulgh the syringe once. Adsorption

runs were repeated until the resins were saturated.

l Sample inlet

=]

o = ™

..J> = Running water from water

bath to control temperature

<3 Running water
Sample outlet

Figure 3.1 Schematic showing the dynamic adsor@ihdesorption system.
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To select the best resin for extracting black baathocyanins, small aliquots were
withdrawn from elution and the total anthocyanimtemt in the eluate was tested
spectrophotometrically. The resins were considecette saturated with anthocyanins
when the anthocyanin content in the sample anddaretuent were equal. For desorption,
95% ethanol was used to elute the anthocyaninsthetresin color of the resins did not

change. All the effluent was collected and its anyfanin content was analyzed.

Analysis of anthocyanin content

Anthocyanin content was determined by the pH dfidial method (Giusti and
Wrolstad 2001) using a UV-Vis Spectrophotometerirfalldzu UV-2100U, Shimadzu
Corp., Tokyo, Japan). The absorbance values atm0&nd A,is-max (519nm) were
measured, and the anthocyanin content was calduateyanidin-3-glucoside, using an
extinction coefficient of 26900 L/cm/mg and molemulweight of 449. Table A.1 in
Appendix A shows an example of different absorbanae different pH value and
different wave length. Appendix A shows how to ubese absorbances for sample

calculation.

Analysis of pH, sugar and protein content

pH, sugar content , and protein content beforeadtat filtration were also measured.
pH was measured by a digital pH meter (Orion SA;M0&rmo Electron Corp., Beverly,
MA). For sugar and protein measurements, all sasnpkere freeze dried to solid phase
and then dissolved with distilled water to a higineentration solution. Reducing sugar
was measured by 3, 5-dinitrosalicylic acid reageathod (Miller 1959), and total sugar

content was measured by phenol-sulphuric acid nde{ifo and others 2005). Protein
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content was determined according to the AOAC ddfikjjeldahl Method 973.48 (AOAC

2005). All analyses were performed at least iditdpe.

Statistical analysis

Statistical analysis was performed using softwaekpge GraphPad Prism (GraphPad
Software, San Diego, CA) and SAS 9.3 (SAS Institute., Cary, NC). Proc GLM
(general linear model) was conducted in SAS softwé#re significance of differences
between groups was evaluated by a 2-way analysivaoance (ANOVA), and

differences were considered significanpik 0.05. Values were presented as means

SEM, unless otherwise indicated. (See AppendixrBl&ailed statistics).

Results and Discussion

Analysis of pH, sugar and protein content

In this research, the black bean wastewater wasdd with Whatman filter paper first,
and the sugar and protein contents before andfdftation were determined (Table 3.2).
The unfiltered extract contained about 3.24% progeid 6.35 mg/ml total sugar, which
were reduced nearly 2-fold after filtration (1.9Q%®tein and 3.3 mg/ml total sugar).
However, only a relatively small proportion of theducing sugar (about 1.92%) was
removed. These results demonstrate that filtratising something similar to Whatman
filters (Qualitative 1) can be used for filtratioh canning wastewater to aid in extracting

anthocyanins.

Table 3.2 Components in wastewater before and adtenal filtration

Protein (%)| Reducing sugar(g/L) Total sugar(g/L) pH

Before filtration| 3.2+0.3° 1.56+0.01 6.35+0.01 | 5.93+0.02

After filtration | 1.9+0.2 1.53+0.01 3.30+0.03 | 6.04+0.02

Each value is the mean = SD, n=3. Different lett®ithin a column indicate significant difference at
p<0.05.
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Adsorption models

In order to screen the best resins for anthocyadsorption and predict the adsorption
capacities, adsorption isotherms were performed5otypes of resins. Adsorption
isotherm is the equilibrium relationship betweea toncentration of solute in solution
phase and on adsorbent phase at a specified temmge@habani and others 2007). The
experimental isotherm data were fitted to two cominoused adsorption isotherm
models, Langmuir isotherm and Freundlich isotherm.

The Langmuir isotherm assumes that each activeokitiee resins is independent and
occupied only by one particle. It is a theoretizaldel suitable for the ideal conditions of
monolayer adsorption (Scordino and others 2003; &mad others 2007). Langmuir
isotherm equation is described as follows:

Qe = Qmad Ce/(1+aCe)=K Ce/(1+a Ce) 4)
where K (L/g) and a(L/mg) are the adsorption equilibrium constantgaKis defined
as Qnax (mg/g), which is the maximum amount adsorbed astmcentration of the
adsorbate increases. This equation is usuallyegppking the following linear form:
1/Qe=1/K( Ce+1/Qmax (5)

The Freundlich isotherm, on the other hand, is epiecal model for non-ideal
adsorption on heterogeneous surfaces. Freundtitheisn is expressed as:

Qe=KrCe" (6)
where KF (L/g) provides an indication of the ads$mnp capacity of the adsorbent, and bF
(dimensionless) represents the adsorption intensityan be rearranged to the linear form

as follows:

log Q= log Kr +be*log Ce ) (7
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The isotherm parameters for these two models wadorllated and are shown in Table
3.3. The experimental isotherm data for all thénseappeared well fitted to both
Langmuri and Freundlich isotherm equations witlpeesive regression coefficients%R
values) near unity. This suggested that eithenese two models could provide a
reasonable description of the adsorption procesaliftested resins assuming the sample
solution has a similar anthocyanin concentratiotinwhie black bean canning byproduct.
The isotherm data can also be used to predictdberption capacity, and the resins with
the highest amount absorbedY@t certain residual concentration.Y8hould be the

most effective resin for anthocyanin adsorptioncéding to the constants shown in
Table 3.3, the gat different G were calculated and plotted in Figure 3.2. It shdwhat
Sp700 had greater.Qalue than the other resins at residual concemtitanging
between 4.4-50.0 mg/L, suggesting that Sp700 ist® mffective adsorbent for

anthocyanins in black bean canning wastewater attzar tested resins.

