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Abstract: Sucrose syrup is used worldwide in the food and beverages industry,
being produced from high quality sugar and treated water. Even though these high
quality raw materials are used, the resulting syrup is very often tinted with an amber
color inherited from its constituents and produced during its formulation. This
coloration makes it unsuitable for most of its uses, especially for the formulation
of colorless products. In order to render a colotless syrup, adsorption with
powdered activated carbons is very often used, to effectively remove the color
causing agents. The very finely ground catbon is later separated by mechanical
means, mainly filtration, sometimes using filtration aids.

The problem that arises is that commercial sugar contains variable amounts of
color causing agents and, in principle, the ratio activated carbon/sugar needed to
obtain an acceptable syrup varies considerably, and should be adjusted to fit the
characteristics of the sugar and its processing. This is seldom done, resorting
instead to manufacturing “recipes” that could imply the use of excessive amounts
of adsorbent.

In the present work a quite simple technique is developed that allows the
monitoring of the color removal and also the determination of the prevailing
technical equilibrium needed for process calculations.
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1 Introduction

Sucrose syrups are of importance in the food and beverage industry, not only as
sweeteners, but also because of the desirable properties that the syrup confers. Just
to give some examples, sucrose syrups are very often used in fruit preparations for
flavor enhancing, bitterness reduction in chocolate and coffee products and starch’s
gelatinization reduction in bakery products. Also, due to its high solubility in water,
sugar syrups add weight, volume and texture to the final products. These properties
make sucrose syrups a huge business worldwide.

While there is a tendency to use highly refined sugar in syrups preparation, the
resulting solutions have a characteristic amber coloration due to the presence of
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colored organic substances that can either result from improper sugar cane harvesting
or from inadequate processing methods. The net effect of these compounds is
viscosity and turbidity increment. Some of the most common color causing
components are presented in Table 1.

These components can be removed from the syrups through vacuum or
pressure filtration, methods that are usually non effective for complete color removal.
Flotation and aeration with phosphoric acid and lime can also be used, but are mostly
applied in the production of raw sugar syrup before white sugar production.
Industrial processes of clarification usually imply the use of adsorbents, like paper
pulp on smaller scales, or egg albumin, use that has been decreasing because it can
change the syrup’s pH considerably. Also, technologies using nanofiltration
separations are proposed.

Nevertheless, the use of activated carbon as an adsorbing agent for sugar syrups
treatment is widespread, because of its “high decolorizing power, high capacity for colloids
adsorption, bigh clarifying power, and good filterability” due to its high porosity and internal

surface area.

Tabla 1.Common Colored Organic Substances in Sugar Syrups

Natural colorants Colorants developed during syrup processing
Flavonoids Melanins Chlorophylls Melanoidins Caramels HADPs
Xanthophylls
Carotene
Maillard Glucose and Hexose
reaction fructose alkaline
products degradation in degradat
acidic media ion
products
<1kDa >150 <1kDa <50 kDa > 25 kDa 1t05
kDa kDa
Color contribution: ~2% ~18% ~30% ~50%

These properties are developed during the activating process of carbon that
includes the pyrolysis of carbonaceous material at temperatures below 800 ° C and
its further activation at 1000 © C. The residual carbon atoms tend to aggregate
forming sheets that rearrange in an irregular way with strong links between them,
leaving free spaces that are usually filled with some secondary decomposition
products that are leached away during the activation process. As a result, activated
carbons have a large quantity of randomly distributed pores that confer these
materials optimal adsorbing capacities.
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The activated carbon adsorption process implies the selective mass transfer and
retention of impurities, by means of strong physical bonding. This way, colored
contaminants are “adsorbed becanse the attraction of the carbon surface is stronger than the
attractive forces that keep them dissolved in solution”. Then, the process depends on both
the formation of adequate solid-liquid interphase for mass transfer and the
overcoming of the diffusive mass-transfer resistance associated with the boundary
layer formed (Figure 1).
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Figura 1: Model of Mass Transport

Typically the adsorption process is carried out until an equilibrium condition is
reached (when no further variation is presented in the removal of impurities).
Isotherms describing the phase equilibrium can then be determined experimentally.

2 Rationale

From previous experience it was learned that color causing agents show
reproducible absorptions in the UV region, where proportionality to their
concentrations was appreciated by the authors. Based on these experiences it was
proposed to calibrate a spectrophotometer by preparing different solutions of
commercially available sugars obtained from sugar cane, and hopefully to use this
calibration to follow the dynamics of the color removal from syrups.

