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ABSTRACT: Removing annatto from cheese whey without bleaching has potential to improve whey protein quality. In this
work, the potential of two activated carbon products and multiwalled carbon nanotubes (CNT) was studied for extracting
annatto (norbixin) in aqueous solutions. Batch adsorption experiments were studied for the effects of solution pH, adsorbent
mass, contact duration, and ionic strength. The equilibrium adsorption data were observed to fit both Langmuir and Freundlich
isotherm models. The thermodynamic parameters estimated from adsorption isotherms demonstrated that the adsorption of
norbixin on three adsorbents is exothermic, and the entropic contribution differs with adsorbent structure. The adsorption
kinetics, with CNT showing a higher rate than activated carbon, followed the pseudo first order and second order rate
expressions and demonstrated the significance of intraparticle diffusion. Electrostatic interactions were observed to be significant
in the adsorption. The established adsorption parameters may be used in the dairy industry to decolorize cheese whey without

applying bleaching agents.
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Bl INTRODUCTION

Norbixin (Scheme 1), known as annatto, is used to produce
colored cheeses, with most being contained in cheese curd and

Scheme 1. The Molecular Structure of Norbixin
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the rest ending up in cheese whey. With the established
functional and nutritional qualities of whey proteins,
manufacturing whey protein ingredients is a significant sector
in the dairy industry nowadays. The increasing demand for
whey proteins calls for the utilization of whey originating from
the production of both colored and uncolored cheeses. To
utilize colored cheese whey, a bleaching process is employed to
decolorize liquid whey prior to other unit operations. Hydrogen
peroxide and benzoyl peroxide are bleaching agents that oxidize
norbixin and possibly also proteins, which can deteriorate
sensory and functional qualities of whey protein products.'
Removing fat globules was observed to significantly reduce the
color of whey protein concentrate but caused the loss of some
proteins.” Enzymatic bleaching has also been studied but may
still have the issue of flavor defects resulting from bleaching.’
Furthermore, our previous work demonstrated that norbixin
has strong binding affinity to whey proteins." Therefore,
physical methods may be desired, e.g, adsorbents that are
effective in removing annatto at whey production conditions.
In the present study, conventional adsorbents, two types of
activated carbon, and multiwalled carbon nanotubes (CNT)
were studied for their potential to remove annatto in aqueous
solutions. Activated carbon products have porous structures
and large internal surface areas available for adsorption and are
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popular choices for various treatments.” The powdered
activated carbon is widely used in drinking water and
wastewater treatments to remove organic compounds.6
Activated carbon is also used as a processing aid to decolorize
clarified apple juice and alcoholic beverages such as beer and
wine in the food industry.” In a recent study, activated carbon
was observed to effectively decolorize Japanese soy sauce and
maintain sensory quality better than activated clay, diatoma-
ceous earth, and magnesium oxide.® As for CNT, several studies
have demonstrated its potential as processing aids in food
manufacturing. As a promising group of nanomaterials
purifying drinking water,” CNT have been proved as effective
adsorbents of both chemical and biological contaminants such
as heavy metals, polycyclic aromatic compounds, bacteria and
viruses.'®!! Additionally, CNT can remove free radicals, "
which may further minimize the undesired oxidation reactions
in cheese whey during whey protein recovery and subsequent
storage and applications.

To evaluate the potential of activated carbons and multi-
walled CNT in cheese whey processing, the effectiveness of
adsorbents in removing norbixin was studied for solution
chemistry, temperature, and adsorbent level. The equilibrium
and kinetic adsorption data were analyzed using various models
to understand the characteristics of adsorption. Where
appropriate, the data were correlated to physicochemical
properties of adsorbents such as surface area, pore size, and
surface charge.
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B MATERIALS AND METHODS

Materials. Activated carbon SGL 8 X 30 (CA) and CAL 12 X 40
(CB) were from Calgon Carbon Corp. (Pittsburgh, PA). The
multiwalled CNT was from CNano Technology Ltd. (Santa Clara,
CA). The three carbon agents were washed several times with distilled
water and dried in an oven at 150 °C for 24 h before use. Annatto
WS28 containing 2.8% norbixin was a liquid product from
DDWilliamson, LLC (Port Washington, WI). Whey protein isolate
(WPI) was a product from Hilmar Ingredients (Hilmar, CA). All other
chemicals used in this study were obtained from either Sigma-Aldrich
Corp. (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA).

