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Abstract

As a food additive, glycerol exhibits moisture-retaining and water-preserving properties, making it
widely applicable in the food industry. This study utilized 72% crude glycerol, with adsorbent ratio (A),
decolorizer dosage (B), and decolorization temperature (C) as single factors. The purification process
was optimized through fuzzy mathematics coupled with response surface methodology (RSM), followed
by reproducibility validation. The optimal purification parameters were determined as follows: an
adsorbent ratio of 1.5:1, a decolorizer dosage of 1.0%, and a decolorization temperature of 80°C. Under
these conditions, the predicted glycerol content reached 99.36%, while experimental results from
repeated trials showed (99.55+0.07)%, demonstrating minimal deviation from the predicted value and
confirming the reliability of the fuzzy mathematics-RSM model. The refined glycerol exhibited a light
yellow color, pure aroma, and high purity without residual impurities, meeting food-grade specifications.
These findings provide a technical foundation for industrial-scale production of food-grade glycerol.
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Introduction

Food-grade glycerol is a non-toxic and safe substance with extensive applications in the food
industry, and its uses continue to expand and diversify. Glycerol is commonly used in the food
industry as a preservative and humectant, serving functions such as preservation and nutritional
enhancement, while also providing a refreshing sensation. Food-grade glycerin contains
various nutritional components, such as unsaturated fatty acids and amino acids, making it
suitable for use as a food flavoring agent.

Common purification processes for glycerol include vacuum distillation3 and ion exchange4.
The ion exchange resin method can achieve purification and decolorization through ion
exchange. This study identified an optimized refining process for crude glycerol using self-
made adsorbents, ion exchange, and decolorizing agents to enhance glycerol concentration.
This method helps conserve energy, reduce costs and losses, prevent thermal degradation of
glycerol, and improve its purity. Current research on the application of crude glycerol
purification processes in the food industry remains limited, both domestically and
internationally.

Currently, fuzzy mathematics is widely applied in the food industry. Response surface
methodology (RSM) optimizes single-factor conditions by analyzing functional relationships
in regression equations to determine optimal process parameters, with notable applications in
yogurt research B!, The combined use of fuzzy mathematics and RSM has been extensively
adopted. For instance, Zhang et al. employed this approach to optimize the fermentation
process of physalis polysaccharide yogurt, ! while Zhu et al. integrated fuzzy comprehensive
evaluation with RSM to enhance the fermentation process and antioxidant properties of
Astragalus-Codonopsis health rice wine ' However, few studies have reported on purifying
food-grade glycerol using fuzzy mathematics coupled with RSM for flavoring applications.
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Materials and Methods

Materials

Crude glycerol (72% purity), Qingdao Jinniu Oils & Fats
Technology Co., Ltd.; Macroporous strongly basic styrene
anion exchange resin (Type D201); Strongly acidic cation
exchange resin (Type 732); Column chromatography silica
gel; zeolite, activated carbon; rice husk carbon; quartz sand;
anhydrous ethanol (95%); sodium chloride (NaCl).

Experimental Equipment

Electronic analytical balance (BP221S), Sartorius, Beijing;
vacuum drying oven, Tianjin TEST Instruments; induction
cooker, SUPOR, Zhejiang; UV-Vis spectrophotometer
(754N), Gaomi, Shandong; chromatography column (35 mm
x 40 cm), Ruida Henghui Co., Ltd., Beijing; peristaltic pump,
Longer Precision Pump Co., Ltd., Baoding; constant-
temperature water bath, Gongyi Yuhua Instrument Co., Ltd.;
high-performance liquid chromatography (HPLC) system,
Germany.

Crude Glycerol Refining Process Route
Crude Glycerol — Adsorbent treatment — Filtration —
Anion/ cation exchange resin

Filtration — Decolorization — Filtration — Moisture
evaporation — Final product.