Having the quantitative analytical technique available, it may be possible to
determine a recommended activated carbon dosage for each syrup based on a simple
fast analysis, as well as the adsorption isotherms for commercially available sugar-
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activated carbon pairs, making it possible to fine tune the discoloration process by
adjusting the corresponding operating parameters.

This may also help control the quality of the sugar and the suitability of the
commercially available activated carbons for the process to be devoted to obtaining
the clarified syrups, with potentially inherent reductions in operating costs.

Therefore, if the mentioned developments prove to be possible, the economics
of the production of sucrose syrups could be improved, with an important impact if
the dimensions of the businesses associated with these syrups are taken into account.

3 Experimental

3.1 Development of a quantitative analytical technique

Experimental spectrophotometer spectra for sugar syrups are shown in Figure
2. The observed behavior seems to be consistent in all of them with peak heights
proportional to the color causing agents concentrations. The absorption spectra
observed in Figure 2 show a maxima around 205 nm, probably due to n to =*
transitions related to electromagnetic radiation by unsaturated double bonds
(chromophores going from a ground state to an excited one), since the wavelength
corresponding to the maxima observed is associated with energy requirements
congruent with such transitions. Also, a small “blue shift” (shifting to shorter
wavelengths due to a higher electron solvation) in maxima is observed, which is
probably caused by the polar nature of the solvent (water).

Several of the known color forming compounds present in the syrup, including
flavonoids, melanins, chlorophylls, xanthophylls and carotenes, do contain double
bounds in their chemical structure. Since absorbance in liquids around this
wavelength is not compound specific, but rather bond-type specific, the observed
absorbance spectra are probably due to the mentioned m to 7* transitions in all
double-bond containing compounds. This common characteristic of the
chromophortes associated with the color causing agents present in the sucrose syrup
is probably responsible for the measured absorbance that in a way may be
proportional to its total concentration. Therefore, it may be possible to further
explore this idea in order to develop a quantitative analytical technique for the
determination of the concentration of the color causing compounds in sugar syrups.

3.2 Instrument calibration

Data for Figure 3 was obtained by prepating 50 °Bx (50 Brix degrees, or 50 mass
%) sucrose solutions of decreasing concentrations of color causing agents, by mixing
colorless treated syrups with raw ones, obtained by dissolving commercial refined
sugar in deionized water (conductivity under 3 pS/cm ). SUCHAR-NFR powdered
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activated carbon was used as adsorbent (Clarimex S.A, Mexico), with a particle size
of 325 mesh. As isothermal enclosure for the preparation of samples, a POL-EKO-
APARATURA SLN 115 STD drying oven was used. Filtration of the activated
carbon treated samples was performed by means of Chm F1001 qualitative filter
paper (Chemlab group).

Tabla 2.Refined Sugar Properties

Polarity, °S 99,8 ° S (minimum)
Color, ICUMSA units 80 (maximum)
Ash, % 0,04 (maximum)
Particle size, mm. 0,6 (maximum)

Spectral absorbance determinations were made by means of a Shimadzu UV-
1800 UV-Vis Spectrophotometer (scanning range employed: 190 — 600 nm), using
completely colotless syrup treated with 5% activated carbon (See Figure 3). A
proportional behavior with concentration was observed in Figure 2.
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Figura 2: Characteristic absorption spectra for clarified sugar syrups at
80°C. Syrups were prepared mixing in several proportions raw and highly
purified sucrose syrups.
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Figura 3: Effect of activated carbon added on absorbance. At 5% tends to
zero.

Five runs were made with varying ratios of raw syrup/highly purified syrup, as
shown in Table 3. Four replicates were performed for each run and the confidence
intervals were obtained by Student analysis (95% confidence). The raw syrup was
assigned an arbitrary color grade of 1 unit (1 color unit), while the highly purified
syrup was assigned O color units. The mixtures color grades were assigned the
corresponding proportional values. The color concentration was assumed to be
proportional to the peak height in the 200-205 nm range (maximum of the spectral
distribution taking into account the previously observed “blue shift”). No attempt
was made to correlate the color concentration to peak subtended areas. The
experimental design and results are shown in Table 3.

The experimental calibration curve for the instrument is depicted in Figure 4.
The Lambert—Beer law is followed in the experimental range with quite tight
confidence intervals for all tested points.