Characterization of Structures of Adsorbents. Surface area
and pore size of three adsorbents were determined by Micromeritics
Analytical Services (Norcross, GA) using the nitrogen adsorption
isotherm method at 77 K on a Micromeritics Tristar II 3020 analyzer.
Parameters for porous media like the Brunauer—Emmett—Teller
(BET) surface area, micropore area, external area, total pore volume
and micropore volume were measured and were derived using the ¢-
plot method. The micrographs of adsorbents were imaged using a
LEO 1525 surface scanning electron microscope (LEO Electron
Microscopy, Oberkochen, Germany).

Characterization of Surface Charge Properties of Adsorb-
ents. The point of zero charge (PZC) method"® was used to
characterize surface charge properties of the three adsorbents. Vials
were filled with 15 mL of a 0.5 N NaCl aqueous solution, added with
different amounts of adsorbents, and adjusted to pH 5.7 or 11.1 using
1 N HCI or NaOH. The vials were then incubated at 25 °C in a C76
shaking water bath (New Brunswick Scientific, Edison, NJ) operating
at 130 rpm. The equilibrium pH of suspensions was measured after 24
h to determine the pH corresponding to PZC (pHp;c).

Adsorption Properties. Adsorption studies were carried out in
triplicate by mixing various amounts of the adsorbent with aqueous
solutions containing 500 ppm norbixin,'* unless noted otherwise. After
incubation for preselected conditions detailed below in the above
shaking water bath, the mixture was centrifuged at 6,700g for 5 min
using an Eppendorf MiniSpin plus centrifuge (Hamburg, Germany),
and 100 yL of the supernatant was transferred and diluted to 3 mL
with distilled water for determination of norbixin concentration by
measuring the absorbance at 460 nm (Abs,s)" using a UV—vis
spectrophotometer (model 201, Thermo Scientific, Waltham, MA).
Preliminary experiments showed a linear correlation between Abs,
(in the range of 0—1.8) and norbixin concentration (0—12 ppm). The
removal efficiency was calculated as follows:

fo
removal (%) = ( 0

C
X 100%
(

(1)

where C, is the initial concentration, and C is the residual
concentration of norbixin after treatment at a specific combination
of adsorption conditions.

Effects of pH on Norbixin Adsorption. The concentration of
CA, CB, and CNT was 16, 16, and 1.6 g/L, respectively. The
suspensions were adjusted to pH 2.5—10.5 using 1 N HCI or NaOH
and were mixed using an end-to-end shaker (Lab Industries Inc.,
Berkeley, CA) at room temperature (23 °C) for 2 h.

Effects of Adsorbent Mass. The effects of adsorbent dose on the
adsorption of norbixin were studied at pH 6.4 and 23 °C. The
adsorption duration was 2 h.

Adsorption Isotherms. To establish adsorption isotherms, each
adsorbent was mixed in amber vials with 10 mL of aqueous solution
with a norbixin concentration from 50 to S00 ppm. The amber vials
were used to minimize norbixin degradation during incubation. The
concentration of CA, CB, and CNT was 64, 64, and 64 g/L,
respectively. The samples were adjusted to pH 6.4 and were incubated
for 24 h in the above shaking water bath operating at three
temperatures (298, 313, and 328 K). After centrifugation and
determination of the remaining norbixin as above, the amount of
norbixin adsorbed at equilibrium onto unit mass of carbon agent, g,
(mg g7'), was considered as the adsorption capacity that was
calculated using the following equation:
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where C, is the equilibrium concentration of norbixin (mg/L), W is
the mass of adsorbent (g), and V is the volume of the solution (L).
Langmuir and Freundlich models were used to analyze adsorption
isotherm data. The Langmuir isotherm equation (eq 3) assumes a
surface with homogeneous binding sites, equivalent sorption energies
and no transmigration of adsorbate on the surface.'® The Freundlich
isotherm is an empirical equation based on an exponential distribution
of adsorption sites and energies, with the mathematical form in eq 4."°
C, C. + 1

4.