Key Operational Points

1. Preparation of adsorbent: The zeolite is first crushed,
then subjected to acid treatment, washed with water until
neutral pH is achieved, and subsequently calcined and
dehydrated in a muffle furnace at approximately 300°C.
After being ground again and sieved through a 200-mesh
screen, the activated zeolite is mixed with silica gel in
varying proportions to prepare the adsorbent for use.
Adsorption: The adsorbents with different ratios were
sequentially packed into columns to adsorb impurities
from crude glycerol, and the effluent was collected for
further use.

Secondary resin adsorption: The effluent was diluted
and subsequently passed through cation-exchange and
anion-exchange resin columns sequentially. The glycerol
collected after secondary adsorption was reserved for use
[11]

Decolorizing Agent Preparation: The rice husk
charcoal was washed, sun-dried, and pulverized into
powder. After mixing with water, the slurry was sieved
to remove impurities and large particles, then oven-dried
to obtain Product A. An appropriate amount of quartz
sand was stirred in acidic aqueous solution for cleaning
and activation, then dried and sieved to obtain Product
B. Products A, B and activated carbon were thoroughly
mixed to prepare the decolorizing agent.
Decolorization: The effluent was decolorized under
varying temperatures and dosages of decolorizing agent.
The decolorized glycerol effluent was collected for
further processing.

Drying: The decolorized glycerol effluent was subjected
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to moisture removal to obtain anhydrous glycerol
product.

Quality Testing: The glycerol content was
quantitatively analyzed12, with additional evaluations of
odor, color index, transparency, and chloride content to
verify compliance with food-grade specifications.

Single factor experiment

Effect of adsorbent ratio on glycerol content

Using 100.0 g of crude glycerol under controlled conditions
(decolorization temperature: 80 °C; decolorizing agent
dosage: 1.0%), the effects of different adsorbent ratios (silica
gel: zeolite=0.5:1, 1:1, 1.5:1, 2:1, 2.5:1) on glycerol product
quality were systematically evaluated to determine the
optimal composition.

Effect of Decolorizing Agent Dosage on Glycerol Content
Using 100.0 g of glycerol feedstock after ion exchange, a
decolorization temperature of 80 °C, and an adsorbent ratio of
1.5:1, the effects of decolorant dosages (0.5%, 1.0%, 1.5%,
2.0% and 2.5%) on the color, filtration efficiency, and
glycerol content of the final product were investigated to
determine the optimal decolorant dosage.

Effect of decolorization temperature on glycerol content
Using 100.0 g of ion-exchanged glycerol feedstock, with a
decolorant dosage of 1.0% and an adsorbent ratio of 1.5:1, the
effects of decolorization temperature (60°C, 70°C, 80°C,
90°C, 100°C) on the color, filtration efficiency, and glycerol
content of the final product were investigated to determine
the optimal decolorization temperature.

Orthogonal Experimental Design

Based on the single-factor experimental results, three key
factors adsorbent ratio (A), decolorant dosage (B),
and decolorization temperature (C) were selected as
independent variables, with glycerol content as the dependent
variable. A three-factor, three-level response surface
methodology (RSM) design was implemented using Design-
Expert 13 software to determine the optimal process
parameters for glycerol content. The specific factor levels are
shown in the table below.

Table 1: Response surface analysis factor level experimental

design
Factor
Level Adsorbent Decolorant Decolorization
ratio dosage (%) temperature (°C)
-1 1:1 0.5 75
1.5:1 1.0 80
1 2:1 1.5 85

Fuzzy Mathematics Evaluation

A 10-member expert evaluation panel was assembled with
the following requirements: panelists aged 20-45 years in
good health, without smoking or drinking habits, were
selected to assess glycerol samples for color, odor,
transparency, and viscosity. The results were averaged, with
evaluation criteria detailed in Table 2.


https://www.agriculturaljournals.com/

International Journal of Agriculture and Food Science

https://www.agriculturaljournals.com

Table 2: Glycerol Sensory Evaluation Form

Indicator standard
Excellent (100 points) Good (90 points) Fair (80 points)
Color Colorless Pale yellow Dark yellow
Odorless with only the characteristic .
Odor sweet note of glycerol Slightly pungent odor Pungent odor
Clear and transparent, free from Fair transparency, free from macroscopically | Poor transparency with noticeable
Transparency| c g . MR . .
visible impurities visible impurities particulate matter
Viscosity Viscous Moderately viscous, Aqueous sensation detected| Low viscosity, High water content