Therefore, the experimental analytical technique was deemed suitable for
carrying out the color syrup/activated carbon equilibrium determinations.

3.3 Process dynamics

The study of unsteady state mass transfer process from the syrup to the
adsorbing activated carbon was beyond the scope of this work. Nevertheless, in order
to insure that a technical equilibrium was reached, close monitoring in changes of
concentration were performed on the adsorption runs, after an initial thorough
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homogenization of the mixture. It was noted that in general, most of the adsorption
process took place during the first 15 minutes. Notwithstanding, much larger contact
times were provided to ensure reaching equilibrium states (60 minutes or more). The
adsorption process was stopped when no further changes in concentration were

observed.

Tabla 3.Instrument Calibration

Solution: Sucrose Water 50 °Bx
Temperature: 20 °C
Sample Number Color Units Run1 Run2 Run3 Run4

1 0.2 0437 0445 0506  0.453

2 0.4 0853 0830 0953  0.847

3 0.6 1268 1293 1299 1243

4 0.8 1.607  1.693 1672  1.690

5 1 2003 2020 2096 2149
2.5 . . ;

Absorbance

0 L 1 1
0 0.2 0.4 0.6 0.8 1

Color Units

Figura 4: Calibration curve. The absorbance shows a linear dependence of
color concentration (color units). Absorbance obeys Lambert-Beer Law in
the studied concentration interval.
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3.4 Equilibrium adsorption isotherms determination

Adsorption isotherms were determined at 40, 60 and 80 ° C for several activated

carbon/ sucrose solution ratios (w/w) as shown in Table 4.

Tabla 4. Activated Carbon/ Sucrose Syrup ratio at 50 Br used for the
adsorption isotherms determination

Sample Number

Activated carbon/solution 100 w/w

1

Unclarified syrup (No activated carbon)

0.03
0.05
0.08
0.17
0.25

0.7

Blank solution (Activated carbon at 5%)

The procedure, common to all the experimental runs, was quite straightforward.

Equal amounts of 50 Br syrup, previously prepared and kept at 5°C in amber bottles,

were heated to the required temperature with occasional stirring in a laboratory oven,

and activated carbon was added when the desired temperature was reached. The

adsorption medium was homogenized by strong stirring and let to reach equilibrium

with occasional stirring. Contact time was set to 1 hour for all the runs. At the end

of each run, the suspended activated carbon was removed by filtration and the filtrate

was analyzed to determine its color content. The runs were replicated three times for

each temperature with every activated carbon/untreated syrup ratio in the

experimental design. A total of 63 runs were performed.

The following experimental variables were determined for data correlation:

A

_Ao

Color Units
kg Sucrose

_ Br( A ) Color Units

c B A_o kg Act.Carbon
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Where Y is the color content in the liquid phase, while X refers to the color
concentration in the solid phase, in relevant units. A refers to the absorbance of the
treated syrups while A, is the absorbance of the untreated one. This syrup was
arbitrarily assigned a color concentration of 1 color unit per kg of untreated 50 °Bx
syrup, or its equivalent value of 1 color unit per 0.5 kg of sucrose present in the
solution at this concentration. Here c is the mass ratio of activated carbon to sucrose

syrup.

4 Results and discussion

The absorbance data for runs at 40, 60 and 80 ° C is presented in Figure 5, with
errors bars detrived from the t—Student distribution at a 95% confidence interval and
two degrees of freedom. Also, in Figure 5 this data is fitted to the Brunauer-Emmett-
Teller (BET) isotherm, both in linear and nonlinear forms. Numerical methods were
employed for the multivariable nonlinear regression analysis including conjugate
gradient algorithms, minimizing the standard deviation associated with the absolute
total fitting error. In Figure 6 the isotherms at the chosen temperatures are plotted
in the same graphs to show the effect of temperature on the adsorption process.

The data is well correlated by the Brunauer-Emmett-Teller (BET) isotherm
using the Y — X experimental variables described above and for all the temperatures
studied, both in linear and nonlinear forms, as can be seen in Figure 6. The BET
equations used were the following:

c1cY
Y= adna-r+aon

and

Y 1 +(C2_1)y
X(1-Y) cic, 1€z
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Figura 5: Absorption data at 40, 60 and 80 ° C, with errors bars derived
from the t-Student distribution at a 95% confidence interval and two
degrees of freedom. Three replications were made for each run.