©)

where ¢, and k; represent the maximum adsorption capacity and the
adsorption equilibrium constant (L/mg) related to the apparent
energy of sorption. A plot of C./g, versus C, gives a straight line with a
slope of 1/q., and an intercept of 1/ (qmaka).l6
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where k; (mg/g) and n are the Freundlich constants related to the
adsorption capacity and adsorption intensity, respectively.'® The
values of kr and n can be calculated from the slope and intercept of the
plot, respectively.

Adsorption Kinetics. Each adsorbent was mixed in amber vials
with the 500 ppm norbixin solution and adjusted to pH 6.4. The vials
were incubated at 25 °C in the above shaking water bath. One milliliter
samples were collected from the vials after 0, 1, 2, 3, 4, S, 6, 7.5, and 9
h for CA and CB, while the sampling times were 0, 30, 50, 70, 90, 120,
150, 210, 270, 340, and 540 min for CNT.

The kinetics of norbixin adsorption onto absorbents was analyzed
using pseudo first order,"” pseudo second order,’” Elovich,'® and
intraparticle diffusion'®?° kinetic models in eqs 5,6 and 7, 8, and 9,
respectively.

kl
t
2303

log(q, — g,) = log g, s)
where g, is the amount of norbixin adsorbed on adsorbent (mg g™') at
time point ¢, and k, is the rate constant of adsorption (h™"). If the plot
of log(g.— q,) against t gives a linear relationship, constants k; and g,
can be determined from the slope and intercept of linear regression,
respectively.

(6)
where k, is the second order rate constant of adsorption (g mg™" h™").
The magnitudes of g, and k, are determined from the slope and
intercept of the plot of t/q, against t, and the initial adsorption rate h
can be calculated by the following equation:>'

h=kyg )

1 1
g =—Inaf+—Int

Cp B (8)
where a is the initial adsorption rate (mg g™' h™') and f is the
desorption constant (g mg™"). If norbixin adsorption on carbon agents
fits the model, a plot of g, versus In ¢ should yield a linear relationship
with a slope of (1/f) and an intercept of (1/5) In (a). The values of
a and f can then be determined from the slope and intercept after
linear regression.

/

q, = Kget'? + 1 9)
where I (mg g™') is the intercept and Ky is the intraparticle diffusion
rate constant (mg g~ min~"2). The value of q; is linearly correlated
with /2, and the Ky can be evaluated directly from the slope of the
plot.
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Adsorption of WPI on Adsorbents. The adsorption of WPI on
adsorbents was investigated at various pH conditions at room
temperature (23 °C). CA, CB, and CNT were suspended at 16, 16,
and 1.6 g/L, respectively, in 0.2% WPI solutions, and the mixtures
were adjusted to pH 2.5—10.5 using 1 N HCI or NaOH. After mixing
using an end-to-end shaker (Lab Industries Inc., Berkeley, CA) at
room temperature (23 °C) for 2 h and centrifugation as above, the
concentration of WPI in the supernatant was determined by the
bicinchoninic acid (BCA) method using an incubation temperature of
37 °C for 30 min. The absorbance at 562 nm was measured using a
UV—vis spectrophotometer (model 201, Thermo Scientific, Waltham,
MA). Bovine serum albumin was used as a reference.