Table 3.3 Langmuir isotherm parameters and Frecimidiotherm parameters for the
adsorption of anthocyanins on five types of re§ins 25°C, pH=6.0)

Langmuir isotherm Freundlich isotherm
Resins | N | Qmax(Mg/g) k R | Kf(L/g) B: R
HP20 4 41.32 0.24 0.9969 0.28 0.9969| 0.9954
Sp70 4 37.59 0.53 0.9960 0.72 0.7929| 0.9875
Sp207 4 104.17 0.38 0.9882 0.23 1.0992| 0.9793
Sp700 4 188.68 0.47 0.9995 0.50 0.9504| 0.9991
Sp710 4 52.63 0.50 0.9983 0.66 0.8424| 0.9991

Each value is calculated from the experimental.data
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Figure 3.2 Equilibrium adsorption isotherms of ayanins on Hp20e(), Sp70 [:]),
Sp207 @A), Sp700 ¢), and Sp710A\) resins 25°C. mg/g resin) is the adsorption

capacity at adsorption equilibriume @ng/L) is the concentration of anthocyanin in
liquid phase at equilibrium point. Each Value is thean of three replicates.

Dynamic adsorption results

Dynamic adsorption studies were performed to sttidy adsorption behavior of
anthoycanins on the 5 types of resins and in tpptyahem in the further industrial
chromatography process. Adsorption runs were regeat number of times until the
resins became saturated. The anthoycanins aftér reacby the resins was tested and
calculated. The concentrations of anthoycanins weseed and Qat each cycle was
calculated and plotted in Figure 3.3. For eachntebie anthocyanin amount adsorbed to
the resin phase increased very quickly during ilh& 8 cycles, but thereafter they
increased more slowly.@ad no significant change ¢ 0.05) between the fourth and
fifth run, which indicated that the resins wereusated after the fourth cycle. Among the
five types of tested resins,; Qaried significantly § < 0.05) when the resins were

saturated (Table 3.4).
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Figure 3.3 Changes in adsorption kinetics of blae&n byproduct anthocyanins during
repeated chromatography with Hpa9,(Sp70 [1), Sp207 &), Sp700 ¢), and Sp710
(A) resins at 25 °C. {@mg/g resin) is the adsorption capacity at tiniehe curve shows
the mean of three replicated tests and the errsrdieow standard deviations.

Sp700 presented the highest adsorption capacity amtequilibrium concentration of
39+4 mg/g, and therefore, was the best materiabftsorbing anthocyanins from black
bean wastewater. Sp70, Sp207, and Sp710 had sexitamrption capacitiep ¢ 0.05),
and HP20 had the lowest capacity with an equiliriconcentration of 9.6+0.3 mg/g.
These results are consistent with the screeningitseabove. However, the dynamic
adsorption results could compare the adsorptioraatips of different resins more

directly.

Chemical structures and adsorption capacity

The chemical structures of different types of residetermine their different
adsorption capacities for anthocyanins. The adsorf anthocyanins on macroporous
resins is a physical action through van de Waatsefand hydrophobicity. Surface area is

one of the most important factors that can affesbgption capacity (Li and others 2001).
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Table 3.4 Comparison of dynamic adsorptive/desesptapability for black bean
anthocyanins on different resins.

Resins Qt(md) Ratio of desorption(%h)
Hp20 9.6+0.83 4.3+0.2

Sp70 21.9+01 9.9+0.4

Sp207 26+2 12.4+0.7

Sp700 3943 19+2

Sp710 27.2+05%5 12.7+0.2

a4 Each value is the mean value with standard errreie replicated tests; mean values within a colum
followed by different letter superscripts are sfipaintly different £<0.05).

All columns were packed with 0.6 g dry weight,diltd anthocyanin concentration (135mg/L).

¢'See Table B.1 and Table B.2 in appendix B for @hpgarison statistical result details. See TablesB®
B.4 in Appendix B for ratio of desorption comparisgtatistical result details.

In this research, the surface area and adsorp@ipacity for anthocyanins of Hp20,
Sp70, Sp700, and Sp710 seem to be proportionalthenefore, larger surface area (1200
m?/g) of Sp700 provides a better ability to adsorbhaoyanins than others. Another
factor contributing to the adsorption ability i®thore structure, because the solute needs
to migrate through the pores to the adsorbing sarfa&herefore, the pore size should be
big enough to accommodate anthocyanins. Howeveheifpores are too large, it will
adsorb large molecules such as polysaccharidespantdins, and in turn prevent the
binding capacities of anthocyanins. Sp700 has fautieis about 90 A and is designed for
adsorbing or desorbing polyphenolic substances.sliitable pore structure enhanced its
purification capability.Special modifications on the resin surface can alffect the
adsorption capacity. Sp207 is a modified brominaesimatic matrix resin in which
bromine has been incorporated into the aromatig. filhe bromination of the aromatic
ring provides an enhanced hydrophobicity and im facreased binding force between

anthocyanins and resin surface.
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Desorption results