Determination of Evaluation Objects

The evaluation object set refers to the collection of glycerol
samples to be evaluated, denoted as X=(X;, X5, X3,..., X17),
where X represents the comprehensive evaluation of the i-th
glycerol sample (i=1, 2, 3, ..., 17) 131,

Determination of Evaluation Factors

Taking the four sensory indicators of glycerol as factors,
namely U={U;, U,Uj;,Us4), U; represents the color of
glycerol; Us represents the odor of glycerol; Us; represents the
transparency of glycerol; Us represents the viscosity of
glycerol.

Determination of Evaluation Grade Set

The evaluation panel assessed the glycerol samples and
established the evaluation grade set as: V={Poor (v,), Good
(v2), Excellent (v3) }={80 points, 90 points, 100 points}

Determination of Evaluation Weights

The relative importance of each factor is termed as evaluation
weight, where higher importance corresponds to greater
weight. The weighting vector is denoted as K=(k;, kj, ks,
ky) with the constraint ) ki=1.The weighting factors were
determined as follows: Ten evaluators rated the importance
of four glycerol attributes (color, odor, transparency, and
viscosity). For each evaluator, the total score allocated to

these four factors summed to 10 points. The weighting factor
(k) for each attribute was calculated by dividing its aggregate
score (across all evaluators) by the maximum possible total
score (100 points) [4,

Fuzzy Comprehensive Evaluation Set

The influencing factors of the samples were assessed by
evaluators to obtain scores for each factor. The fuzzy relation
matrix A was constructed by dividing the vote counts (for
grades Excellent, Good, and Poor) by the total number of
evaluators (10).The comprehensive evaluation result Y for
each group is calculated as the product of the weighting
matrix K and the fuzzy relation matrix A, expressed as:
Y=K x A (1)
Data Processing and Analysis

In the experiment, triplicate parallel trials were conducted for
each test group, and the mean values were calculated. Data
analysis was performed using Origin 2018, Excel, and
Design-Expert 13 software. Statistical significance was
defined as p<0.05 (significant) and p<0.01 (highly
significant).

Results and Analysis
Single-Factor Experimental Results
Effect of Adsorbent Ratio on Glycerol Content

87.0 =

86.5

86.0

85.5

Glycerol content/%

85.0

1

Adsorbent ratio/mL

Fig 1: The influence of adsorbent ratio on glycerol content

Figure 1 demonstrates varying effects of adsorbent ratios on
glycerol content, showing an initial increase followed by a
decrease. At a 1:1 silica gel: zeolite ratio, the product
exhibited darker coloration and poor adsorption efficiency.
Comprehensive evaluation determined the optimal adsorbent
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ratio as 1.5:1, where the effluent appeared pale yellow with
maximal impurity removal and peak glycerol content. Based
on these findings, ratios of 1:1, 1.5:1, and 2:1 were selected
for subsequent response surface methodology experiments.
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Fig 2: The effect of decolorizing agent dosage on glycerol content

As shown in Figure 2, varying decolorant dosages
differentially impacted glycerol content, exhibiting an initial
increase followed by a decrease. At 0.5% decolorant loading,
the product demonstrated darker coloration and poor
filtration efficiency. Comprehensive evaluation identified
1.0% as the optimal dosage, yielding pale yellow effluent

with improved filtration performance. Based on these
findings, decolorant dosages of 0.5%, 1.0%, and 1.5% were
selected for subsequent response surface methodology
(RSM) experiments.