As can be observed, the adsorption process equilibrium is enhanced by
increasing temperatures in the studied temperature range. Higher degtrees of color
removal are obtained with increasing temperature while keeping the ratio of activated
carbon to syrup constant. This observation seems to be further reinforced by the
industrial practice that uses in general, temperatures well above the ambient ones,
beyond the need to lower the viscosity of the sucrose syrups for manipulation,

agitation and required improvements in mass transfer.
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Figura 6: Data fitting for 40, 60 and 80 ° C. Data follow the BET isotherm
in both the nonlinear and linearized forms. The adsorption process is
favored by increasing temperatures.

The obtained regression coefficients are given in Table 5.

Tabla 5.BET Equation Coefficients.

Temp°C ¢ C2 R2
40 8292 5970 0.9953
60 94.02 8171 0.9922

80 109.5 10240  0.9923




ACTA NOVA; Vol. 9, N° 2, julio 2019, ISSN 1683-0768 Articulos Cientificos *187

Both coefficients ci and cz are temperature dependent and could easily be fitted
to simple mathematical expressions to reproduce the experimental data. However, in
that case the results interpretation becomes difficult. The first coefficient c; is related
to the adsorbed quantity when a simple monolayer is formed and such a strong
temperature dependence with modest increase in temperature becomes difficult to
explain from theoretical grounds.
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Figura 7: Adsorption equilibrium isotherms for the color removal from
sucrose syrups with activated carbon at 40, 60 and 80 ° C. The adsorption
process is enhanced by increasing temperatures.

There are also other problems that defy a simple explanation. At the beginning
of the work a physical absorption type behavior was expected: not very specific, with
modest energy evolutions involved, and possibly, reversible with multilayer
deposition. If this would have been the case, then the whole process would have
benefitted from lower temperatures. However, this temperature dependence was not
observed, as was mentioned before. The increase in some transport properties with
temperature, like the mass transfer constant, is irrelevant at equilibrium, since once
it is reached, no net mass transfer between the involved phases takes place.

Thus, another explanation is needed, one that justifies a favorable equilibrium
behavior with increasing temperature, that also implies spontaneity being favored by
temperature increments.

In this matter, a thermodynamic approach could be explored. By definition:

AG = AH —TAS
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At constant pressure, process spontaneity requires that:
AG <0

The liquid solid phase thermodynamic transitions that take place in the
adsorption process are exothermic, and therefore AH < 0 and AS < 0. Consequently,
for the Gibbs energy to maintain its negative slope it is required that the adsorption
enthalpy decreases with temperature. Also it is possible that the phase entropy
evolution in the adsorption process follows a similar path, or at least if it increases
with temperature, this increment is smaller than the corresponding decrease in
enthalpy. In any case it seems that the adsorption process is enthalpy driven and not
entropy driven.

The decreasing behavior of the adsorption enthalpy was considered previously,
especially in the derivation of widely used equilibrium isotherms, such as those due
to Freundlich and Temkin. However, in those cases a coverage dependence of the
adsorption enthalpy was considered, as opposed to a temperature one postulated
here. Also, experimental runs show X values much greater than the c; coverage
related BET Equation parameter. This seems to indicate that in the color removal
process of sucrose solutions, a multilayer adsorption takes place, and therefore the
coverage is always 1. The coverage is understood as the fraction of the adsorbent
bare surface that is actually covered by adsorbed molecules.

An explanation of the above discussed behavior is beyond the scope of this
work, but on the light of the discussed results the obtained data and the models fitted
should be taken as experimental data valid for design within the domain of the
studied parameters.

However, it is known that the retention in the solid phase of color causing agents
is the consequence of physical adsorption, and that active or polar compounds could
establish quasi-steady non-equilibrium local concentration regions that are only very
slowly reversible. The increasing temperature facilitates the transport from the liquid
to the liquid-solid interphase of color causing molecules giving place to high
concentration regions in the vicinity of the solid phase, regions that could be further
stabilized by the combined effect of weak potential energy interactions and
coulombic attractions, especially in polar molecules.

The above possible scenario does not correspond to a state of thermodynamic
equilibrium and therefore any further thermodynamics consistency test should not
be performed. This, however, does not invalidate the applicability of the derived data,
since engineering applications do not need necessarily the equilibrium to be reached.

Finally, the used techniques are very simple and can be applied in the adsorption
processing of any kind of refined sugar syrups that use activated carbons for this
purpose.
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