To be useful in anthocyanin purification, adsortsdhocyanins should be easily
desorbed under suitable conditions. Desorptioro rai defined as total anthocyanin
content eluted over total anthocyanin adsorbednBEkeugh desorption method was not
optimized and the ratio of desorption for all resimas not very high, the different resins’
desorption capacities can still be compared. Sg¥@iDthe highest desorption capacity
with the desorption ratio of 19+2% (Table 3.4). &tder with the fact that Sp700 also
had the largest adsorption capacity, Sp700 wasibst efficient macroporous resin for
anthocyanin purification from black bean wastewatraong all 5 types of tested resins in

this research.

Conclusions

The purification of anthocyanins from black beannmiag wastewater was
investigated by column chromatography with fivedymf macroporous resins (Diaion
Hp20, Sepabeads Sp70, Sepabeads Sp207, Sepabé@dssBu Sepabeads Sp710). The
equilibrium isotherm data have been collected atteldfinto Langmuir and Freundlich
isotherm models. Both of the models appeared toigeoa good fit for all the tested
resins. Furthermore, dynamic adsorption and deisorptere performed, and of the 5
resins, the maximum adsorption and desorption dimevere both observed on Sp700,

suggesting Sp700 is the most efficient resin ia hudy for anthocyanins purification.
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CHAPTER 4
IDENTIFICATION OF ANTHOCYANINS ISOLATED FROM BLACKBEAN
CANNING WASTERWATER BY MACROPOROUS RESIN USING ORMIZED

CONDITIONS

Abstract:

Anthocyanins from black bean canning wastewaterewsolated and purified on a
laboratory scale by column chromatography, and tidentified by high performance
liquid chromatography electrospray tandem masstspaetry. Dynamic adsorption and
desorption were performed in glass columns pack#dSepabead Sp700 to optimize the
purification process. Different temperatures duraagorption and desorption (25°C and
35°C) did not significantly affect the adsorptiondadesorption ratio. The adsorption
ratio was significantly reduced when the flow ratereased from 1.5 mL/min to 2.5
mL/min. However, desorption ratio was not affecbsdflow rate (from 1.5 mL/min to
0.3 mL/min). Ethanol concentration (from 30% to §08@s not a significant factor for
desorption ratio. Four kinds of anthocyanins waetentified in black bean canning
wastewater. The major anthocyanins were delphirBdgtucoside, petunidin 3-glucoside
and maldvidin 3-glucoside, with a small amount @ftymidin 3, 5-diglucoside also

present.

Introduction

Anthocyanins are water-soluble pigments respoedin the color of orange/red to
violet/blue in many plants. They are one of thessds of flavonoids derived ultimately
from phenylalanine (Tanaka and others 2008). Thetysaf artificial pigments has been

guestioned by some consumers and scientists. Anciaien between ingestion of
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artificial food pigments and hyperactivity was saggd in a review of ten electronic
databases for evaluating the effects of artififvald pigments (Schab and Trinh 2004).
Since the safety of artificial food pigments hasibguestioned, there has been a growing
need for edible natural pigments like anthocyanutraets (Liu and others 2004).
Moreover, food and medicine containing anthocyanmay provide benefits like
antioxidant activity (Acquaviva and others 2003)tieancer activity (Faria and others
2010), and diabetes prevention (Wedick and oth&d@ Therefore, more and more
anthocyanin-rich materials may be needed to maéttve increasing industry demands.

Black bean Phaseolus vulgaris) has been considered to be a good anthocyanicesour
because of the high concentration of anthocyamnissiseed coat (Choung and others
2003). Since anthocyanins are water soluble, thay be dissolved into and lost in the
wastewater during industrial canning processes,Wkshing and soaking. As a pigment,
the anthocyanins in wastewater can absorb and mrestenlight from entering water,
which can inhibit the growth of certain bacteriattiare able to degrade impurities in the
water (Pierce 1994) and slow photosynthesis in @gpkants (Slokar and Majcen 1998).
To capture this anthocyanin resource and protextetivironment, easy, low-cost, and
effective technology should be designed to purifthacyanins from black bean canning
wastewater.

There is a long history of studying the anthocyasomponents in black beans. The
first four kinds of anthocyanins in the black beavere identifed by Feenstra (1960),

including malvidin 3-glucoside, petunidin ‘3glucoside, delphinidin ‘3glucoside, and
delphinidin 3,5" -diglucoside. Since that time, more and more rebeaabout

anthocyanins in different black bean cultivars basn reported. Delphindin jlucoside
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and petunidin 3-glucoside were the major anthocyanins found in Kloeean cultivar
(Choung and others 2003), and delphindin -glucoside in the Mexican cultivar
(Aparicio-Fernadez and others 2005). DelphinidiagBicoside, petunidin ‘3glucoside,
and malvidin 3-glucoside were the major anthocyanins in Americammercial class

black beans (Wu and Prior 2005a). Although therguge a bit of information for
different anthocyanins in black beans, researctham to effectively collect and purify
anthocyanins from black beans is limited.