Statistical Analysis. The kinetics model discrimination test was
performed using MatLab (Version 2013a, The MathWorks, Inc.,
Natick, MA). The Akaike Information Criterion (AIC), which
compares the information captured by models, was calculated by
using eq 10.>> The model with the lowest AIC was treated as the best
fit, if there were no other criteria for specific models.

AIC = nln(27) + n m(%) +n+2(y+1) (10)

where 7 is the number of data points, SSE is the error sum of squares,
and y is the number of parameters estimated.

B RESULTS AND DISCUSSION

Characteristics of Adsorbents. According to the
manufacturer, the CNT have an average diameter of 11 nm
and a length of 10 ym. The particle diameter is 0.80—1.00 mm
for CA and 0.55—0.75 mm for CB, respectively. Other physical
properties were measured and are presented in Table 1.

Table 1. The Pore Size and Surface Area Parameters of
Three Adsorbents

property CA CB CNT
BET surface area (m?/g) 1016.1 1162.7 176.8
t-plot micropore area (m?/g) 941.1 1074.5 27.5
t-plot external surface area (m”/g) 75.0 882 1494
BJH adsorption cumulative surface area 453.0 427.6 1932
(m?/g)
total volume of pores (cm®/g) 0.57 0.66 0.728
t-plot micropore vol (cm®/g) 0.42 0.48 0.021
BJH adsorption cumulative vol (cm®/g) 035 0.36 0.74
total microporosity ratio 1.36 1.38 34.67
adsorption av pore width (4V/A by 22.7 22.7 166.2
BET) (A)
BJH adsorption av pore width (A) 311 33.7 1539

Additionally, the ratio of total pore volume to t-plot micropore
volume was calculated to be the total microporosity ratio to
evaluate the degree of porosity.”® The total microporosity ratio
of 34.67 for CNT suggests that the CNT have mostly
mesopores and macropores, while the much smaller values of
CA (1.36) and CB (1.38) indicate their microporous
structures.”* Both CA and CB had a porous structure with
some macropores and mesopores based on SEM (Figures 1A
and 1B), indicating relatively high surface areas that agree with
the BET surface area in Table 1,*° with the surface of CA being
smoother than that of CB. Activated carbon had a BET surface
area several fold higher than CNT (Table 1) that appeared as
loose and intertwined tubular structures (Figure 1C).
Additionally, pHp,: was quantified because it indicates net
surface charge properties of carbon adsorbents in aqueous
media:'® net positive at pH below pHp,c and net negative at
pH above pHp, ¢ 2° The titration results for three adsorbents
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Figure 1. SEM images of CA (A), CB (B), and CNT (C).

are shown in Figure 2, and the pHp;¢ of CA, CB, and CNT was
determined to be 10.8, 10.3, and 8.4, respectively.

Effects of System pH on Norbixin and Whey Protein
Adsorption. pH is an important factor of adsorption because
it impacts surface charge properties of both adsorbent and
adsorbate.”” Figure 3A shows the influence of pH on norbixin
removal. The removal efliciencies of all adsorbents decreased
with increasing pH in the pH range from 2.5 to 4.5. The higher
removal efficiency and bigger deviations in replications at lower
pH can be attributed to the precipitation of annatto at acidic
conditions.”® For CA and CB, the adsorption capacity increased
significantly as the pH increased from 4.5 to 10.5. At pH 6.4
and above, norbixin was removed to a greater extent by CB
than CA after two hours incubation, which agrees with the
larger BET surface area of CB (Table 1). In contrast, the
maximum removal efficiency for the case of CNT was observed
at pH 6.5, which implies that increasing pH from 6.5 to 10.5
results in the increased repulsion between CNT surface and
norbixin.

dx.doi.org/10.1021/jf402537y | J. Agric. Food Chem. 2013, 61, 9230—9240
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Figure 2. The pH of suspensions with different amounts of CA (A),
CB (B), and CNT (C) after 24 h incubation at 298 K. Suspensions
were prepared with different amounts of adsorbents suspended in 15
mL of 0.5 N NaCl and adjusted to pH 5.7 or 11.1 before incubation.
The pH at the crossover of the acidic and basic curves is referred to as
the pH corresponding to the point of zero charge (pHpyc).