Effect of decolorization temperature on glycerol content

97.5 =

97.0 4

96.5

96.0

Glycerol content/%

95.5

95.0

Decolorization temperature/°C

Fig 3: The effect of different decolorization temperatures on glycerol content

As shown in Figure 3, the decolorization temperature exerted
a significant influence on glycerol content, demonstrating a
distinct unimodal trend where glycerol concentration initially
increased before decreasing with rising temperature. The
reason is that an appropriate temperature can enhance the
decolorization and adsorption efficiency of the decolorizing
agent, improving the removal rate and adsorption capacity of
the adsorbent.16. However, excessively high temperatures
can cause sintering and carbonization, damaging the surface
and pore structure of the adsorbent and degrading its
adsorption performance. At decolorization temperatures of
60°C and 70°C, the filtration efficiency becomes
significantly more challenging. Therefore, based on both
glycerol content and filtration efficiency, the optimal
decolorization temperature was determined to be 80°C. At

~50~

this temperature, the product appeared colorless, filtration
was relatively easy, and glycerol content remained high.
Consequently, three optimal levels (75°C, 80°C and 85°C)
were selected for response surface methodology experiments.

Establishment of a Fuzzy Mathematics Evaluation Model
for Glycerol

Determination of Evaluation Weights

The weighting results of glycerol-related factors are shown in
the table below. The weight of each factor was obtained by
dividing its individual score by the total score, resulting in the
following distribution: color (0.35), odor (0.30), transparency
(0.25), and viscosity (0.10). Among these, color and odor
have higher weights, while transparency and viscosity have
relatively lower weights.
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Table 3: Weight score of glycerol evaluation factors

Indicator Color Odor Transparency Viscosity
1 3.5 3 2.5 1
2 3 3 3 1
3 3 3 3.5 0.5
4 3.5 3 3 0.5
5 2.5 2.5 2.5 2.5
6 3.5 3.5 2.5 0.5
7 3 3 2.5 1.5
8 3.5 2.5 3 1
9 5 3 1.5 0.5
10 4.5 35 1 1
Total Score 35 30 25 10
Weight 0.35 0.30 0.25 0.10

Establishment and Results of the Fuzzy Matrix

The refined glycerol samples (17 groups) were evaluated by
panelists. As shown in the table below, for Sample 1 under
the color factor: the votes for "Excellent", "Good", and

"Poor" were 0, 1, and 9 respectively. The fuzzy evaluation
matrix for this sample was obtained by dividing the vote
counts by the total number of evaluators 1%,

Table 4: Glycerol Rating Scale

Test Serial Number Color Odor Transparency Viscosity
Excellent | Good | Fair | Excellent | Good | Fair | Excellent | Good | Fair | Excellent | Good | Fair
1 0 1 9 0 1 9 0 0 10 0 0 10
2 0 1 9 0 1 9 0 1 9 0 1 9
3 0 1 9 0 2 8 0 1 9 0 1 9
4 1 4 5 0 4 6 0 4 6 1 5 4
5 0 3 7 0 3 7 0 3 7 0 3 7
6 1 3 6 0 4 6 0 4 6 1 5 4
7 0 2 8 0 2 8 0 2 8 0 2 8
8 2 4 4 2 4 4 3 4 3 3 5 2
9 2 4 4 2 4 4 2 3 5 2 3 5
10 4 4 2 2 4 4 5 4 1 5 4 1
11 2 4 4 3 4 3 4 4 2 4 5 1
12 2 4 4 2 4 4 3 3 4 3 5 2
13 10 0 0 10 0 0 9 1 0 10 0 0
14 8 2 0 9 1 0 9 1 0 8 2 0
15 9 1 0 10 0 0 10 0 0 10 0 0
16 10 0 0 9 1 0 10 0 0 10 0 0
17 7 3 0 10 0 0 9 1 0 10 0 0
Based on the results in Table 4, the data in the table were [o 0.1 0.9]
transformed into a fuzzy mathematical matrix lo 01 ool
| ) g
lo o 1|
[0 01 097 o 0.1 0.9] [0 0.1 09] | |
| o ] | A=l % T T2 (0,0.065,0.935)
‘O 0.1 0.9‘ |0 0.1 0.9‘ |0 0.2 0.8|
lo o 1] lo 0.1 0.9] lo 0.1 0.9] Box-Behnken Experimental Design and Results Analysis
| | | | | | In the sensory quality evaluation, the ratings for 'Excellent’,
Al:LO 0 I A2=|_O 0.1 0.9] AFLO 0.1 0.9] 'Good', and 'Poor' were assigned scores of 100, 90, and 80
points respectively, forming the rank matrix R=(100, 90, 80).
The fuzzy comprehensive score for Sample 1 was calculated
{0'9 0.1 0] |[ bo OW‘ {0‘7 03 01' as T,=RxY,=(0, 0.065, 0.935)x(100, 90, 80)=80.65. The
| 1 0 0 | | 0.9 0.1 0 | | 1 0 0 | results for other samples are presented in Table 5.
: : 00 : I ! 0 0 } : 09 0.10 : (1)Establishment and Analysis of Quadratic Response
Surface Regression Model
A15=L 1 0 0] A16=|‘ 1 0 0] A17=L 1 0 0] 2