Macroporous resins can be used for efficient pratfon. They are made of highly
cross-linked nonpolar or slightly hydrophilic stgeedivinyl-benzene (SDVB; Wu and
Prior 2005b). The advantages of macroporous resgisde high adsorption capacities,
long durability, easy regeneration, and low cosheQype of macroporous resins,
SEPABEADS Sp700, is a very good candidate for anthocyanirfipation. It has a
pore radius of about 90 A and is designed for disgror desorbing polyphenolic
substances. Also, it has large surface area, whlildws the resin to adsorb more
chemical. Previous studies have already confirrhatl $p700 exhibited high adsorption
and desorption capacities on anthocyanins fromkldb@an canning wastewater (Chapter
3).

The objective of this study was to determine théinmpm conditions for using
macroporous resin Sp700 for purification of antraggs from black bean canning
wastewater, as affected by temperature, flow raig e@thanol concentration, on the

anthocyanin profile.
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Materials and Methods

Dry black beans were obtained from a local supétatan Logan, UT, USA. The
black bean canning byproduct was mimicked by s@pki®00 g of dry beans in 3000 mL
distilled water for 24 hours at room temperaturepéz 1987). The wastewater was then
drawn through Whatman filter paper (Qualitativewidh a vacuum pump. Anthocyanin
concentration of the wastewater was approximatély rhg/L. The sample solution was
kept in sterilized bottles at 4°C (for immediateusr at -20°C (for storage).

Resins used in this study, Sepab&afp700 (Resindion, Mistsubishi Chem Co.,
Chesapeake, VA), are macroporous SDVB copolymensesith no functional groups.
The resins were activated according to manufactecmmendations. Briefly, the resins
were washed with distilled water, and then filtergulough Whatman filter paper
(Qualitative 1). They were then soaked overnightiidouble resin volume of ethanol
(95%, VI/V), followed by rinsing with distilled wateAfterwards the resins were dried at
50°C in a vacuum oven for 24 hours. ApproximatelynB of the activated resin (0.7 g
dry weight) was introduced into a glass coluh.Q cm x15 cm), and then washed with
6 ml of 95% ethanol and rinsed thoroughly with ilesd water.

To analyze the relationship between the responseti@un (anthocyanin effluent) and
process variables and to optimize the adsorptimtgss, the anthocyanin adsorption
experiments on Sp700 were performed using fulPfactorial experiment design (Table
4.1). All columns were packed with 0.7 g of dryinesThe two independent variables
studied were flow rate (2.5 mL/min or 1.5 mL/mimdatemperature (25°C or 35°C). The
anthocyanin content in the eluent was analyzedyet€ minutes until 600 mL of

wastewater was passed through.
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Table 4.1 Experimental values of the independerialbles used for the?2ull-factorial
central composite design for adsorption process.

Code Variables
Temperature (°C )| Flow rate ( mL/min)
1 25 1.5
2 2.5
3 35 1.5
4 2.5

The adsorption ratio and amount adsorbed were ibesicas follow:
Adsorption Ratio:

AR (%)=(C-C¢)/Ce*100% (1)
Amount adsorbed:

Q=(Ci-C)Vi/m (2)
where AR is the adsorption ratio (%); CG and G (mg/L) are the concentrations of
anthocyanins in liquid phase at the initial stagietime t, and at equilibrium point,;Q
(mg/g) is the quantity (mg) of anthocyanins on & amount (g dry weight) of adsorbent
attime t, VV (L) is the volume of the solution, and m (g) ie thass of dry resins.

A 2% full factorial experiment design (Table 4.2) wased to determine the
relationship between the response function (antiayyield) and process variables in
the desorption process. The 3 independent variahlesed were flow rate (0.3 mL/min
or 1.5 mL/min), temperature (25°C or 35°C), andhathi concentration (varying between
30 and 60% (v/v)). Ethanol was acidified with 0.H€L (v/v) to elute anthocyanins
since acidified ethanol can facilitate anthocyagotubilization and stabilization (Liu and
others 2004). Every 5 min, the anthocyanin conitethe effluent was analyzed until the

color of the resins was gone. During this lengthiroe 50 mL of effluent was collected.
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Table 4.2 Experimental values of the independerniates used for the*2ull-factorial
central composite design for desorption process.

Independent variables
Flow rate Temperature | Ethanol Concentration
(mL/min) (°C) (%)
1 25 30
2 0.3 60
3 35 30
4 60
5 25 30
6 15 60
7 35 30
8 60

The extent of desorption was expressed as deson@im and desorption percentage,

which were calculated as follows:
Desorption ratio:

DR (%) = GV4/(Ci-Ce)Vi*100% 3
Eluted Percentage:

EP (%) = GV,/CqV *100% (4)
where DR is the desorption ratio (%)q @ the anthocyanin concentration in the
desorption solution (mg/mL) andyVs the volume of the desorption solution (mL), iIEP
the eluted percentage (%); € the anthocyanin concentration in the desorpsiantion
(mg/mL) from time range t to t+5 minutes, ¥ the volume of the desorption solution
(mL) from time range t to t+5 minutes, and G and \f as described above.