A practical adsorbent shall be effective in removing norbixin
and retaining most proteins. The pH effects on WPI adsorbing
on the adsorbents are shown in Figure 3B. Many treatments
showed retention of more than 90% protein. At pH of cheese
whey (6.4),” all three adsorbents had high protein retention.
Since all three absorbents have high norbixin removal capacity,
especially for CNT (Figure 3A), and good protein retention
(Figure 3B) at this pH, no pH adjustment is required when
these adsorbents are used to remove annatto from colored
cheese whey. The rest of this study was then focused on pH 6.4
only.

Effects of Adsorbent Mass on Norbixin Removal. The
adsorption of 500 ppm annatto on different doses of adsorbents
at pH 64 for 2 h is shown in Figure 4. As the dose of
adsorbents increased, the norbixin removal increased signifi-
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Figure 3. pH effects on norbixin (A) and WPI (B) removal by CA
(black squares), CB (red circles), and CNT (blue triangles).
Suspensions were prepared with CA, CB, and CNT at a level of 16,
16, and 1.6 g/L, respectively, and S00 ppm annatto (A) or 0.2% w/v
WPI (B), adjusted to pH 2.0—10.5, and incubated at 23 °C for 2 h
before centrifugation for analysis. Error bars represent the range of
duplicate samples.

cantly for all three adsorbents. It can be attributed to the
increased absorbent surface area and adsorption sites.*

Isotherm Data Analysis. Like other carotenoids, norbixin
is an unstable colorant and factors such as temperature, pH, and
oxygen can promote the degradation.”® As shown in Figure $,
about 57% of norbixin remained after 24 h incubation at
ambient conditions. In order to calculate the percentage of
norbixin removal by adsorbents accurately, the following
adsorption studies were performed in amber vials to minimize
the degradation of norbixin. Degradation of norbixin in amber
vials was also observed and was used to calibrate the data in the
rest of this paper.

In order to optimize the removal conditions, it is important
to establish adsorption isotherms for each adsorbent.*
Langmuir and Freundlich isotherms are the two most common
models that can also be used to understand sorption
mechanisms, surface properties of adsorbents, and affinities
between adsorbates and adsorbents.

Figure 6 presents the adsorption isotherm examples at pH
6.4 and 298 K to reveal the relationship between the norbixin
mass adsorbed on unit mass of adsorbent (q.) and the
equilibrium concentration of norbixin (C,). Table 2 summa-
rizes the parameters in the Langmuir and Freundlich isotherm
models at three studied temperatures. The R* values exceeding
0.9 and the small SD values suggest that both models fit the
experimental results well. The 1/n values in the Freundlich
model are lower than 1.0 for three adsorbents, indicating that

dx.doi.org/10.1021/jf402537y | J. Agric. Food Chem. 2013, 61, 9230—9240
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Figure 4. Percentages of norbixin removal after incubating (A) 0—32
g/L CA (black squares) or CB (red circles), or (B) 0—3.2 g/L CNT
with 500 ppm norbixin at pH 6.4 and 298 K for 2 h. Error bars
represent the range of duplicate samples.
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Figure S. The degradation of norbixin in aqueous solutions at pH 6.4
and ambient conditions (23 °C). Error bars represent the range of
duplicate samples.

norbixin adsorbs favorably on all three adsorbents at the
studied conditions.”® The decrease of k; and kg with an increase
in temperature implies the weakened binding affinity.
Conversely, the g,,,, and n did not show an obvious trend of
the temperature impact.