Fuzzy Mathematical Analysis of Sensory Evaluation
Scores: Taking the first group of glycerol samples as an
example, its comprehensive evaluation Y,=K-A;.

Y=K-A;=(0.35,0.3,0.25,0.1)-

Using adsorbent ratio (A), decolorizing agent dosage (B), and
decolorization temperature (C) as response surface factors
with glycerol content as the response value (Y), the response
results were analyzed and calculated using Origin-Expert 13
software to estimate glycerol content. After eliminating non-
significant terms affecting the model, the following
optimized quadratic response surface equation was obtained:

Y (%)=99.27+1.56A+0.87B+0.33C+0.84AB+1.29AC-1.35BC-11.06A2-6.22B2-3.6C>
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Table 5. Experimental Design Results of Box Benhnken Response Surface Method

Experimental Group | Adsorbent Ratio | Decolorant Dosage/ % Decolorization Temperature/°C Glycerol Content %
1 1:1 0.5 80 80.65
2 2:1 0.5 80 81
3 1:1 1.5 80 81.3
4 2:1 1.5 80 85
5 1:1 1 75 83
6 2:1 1 75 84.65
7 1:1 1 85 82
8 2:1 1 85 88.80
9 1.5:1 0.5 75 87.65
10 1.5:1 1.5 75 91.5
11 1.5:1 0.5 85 90.1
12 1.5:1 1.5 85 88.55
13 1.5:1 1 80 99.75
14 1.5:1 1 80 98.55
15 1.5:1 1 80 99.65
16 1.5:1 1 80 99.7
17 1.5:1 1 80 98.7
(2) Box-Behnken Design Analysis of Variance
Table 6. Significance test and analysis of variance for regression equation models
Factor Sum of Squares Degrees of Freedom | Mean Square | F-value | P-Value | Significance
Model 841.70 9 93.52 105.95 | <0.000 1 ok
A-Adsorbent Ratio 19.53 1 19.53 22.13 | 0.0022 *E
B-Decolorant Dosage 6.04 1 6.04 6.84 0.034 6 *
C-Decolorization Temperature 0.877 8 1 0.877 8 0.9945 | 0.3519
AB 2.81 1 2.81 3.18 0.117 8
AC 6.63 1 6.63 7.51 0.028 9 *
BC 7.29 1 7.29 8.26 0.0239 *
A? 515.05 1 515.05 583.52 | <0.000 1 *E
B? 163.03 1 163.03 184.70 | <0.000 1 *E
C? 54.49 1 54.49 61.74 | 0.000 1 ok
Residual 6.18 7 0.8827
Lack-of-fit 4.78 3 1.59 4.54 0.089 0
Pure Error 1.40 4 0.350 8
Total Sum of Squares 847.87 16

Variance and significance analysis of the regression model
revealed a highly statistically significant model (p<0.0001),
which conclusively validates the methodological feasibility.
The lack-of-fit test yielded F=4.54 with p=0.0890 (>0.05),
indicating statistically insignificant lack of fit. This confirms
excellent agreement between the experimental model and
observed results. The model exhibited excellent goodness-of-
fit, with R2=0.9927 and Radj?=0.9833, demonstrating strong
predictive capability for experimental observations. The
interaction terms AC and BC, along with the linear term B,

showed significant effects on glycerol content (0.01<p<0.05).
The linear term A and quadratic terms A2 B2,
and C? exhibited highly significant effects on glycerol content
(»<0.01). The F-value analysis demonstrated the following
order of factor influence on glycerol content: Adsorbent ratio
(A) > Decolorizer dosage (B) > Decolorization temperature
©.