An alternative method that involves measuring dimoce at different pH levels
(Giusti and Wrolstad 2001) was used with a UV-\fiectrophotometer (Shimadzu UV-
2100U, Shimadzu Corp., Tokyo, Japan) to calculaeanthocyanin concentration in the
sample solution. The absorbance of the diluted samas calculated as follows:

A = (As19— Azo)) @ pH1.0— (As19— Azog) @ PHas (5)
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The monomeric anthocyanin pigment concentratiaénoriginal sample was calculated
as follows:

Monomeric anthocyanin pigment (mg/L) = (A xMW xDFX0)/ Ex1) (6)
where MW is the molecular weight (449.2 Daltons); B the dilution factor (30), and
£ is the molar absorptivity (26,900). The anthodgyaiontent was calculated as cyanidin-
3-glucoside.

The effluent from desorption was collected and tb@mcentrated to a small volume at
50°C by a rotary evaporator until all the ethanakvevaporated from the solution. The
concentrated anthocyanin was then dried to powidefreeze drying. Due to the limited
sample size, powders from same desorption conditi@re combined as one sample and
then dissolved in water for subsequent pigmenttifieation.

The anthocyanin solution was analyzed on an Agil&@i0 high performance liquid
chromatography (HPLC) system equipped with AgigtB80 LC-MS instrument (Agilent
Technologies, Santa Clara). An Agilent column (Z2ortsB-C18 column, iim, 4.6x150
mm) was used at a flow rate of 1.0 mL/min at 25Mhbile phase consisted of a
combination of 0.1% formic acid in water (A) and% formic acid in acetonitrile (B).
The gradient was varied linearly from 10-90% B Jwver 25 min. Diode array detector
(DAD) was set at 210, 420, and 525 nm for real-tmeed-out and the UV/VIS spectra,
from 190 to 650 nm, were continuously collected.sMa@pectra were simultaneously
acquired using electrospray ionization (ESI) in thasitive and negative ionization
modes (Pl and NI) at low and high fragmentatiortagegs (70 V and 225 V, respectively)

for the mass range of 100-1500 amu. Other paramdbeying gas flow (13 L / min,
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350 °C), nebulizer pressure (50 psi), Pl (4000 lzapi voltages), NI (3500 capillary
voltages).

Statistical analysis was carried out accordingutbféctorial central composite design
with three replicates for every group. It was perfed using software package GraphPad
Prism (GraphPad Software, San Diego, CA) and SBIIAS Institute Inc., Cary, NC).
Proc GLM (general linear model) was conducted irSS¥ftware, the significance of
differences between groups was evaluated by a taypamalysis of variance (ANOVA),
and differences were considered significanp i€ 0.05 (See appendix C for detailed

statistics).

Results and Discussion

In order to understand the effect of flow rate aedperature on the dynamic
adsorption kinetics of Sp700, kinetic studies weeeformed based on & full factorial
experimental design with a flow rate of 1.5 mL/naimd 2.5 mL/min, and a temperature
of 25°C and 35°C. Adsorption capacity increasechwite amount of effluent volume
under different adsorption conditions (Figure 4.During the first 200 mL, the
adsorption capacities increased rapidly, slowireyahfter. At a flow rate of 1.5 mL/min,
the system reached equilibrium when about 550 mivadtewater was added. At a flow
rate of 2.5 mL/min, the system reached equilibriviren about 600 mL of wastewater
was added. The kinetic curves (Figure 4.1) at tames flow rate showed similar
adsorption patterns for different temperatures,thetadsorption capacity increased more
rapidly when flow rate was slower. This may haverbdue to better particle diffusion in

the solution.
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Figure 4.1 Adsorption curves of black bean wastenamnder different conditions. The
four conditions were:1.5 mL/min, 25°@), 1.5 mL/min, 35°C¢), 2.5 mL/min, 25°C (

A) and 2.5 mL/min, 35°CK).Q; (mg/qg) is the quantity (mg) of anthocyanins omi u
amount (g dry weight) of adsorbent at time t.

Adsorption ratios were calculated as 42.10 + 4. M4%b°C, 1.5 mL/min; 40.94 + 5.80%
at 25°C, 1.5 mL/min; 34.96 £ 3.74% at 25°C, 2.5 min and 34.67 + 3.38 % at 35°C,
2.5 mL/min. As shown in Figure 4.2, lower flow rat@n provide higher adsorption ratio
for both temperatures tested. A statistical analygs performed on the adsorption ratio
results, and the two main effects (flow rate amdperature) and their interaction effect
were estimated. The test of statistical signifieaslcowed that only the effect of flow rate
was significant [§=0.024; See table C.1 and C.2 in Appendix C fotistteal result
details), which indicated that flow rate can sigrahtly affect the adsorption ratio of
anthocyanins from black bean wastewater on Sp708.May be due to a longer contact
time allowing the resins to adsorb more anthocyariom the same amount of
wastewater. Lower flow rate has also been showedolt in higher adsorption ratios for
the phenolic compounds syringin, eleutheroside Bd asofraxidin from Radix

Acanthopanax senticosus (Siberian ginseng; Yang and others 2012).



50

il

- 5°C

457 - 35°C

40

Adsorption ratio (%)

:‘1." L L] 1 1
1.0 1.5 2.0 25 3.0
Flow Rate (ml/min)

Figure 4.2 Adsorption ratio of the anthocyaninsgssp700 at different flow rate (1.5
mL/min and 2.5 mL/min) with the temperature 25% &nd 35°C @).The curve shows
the mean of three replicated tests and the errsrdieow standard deviations.