Kinetics of Norbixin Adsorption. Figure 7 shows the
kinetics of norbixin removal by three adsorbents. The rate of
norbixin removal decreased over time, which is expected due to
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Figure 6. Adsorption isotherms of norbixin on (A) 64 g/L CA or CB
and (B) 6.4 g/L CNT at 298 K and pH 6.4.

the reduced availability of adsorption sites and the initial
adsorption on external surface of the adsorbent particles
proceeded by diffusion of norbixin molecules onto interior
adsorption sites. The equilibrium was about 9 h for activated
carbons at a high concentration, e.g, 64 g/L, while the
adsorption by CNT reached equilibrium in a much shorter time
at a high dose, e.g, in 3 h at the 32 g/L dose.

In order to find out the potential rate-controlling steps
involved in the adsorption process, the data were fit to four
models according to eqs 5—9, plotted in Figure 8 for the
example of CA. After fitting the data to models, the obtained
parameters in each model and the goodness-of-fit in terms of
coefficient of determination (R*) and AIC values are
summarized in Table 3. The adsorption can be described by
both pseudo first order and second order equations in most
circumstances. The parameters from the pseudo first order
model corresponded to the lowest AIC for CA and CB, which
agrees with the dominance of the pseudo first order mechanism
in adsorption studies.” For CNT, the first order equation fits
the data better at lower concentrations of CNT, but the value
of g, was underestimated at higher concentrations of CNT,
with R? values significantly lower than 1. If the g, estimated
from the intercept (eq S) does not match the experimentally
determined g, the first order model can not be applied, despite
high R%.** Rudzinski et al.>® suggested that the pseudo first
order model is more applicable for the adsorption with longer
adsorption times, which is demonstrated by our data. For CNT
used at 16 and 32 g/L, the adsorption reached the equilibrium
quickly, and the data fit the pseudo second order model well,
with the g, values estimated from the model being consistent
with the experimental data.

dx.doi.org/10.1021/jf402537y | J. Agric. Food Chem. 2013, 61, 9230—9240
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Table 2. Isotherm Parameters Obtained Using Langmuir and Freundlich Models for Norbixin Adsorbing onto Three

Adsorbents at Three Temperatures

Langmuir Freundlich
model temp (K) Ima(mg/g) k. (L/mg) R? SD n kg (mg/g) R? SD
CA 298 8.33 0.39 0.933 0.014 2.32 2.29 0.996 0.012
313 8.06 0.29 0.932 0.017 3.13 1.98 0.971 0.027
328 7.09 0.14 0.972 0.008 3.09 1.50 0.950 0.043
CB 298 8.69 0.51 0917 0.015 222 2.67 0.990 0.021
313 8.40 0.18 0.964 0.010 2.00 1.47 0.996 0.015
328 9.52 0.12 0.939 0.012 1.67 1.16 0.996 0.017
CNT 298 71.94 0.53 0.977 0.001 3.45 25.71 0.996 0.008
313 74.07 0.19 0.983 0.001 2.50 15.33 0.992 0.016
328 66.67 0.18 0.977 0.001 2.95 15.64 0.985 0.019
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Figure 7. Kinetics of norbixin removal by different levels of CA (A),
CB (B), and CNT (C) at pH 6.4 and 298 K. The data were calibrated
by the degradation of norbixin. Error bars represent the range of
duplicate samples.
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Overall, the R? values were higher than 0.97 when the pseudo
second order model was applied for all three adsorbents, and
the estimated rate constant k, increased with the increasing
dose of each adsorbent. This suggests that the rate constant k,
can be used to compare adsorption properties of the three
adsorbents. CB has a relatively higher k, than CA at three
adsorbent levels due to its larger BET surface area. At an
adsorbent level of 32 g/L, CNT has a much higher k, than CA
and CB, while there is no big difference among the
experimental g, values of the three adsorbents, which is in
accordance with their similar values of total volume of pores
(Table 1).