(3) Response Surface and Contour plot analysis results

Glycerat content®s)

B: Decolorizing

Glycerol content(%)

A- Adworbent ratio

Fig 4: Response surface (left) and contour (right) of the effect of adsorbent ratio and decolorizing agent dosage on glycerol content
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C: Decalo
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Fig 5: Response surface (left) and contour (right) of the effect of adsorbent ratio and decolorizing temperature of decolorizing agent on
glycerol content

Giycerol comtent(*s)

Glycerol content(%s)

epersnne("C)

€ Decolorisation &

(Y RE—

Fig 6: Response surface (left) and contour (right) of the effect of the dosage of decolorizing agent and decolorizing temperature on glycerol
content

Figures 4-6 present the trend graphs of glycerol content
(response value) as a function of three factors: Adsorbent
ratio (A), decolorizing agent dosage (B), and decolorization
temperature (C). The three-dimensional response surfaces are
projected onto the base plane to form contour plots,
illustrating the influence of each pair of factors on glycerol
content and the strength of their interactionsl8.Elliptical
contours indicate strong interaction effects between factors,
while circular contours suggest minimal interaction, which is
consistent with the conclusions derived from the regression
equation.

(4)Validation Test Results

Analysis using Design-Expert 13 software determined the
optimal glycerol refining parameters through the fitted
regression equation: an adsorbent ratio of 1.54:1, a

decolorizing agent dosage of 1.03%, and a decolorization
temperature of 80.23°C, with a predicted glycerol content of
99.37%. For practical operational purposes, the process
parameters were adjusted to an adsorbent ratio of 1.5:1, a
decolorizing agent dosage of 1%, and a decolorization
temperature of 80°C. Repeated experiments under these
conditions yielded a glycerol content of 99.8%, showing no
significant difference from the theoretical predicted value.
This further confirms the accuracy of the regression model
and validates the rationality of the response surface
methodology design. The findings provide valuable guidance
for selecting process parameters in future purification of
food-grade refined glycerol.

(5) Comparative Experimental Results

Table 7. Analysis of comparison test results

Crude Glycerol Refined Glycerol
Content w/% 72 99.8
Color Dark yellow Colorless to faint yellow
Odor Pungent characteristic sweetness
Transparency Turbid Transparent viscous liquid
Chlorides <1 <0.003%
Relative Density (25°C/25°C) 1.186 >1.249
Fatty Acids & Esters Unqualified Passed Testing
Lead (ppm) Unqualified Passed Testing
Readily Carbonizable Substances Unqualified Passed Testing

~53~
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The results demonstrate that the physicochemical properties
of purified glycerol comply with the GB 29950-2013
National Food Safety Standard. When the refined glycerol
was incorporated into bread for testing its preservative and
moisture-retention effects, the findings revealed that: (1)
bread containing glycerol exhibited extended shelf life, (2)
superior water retention capacity, and (3) improved sensory
quality compared to controls.

Conclusion

This study employed fuzzy mathematics coupled with
response surface methodology to predict glycerol content,
ultimately determining the optimal process parameters as
follows: adsorbent ratio (silica gel: zeolite)=1.5:1,
decolorizing agent dosage=1.0%, and decolorization
temperature=80 °C. Under these conditions, the achieved
glycerol content reached 99.8%, demonstrating minimal
deviation from predicted values. The response surface
methodology optimized glycerol refining protocol exhibits
notable simplicity and high accuracy, while the derived
regression equation effectively quantifies the influence
magnitude of each factor on target indicators, thereby
establishing a robust foundation for practical applications.
The refined glycerol meets all food-grade specifications,
possessing excellent water-retention and moisturizing
properties that promise broad application prospects.
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