Temperature, on the other hand, did not signifigaatfect anthocyanin adsorption
from black bean wastewater. This result is consistégth other adsorption studies, in
which the adsorption ratio of anthocyanins frompgrgomace extracts (Kammerer and
others 2005) and the adsorption capability of nadénfrom molinate water solution
(Silva and others 2004) using macroporous SDVB ngesivere not significantly
influenced by temperature. This may be due to ts®tion process of anthocyanins on
macroporous resins being controlled by a physicathanism in the temperature range
(25°C to 35°C) studied (Liu and others 2007). Apdly this temperature range did not

significantly increase the relative mobility of thathocyanins in the adsorption system.

Desorption with different temperature

The effect of temperature on the desorption proeess investigated in this study
(Figure 4.3). Two different temperatures (25°C &5dC) were tested, and at the same
flow rate and ethanol concentration, desorptionvesirshowed similar patterns for

different temperatures, which indicated that tlésatption process is not significantly
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affected by temperature. Since the temperature #60C to 35°C, did not significantly
affect the purification process, tight temperatctwatrol is not needed for the purification

process within this temperature range.

Desorption with different acidified ethanol
concentrations

The concentration of ethanol in the desorptioneaiynay affect anthocyanin
desorption. As shown in Table 4.3, using the samgerature and flow rate, less ethanol
volume was required to reach 80% recovery of anaoios when using the eluent with a
higher concentration of ethanol. Anthocyanins wagge easily eluted using solutions
with a higher concentration of ethanol. This suggésat less volume of acidified eluent

with a high concentration of ethanol could provdgher concentration of anthocyanin in

the effluent.
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Figure 4.3 Comparison of desorption parametergyudififierent temperatures: 25°@)(
and 35°C &).The curve shows the mean of three replicated teed the error bars show
standard deviations.
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Additionally, effluents with lower concentrationtaridified ethanol are harder to
concentrate because of the higher boiling pointatier compared to that of ethanol (Liu
and others 2004). Therefore, in order to simpliy toncentration process when a higher

anthocyanin yield is desired, a higher ethanol eatration in the eluent is preferred.

Desorption with different flow rate

Flow rate is another factor that may affect theodatson process. Two flow rates were
investigated in this study; 0.3 mL/min and 1.5 miodmFor desorptions at the same
temperature and ethanol concentration, similar atsowf asorbed anthocyanin are
recovered at both flow rates (Table 4.3). Thiscatks that at a flow rate of 0.3 mL/min,
less desorption solvent was needed and the demorgirocess was shortened.
Additionally, this introduces less water into thdsequent anthocyanin isolation process,
saving time and energy. Therefore, 0.3mL/min wasntiost efficient flow rate examined

in this study.

Table 4.3 Ethanol volume and time used to reach &%very of anthocyanins under
different conditions.

Independent variables

Flow rate| Temperature | Ethanol Ethanol volume| Time
(mL/min) (°C) Concentration (%) (mL)? (min)°
25 30 7.5 25

0.3 60 10.5 35

35 30 7.5 25

60 12 40

25 30 45 30

60 60 40

15 35 30 45 30

60 60 40

3P Each value is the mean value of three replicastt
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Independent variables and desorption ratio
in the desorption process

A 3-way factorial model was performed on the desorpratio results, and the three
main effects (ethanol concentration, flow rate, @echperature) and their interaction
effect were estimated. These three effects dicsigpiificantly influence desorption ratio
when enough eluent was usqa X 0.05; See Table C.3 and C.4 in Appendix C for
statistical result details). Since the independemitables did not significantly affect the
desorption ratio, the most effective desorptionditton should be determined according
to other considerations, for example being morergneand resource efficient.
Desorption conditions also affect the compositiérine eluent and this may determine

the desorption conditions for a given situation.

Identification of Anthocyanin

The anthocyanin extraction after resin purificatieas characterized by HPLC-MS at
520 nm (Figure 4.4). The chromatograms indicatedpitesence of 4 different kinds of
anthocyanins with different [M](molecular ion peak) values in black bean wastexvat
The identification of anthocyanins was based onrapgarison of their molecular weights
with those in published papers. The characterinatiof detected anthocyanins in black
bean wastewater are presented in Table 4.4. Itfovawl that petunidin 3, 5-diglucoside
(peak 1; Figure 4.4), delphinidin 3-glucoside (peakFigure 4.4), and petunidin 3-
glucoside (peak 3; Figure 4.4) were the major alnins in black bean wastewater
extract (Choung and others 2003; Wu and Prior 208&and and others 2011), with a

small amount of maldvidin 3-glucoside (peak 4; Fegd.4).
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Table 4.4 Characteristics of the anthocyanins faardack bean studied, related to their
retention time @), spectroscopic characteristiés), LC-MS data and chemical

structures.
R
OH
Ra
5
tR° anthocyanin Amax Amax LC- Rg R> Rs R4
peak (min) V) (vis) MS
(m/z)

1 5.540.1 Petunidin 218 525 641 OH OCH3 O-8-D- O-p-D-
3,5- glucose glucose
diglucoside

2 6.0+0.1 Delphinidin 235 525 465 OCH3 OCH3 O-f-D- OH
3-glucoside glucose

3 6.8+0.1 Petunidin 3- 232 525 479 OCH3 OH O-3-D- OH
glucoside glucose

4 7.4+0.1 Maldivian 231 530 493 OCH3 OCH3 O-p-D- OH
3-glucoside glucose

@ Each value is the mean value with standard efrthree replicated tests.
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Figure 4. 4 HPLC profile of anthocyanin extractidass spectrogram of compounds 1-4
are shown as HPLC-ESI/MS spectra.
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The profile of the extract might be affected by thi#erent conditions of desorption.
All the powders from same desorption conditions eveombined and tested as one
sample in order to get big enough sample size.eTdl8 shows the percentages of the
four anthocyanins identified and unidentified imgas in this study. Even though only
one sample for each desorption condition was aedlygualitative and quantitative
differences can be noticed among anthocyanin eidrex from different desorption

conditions. Lower flow rate, high temperature oghiethanol condition in desorption

process may increase the numbers of the impurities.