For activated carbon, some micropore (<2 nm) openings
may be blocked by the adsorbed norbixin molecular, while the
functional groups of adsorptive sites located in the mesopores
(2—50 nm) and macropores (>50 nm) are still accessible.”* A
large BET surface area is generally a requirement for a good
adsorbent, but an adequate pore size is equally important.®®
Hsieh et al.*® has demonstrated the importance of mesopores
in enhancing the adsorption capacity of porous carbon,
especially for large adsorbates. For CNT, the BET surface
area is much smaller than CA and CB but the total
microporosity ratio and pore width are much larger (Table
1), which may explain the higher adsorption rate of CNT.

Various mechanisms like external diffusion, boundary layer
diffusion and intraparticle diffusion control the adsorption
kinetics.”” For porous adsorbents, the rate-limiting step is the
intraparticle diffusion mechanism.”® When fitting the data from
CA and CB to the intraparticle diffusion model (eq 9), the
regression of g, versus /2 is linear, with high R* (Table 3), and
converges at the origin. Thus, the intraparticle diffusion appears
to be the rate-limiting step for porous activated carbon (Table
1; Figure 1).37 For CNT at higher dose, the lower R?* value
from the data fitting indicates that other steps such as external
diffusion may be involved in the adsorption.® The deviation
from the origin additionally suggests that the intraparticle
diffusion is not the rate controlling mechanism for CNT.*

Thermodynamic Parameters of Adsorption. The
energy involved in an ideal adsorption process is independent
of the adsorption capacity.*® However, adsorbents such as
activated carbon have heterogeneous surfaces, and the energy
associated with nonideal adsorption can affect the outcome.*’
In order to calculate thermodynamic parameters, the van’t Hoff
equation (eq 11) was applied using parameters derived from
the Langmuir adsorption isotherms.

R RT (11)

dx.doi.org/10.1021/jf402537y | J. Agric. Food Chem. 2013, 61, 9230—9240
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Figure 8. Kinetics of norbixin adsorbing onto three levels of CA at pH 6.4 and 298 K when fitting to (A) pseudo first order, (B) pseudo second
order, (C) Elovich, and (D) intraparticle diffusion models. Data were calibrated by the degradation of norbixin.

where k; is the Langmuir equilibrium constant (L/mol) in eq 3,
R is the gas constant (8.314 J mol™! K™'), T is the absolute
temperature (K), and AH and AS are the enthalpy and entropy
changes associated with the adsorption, respectively.

The AH and AS determined from the slope and intercept of
the van’t Hoff plots are summarized in Table 4. The
equilibrium constants were also used to determine the Gibbs
free energy change (AG) by following equation:*

AG = AH — TAS (12)

The negative value of AH (Table 4) indicates the exothermic
adsorption, showing that the adsorption of norbixin on all three
adsorbents is favored at a lower temperature. The negative
value of AG indicates that the adsorption is a spontaneous
process. The exothermic adsorption lowers the system energy,
with the AH estimated to be in the range of 8—65 kJ/mol when
organic molecules adsorb from an aqueous solution onto
activated carbon.*?