Table 4.5 Anthocyanin percentage and adsorbed itigguwith different desorption

conditions.

Method

Desorption

Anthocyanin percentage (%

Ratio (%}

petunidin 3,5-
diglucoside

delphinidin
3-glucoside

petunidin 3-
glucoside

maldvidin 3-
glucoside

Impurities

0.3 mL/min
25°C
30% ethanol

76.5%5.9

2.68

41.02

31.90

22.00

3

0.3 mL/min
25°C
60% ethanol

79.5+6.5

3.46

36.09

29.96

28.50

0.3 mL/min
35°C
30% ethanol

76.9+6.5

3.62

33.58

29.12

30.71

0.3 mL/min
35°C
60% ethanol

80.7+£3.5

3.37

27.07

28.59

38.50

1.5 mL/min
25°C
30% ethanol

82.7+5.9

4.86

35.26

30.00

29.22

1.5 mL/min
25°C
60% ethanol

83.1+9.3

4.70

37.50

28.60

27.04

1.5 mL/min
35°C
30% ethanol

83.0+2.9

4.48

34.04

29.93

29.06

1.5 mL/min
35°C
60% ethanol

76.7+0.2

5.55

33.24

30.24

29.42

@ Each value is the mean value with standard efrthree replicated tests.
® Pigment fraction could absorb color in 520 nm.lEealue is the mean value of three replicated tests
¢ Mean numbers of impurity peak can be detected BiyEat 520nm from three replicated testes.
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Conclusions

The purification of anthocyanins from black beamriag wastewater as food
colorants was examined. Temperature did not aftbet purification process of
anthocyanins from 25°C to 35°C. This is useful infation for processors, because these
results indicate that tight temperature controhag needed for the purification process
when the purification process occurs around roamperature. Flow rate decrease from
2.5 mL/min to 1.5 mL/min can significantly increaiee adsorption ratio. However,
further flow rate decrease to 0.3 mL/min did natr@ase the desorption ratio. Acidified
ethanol concentration (30% or 60% (v/v)) had naisicant effect on the desorption ratio.
The anthocyanins purified from black bean cannirsgtewater were then identified by
HPLC-ESI/MS, and the major anthocyanins identifiad delphinidin 3-glucoside,
petunidin  3-glucoside, and maldvidin 3-glucoside.ual@ative and quantitative
differences can be noticed among anthocyanin eidrec from different desorption

conditions.
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CHAPTER 5
CONCULSIONS

The purification of anthocyanins from black beannmiag wastewater was
investigated by column chromatography with fivedypmf macroporous resins (Diaion
Hp20, Sepabeads Sp70, Sepabeads Sp207, Sepabé@dsaBp Sepabeads Sp710). The
equilibrium isotherm data were collected and fitiedlo Langmuir and Freundlich
isotherm models. Both of the models appeared toigeoa good fit for all the tested
resins. Furthermore, dynamic adsorption and desorptere performed. Sp70, Sp207,
and Sp710 had similar adsorption capacities dutimg stationary adsorption and
dynamic adsorption. The adsorption and desorptapacity of Hp 20 was much lower
than other resins, which indicated that Hp 20 ésldast efficient resin of those examined
in this study to purify anthocyanins from black bezanning wastewater. Of the five
resins, the maximum adsorption and desorption digmevere both observed on Sp700,
suggesting Sp700 is the most efficient resin exathim this study for purifying
anthocyanins from black bean canning wastewater.

Then adsorption kinetic studies were investigatdth v6p700 resin. The results
showed that the best absorption condition is aC2&41d a flow rate of 1.5 mL/min in this
study, though the desorption studies showed floi® (8.3 mL/min or 1.5 mL/min),
temperature (25°C or 35°C), and acidified ethamoicentration (30% or 60% (v/v)) had
no significant effect on the desorption ratio. Temgture did not affect the purification
process of anthocyanins, which indicated that tightperature control is not needed for
the purification process, as long as it takes placeund room temperature. The

anthocyanins purified from black bean canning waater were then identified by
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HPLC-ESI/MS, and the major anthocyanins identifiad delphinidin 3-glucoside,
petunidin  3-glucoside, and maldvidin 3-glucoside.ual@ative and quantitative
differences can be noticed among anthocyanin eidrex from different desorption
conditions. Lower flow rate, high temperature oghiethanol condition in desorption
process may increase the numbers of the impuriliée selected adsorption and
desorption conditions may be applied to the ingustale anthocyanin purification in the

future.
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Appendix A Analysis of anthocyanin content
An alternative method that involved pH was usechvatUV-Vis spectrophotometer to
measure the anthocyanin concentration in the sasgdlgion. Prepare two dilutions of
the samples, one with 0.025 M potassium chloridéebupH 1.0 and the other with 0.4
M sodium acetate buffer, pH 4.5, diluting each by @®mes. Let these dilutions
equilibrate for 15 min. Measure the absorbanceaohalilution at 519 nm and at 700 nm,
against a blank cell filled with distilled water.
The absorbance of the diluted sample was calcusdéddllows:
A = (As19— A700) @ pH1.0— (Asi9— A700) @ pH4s
Table A.1 shows an example of the different abswrbs of one sample at different pH
values and wave lengths. Then the absorbance dliltited sample was calculated as:
A = (0.304-0.003)-(0.004-0.003) = 0.300
The monomeric anthocyanin pigment concentratiaiénoriginal sample was calculated
as follows:
Monomeric anthocyanin pigment (mg/L) = (A XMW xDFRX0)/ Ex1)
where MW is the molecular weight (449.2 Daltons}; I3 the dilution factor (30), and
£ is the molar absorptivity (26,900). The anthodgyaiontent was calculated as cyanidin-
3-glucoside.
Monomeric anthocyanin pigment (mg/L) = (0.3*449.2526900 = 0.15 mg/L

Table A.1 The absorbance at different pH valuesdifierent wave length of two diluted
samples (example)

Asic Azoc

PH 4= 0.004 0.003

pH 1¢ 0.304 0.003
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Appendix B Detailed Statistics for Chapter lll

Table B. 1 One —way ANOVA Model for adsorption merhed by 5 different kinds of
resins on extracting anthocyanins from black beaming wastewater

Source DF Sum of Squares Mean Square FValue Pr>F
Model 4 1943.464500 485.866125 40.44 <.0001
Error 15 180.195500 12.013033

Corrected Total 19 2123.660000

Table B.2 REGWQ grouping for adsorption performgdbldifferent kinds of resins on
extracting anthocyanins from black bean canningeveaster

Means with the same letter
are not significantly different.

REGWQ Grouping Mean N resin
A 38.620 4 Sp700
B 27.175 4 Sp710
B

B 26.200 4 Sp207
B

B 21.850 4 Sp70
C 9.550 4 Hp20

Table B.3 One-way ANOVA Model for desorption perfad by 95% ethanol elute
anthocyanins from 5 different kinds of resins.

Source DF  Sum of Squares Mean Square F Value Pr>F
Model 4 522.1600000 130.5400000 28.94 <.0001
Error 15 67.6680000 4.5112000

Corrected Total 19 589.8280000




Table B.4 REGWQ grouping for desorption performgd®b5% ethanol elute

anthocyanins from 5 different kinds of resins
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Means with the same letter
are not significantly different.

REGWQ Grouping Mean
A 19.280
B 12.700
B

B 12.400
B

B 9.900
C 4.300

N resin
Sp700
Sp710

Sp207

Sp70
Hp20
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Appendix C Detailed Statistics for Chapter IV

Table C.1 Two-way ANOVA Model for adsorption of Anotyanins performed by
different temperature and flow rate with Sp700nesi

Source DF Type lll SS Mean Square F Value Pr>F
Temperature 1 0.5808000 0.5808000 0.03 0.8657
Flow Rate 1 134.6700000 134.6700000 7.07 0.0289
Temperature*Flow 1 1.5696333 1.5696333 0.08 0.7814
Rate

Table C.2 REGWQ grouping for adsorption of anthoaya performed by different
temperature and flow rate with Sp700 resin
Means with the same letter are not significantffedent.

REGWQ Grouping by Mean N Number

hand

A 42.10 3 35°C, 1.5mL/min
A 40.94 3 25°C, 1.5 mL/min
B 3496 3 25°C, 2.5 mL/min
B 34.68 3 35°C, 2.5 mL/min

Table C.3 Two-way ANOVA Model for desorption of Aotyanins performed by
different temperature, flow rate and ethanol cotregion with Sp700 resin

Source DF Type Ill SS Mean Square F Value Pr>F
Temperature 1 0.55815000 0.55815000 0.01 0.9326
Flow Rate 1  46.87215000 46.87215000 0.62 0.4424
Tempearture*Flow 1 6.12060000 6.12060000 0.08 0.7796
Rate

Ethanol 1  2.45760000 2.45760000 0.03 0.8591
Tempearture*Ethanoll  26.67041667 26.67041667 0.35 0.5607
Flow Rate*Ethanol 1 48.11001667 48.11001667 0.64 43@H
Temperature*Flow 1 35.62406667 35.62406667 0.47 0.5021

Rate*Ethanol




Table C.4 REGWQ grouping for desorption of anthoaya performed by different
temperature, flow rate and ethanol concentratiagh ®p700 resin

Means with the same letter are not significantffedent.

REGWQ Grouping by Mean N  Number

Hand

A 83.1 3 1.5 mL/min 25°C 60% ethanol
A 83.0 3 1.5 mL/min 35°C 30% ethanol
A 82.7 3 1.5 mL/min 25°C 30% ethanol
A 80.7 3 0.3 mL/min 35°C 60% ethanol
A 79.5 3 0.3 mL/min 25°C 60% ethanol
A 76.9 3 0.3 mL/min 35°C 30% ethanol
A 76.7 3 1.5 mL/min 35°C 60% ethanol
A 76.5 3 0.3 mL/min 25°C 30% ethanol
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