Furthermore, smaller accessible pores are expected to have a
more negative AH* For the two activated carbon materials,
the bigger micropore volume of CB than that of CA (Table 1)
agrees this analysis (Table 4).** The positive AS value for CA
shows the increased randomness of norbixin adsorbing on the
solid surface. For CNT, the magnitude of AS is small,
suggesting its insignificance in adsorption. Differences in AS
can result from variations in adsorbate—adsorbent interactions
and adsorbent structures,*® which can impact equilibrium
constants.** Although the negative AH of CB has a larger
magnitude than that of CA, the two adsorbents show similar
AG (similar equilibrium constant) because their AS contribu-
tions are opposite.
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Effects of lonic Strength on the Adsorption. Besides
van der Waals interactions, hydrophobic interactions, 7—n
interactions, solvent polarity, solution chemistry, and molecular
dimensions are important in the adsorption.*® For acid dyes,
the molecule can be ionized to adsorb on charged adsorbent
surface."” Norbixin has a highly hydrophobic carbon chain with
two polar carboxylate head groups which facilitate both
hydrophobic and electrostatic interactions with carbon surface.
In order to study the significance of electrostatic interactions on
the adsorption capacity, another batch of experiments was
performed under room temperature at 0.1 and 0.5 M NaCl.
Only pH 4.5, 6.4, and 9.0 were studied (Figure 9) to prevent
the complications of norbixin precipitation at lower pH, as
discussed previously. The norbixin removal efficiency of CA
and CB decreased significantly with the increase in ionic
strength. Conversely, the effects of ionic strength were pH-
dependent for CNT, showing an increase in removal efficiency
with an increase in NaCl concentration at the two lower pHs
but the opposite at pH 9.0. The pHp,c of CA and CB is 10.8
and 10.3, respectively (Figure 2), suggesting that the adsorbents
are positively charged at the measuring pH 4.5—-9.0. The pK,
for norbixin is about 4.8,"® and thus a higher extent of
dissociated norbixin is expected at a higher pH. The increased
norbixin removal at a higher pH (Figure 9) emphasizes the
significance of electrostatic attraction,'® which is further
supported by the lowered norbixin removal at higher NaCl
concentrations (Figure 9) that weaken electrostatic attraction.
For CNT, they are positively charged, while about one-half of
the carboxylate groups of norbixin are dissociated at pH 4.5
(close to pK, of norbixin, at pH 4.8), which coincided with the
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Table 4. Thermodynamic Parameters for the Adsorption of
Norbixin on Three Adsorbents at pH 6.4

temp (K) AG (k] mol™") AH (k] mol™) AS (J mol™ K™)
CA 298 —29.65 —-27.50 7.22
313 —29.76
328 —29.89
CB 298 —29.94 —-39.43 —-31.84
313 —29.46
328 —28.99
CNT 298 —29.90 —29.65 0.83
313 —2991
328 —29.92
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Figure 9. The effects of ionic strength on norbixin removal by three
adsorbents at pH 4.5 (A), 6.4 (B), and 9.0 (C). The dosage of CA, CB,
and CNT was 32, 32, and 3.2 g/L, respectively, and the incubation was
24 h at room temperature (23 °C). Error bars represent the range of
duplicate samples.
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small impact of ionic strength (Figure 9A). At pH 6.4, the
adsorption capacity reaches the maximum for CNT, norbixin is
dissociated to a greater extent than at pH 4.5, and an increase in
NaCl concentration significantly reduced norbixin removal
(Figure 9B). At pH 9.0 (above the pHp;c of CNT), the overall
electrostatic interactions between norbixin and CNT are
repulsive, and the weakened repulsion at a higher NaCl
concentration increased the norbixin adsorption/removal
(Figure 9C). The results suggest that electrostatic forces are
important for the adsorption of norbixin on the three
adsorbents.

In summary, three carbonaceous agents showed great
potential for the removal of norbixin from aqueous solutions,
with the extent being a function of pH, adsorbent level,
temperature, and ionic strength. At the whey pH and room
temperature, the adsorption by CB was faster than CA due to
its larger BET surface area, while CNT were more effective on
reaching adsorption equilibria at a shorter time and a lower
dose than both CA and CB due to its much higher
microporosity ratio. The classic Freundlich and Langmuir
models both fit the adsorption isotherm data well. The
thermodynamic parameters estimated from adsorption iso-
therms demonstrated that the adsorption of norbixin on three
adsorbents is exothermic, and the entropic contribution was a
function of adsorbent structure. The adsorption kinetics for two
activated carbon products followed both pseudo first and
second order. But for CNT, it followed the pseudo first order at
low doses while the pseudo second order at high doses. The
kinetics data also stressed the significance of intraparticle
diffusion for activated carbon. Finally, the effects of ionic
strength on norbixin removal suggested the significant role of
electrostatic attraction under the studied conditions. If the
established adsorption parameters can be verified in cheese
whey, these adsorbents may be applied in the dairy industry to
decolorize cheese whey without applying bleaching agents.
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