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Abstract: To facilitate the intelligent transformation of traditional Chinese medicine (TCM) manufacturing,
this study addresses the challenges in the honey refining process—namely, the reliance on manual experience,
difficulties in quantifying multi-dimensional quality attributes, and unclear quality transfer mechanisms. This study,
using real-world samples from the production of Tongren Niuhuang Qingxin Pills, established a digital measurement
system for physical and chemical quality attributes of the refining process and constructed a pilot-scale quality
transfer model. For physical characterization, optimized parameters were determined for dual-mode rheological
testing (rotation: shear rate 50 s'; oscillation: frequency 5 Hz, strain 50%) to measure honey viscosity. For chemical
attributes, a high-performance liquid chromatography (HPLC) method was developed to quantify pH, moisture,
fructose, glucose, sucrose, maltose, and 5-hydroxymethylfurfural (5-HMF). Based on 984 data points from both
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atmospheric and vacuum refining processes, a kinetic model of quality transfer was constructed. The dynamic

viscosity () showed strong correlations with moisture (S) and temperature (7) (R* > 0.998 3), effectively

representing the evolution of physical properties. Additionally, the chemical kinetic model indicated that vacuum

refining at low temperature, combined with honey sources low in fructose and monosaccharide/disaccharide ratios,

can significantly inhibit Maillard reaction rates. This study presents a systematic digital measurement and modeling

framework for the honey refining process, providing technical support for process optimization and quality

consistency in TCM manufacturing under the paradigm of intelligent production.
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Figure 1 Optimization of honey rheological measurements. Al: Shear stress sweep of raw honey and refined honey; A2: Shear rate sweep

of raw honey and refined honey; B1: Optimized shear frequency results for raw honey; B2: Optimized shear frequency results for refined

honey; C1: Optimization results for shear strain of raw honey; C2: Optimization results for shear strain of refined honey. DV: Dynamic

viscosity
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Figure 2 Determination of rheological properties of honey at different temperatures. A1: Dynamic viscosity of raw honey; A2: Complex

viscosity of raw honey; A3: Viscous modulus of raw honey; A4: Elastic modulus of raw honey; B1: Dynamic viscosity of refined honey; B2:

Complex viscosity of refined honey; B3: Viscous modulus of refined honey; B4: Elastic modulus of refined honey. Red numbers indicate

relative standard deviations (RSD)
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Figure 3  Fitting results of transfer kinetic equation for physical quality attributes of honey refining process under atmospheric pressure.

Al: Dynamic viscosity and complex viscosity; A2: Viscous modulus; A3: Elastic modulus; B1: Dynamic viscosity-moisture fitting results;

B2: Dynamic viscosity-temperature fitting results; C: Response surface of viscosity, moisture content, and temperature in atmospheric

pressure honey refining process
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Table 1

and reduced (Y2 batch and Y3 batch)-pressure conditions. X: Duration of honey refining; " -

Kinetic equations for the transfer of physical and chemical quality attributes during honey refining under atmospheric (Y1 batch)

5-HMEF: 5-Hydroxymethylfurfural

"

indicates that this item is not applicable;

Process . . Kinetic Coefficient  Coefficient  Coefficient )
Quality attribute . Intercept » R Fvalue P value
type equation of X of X° of X
Y1 batch Dynamic viscosity Binomial -1.31 -1.78x107 1.10x10* - 0.928 4 155.56 <0.01
Complex viscosity Binomial -1.31 -1.79x10" 1.09x10™* 0.928 4 155.56 <0.01
Viscous modulus Binomial 2.10 -1.78x107 1.09x10™* 0.927 6 153.78 <0.01
Elastic modulus Binomial 0.22 7.38x10°  -4.05x107 - 0.574 8 16.22 <0.01
pH Trinomial 3.84 3.45%x10°  -3.79x107 9.89x10°  0.908 5 76.08 <0.01
Moisture Trinomial ~ 2837  -4.10x107 4.24x10"  -1.61x10°  0.9879 62491 <0.01
Fructose Binomial 38.37 -2.05x102 1.05x10* 0.646 8 21.97 <0.01
Glucose Binomial 35.10 -1.75x107 1.24x10* 0.805 4 49.65 <0.01
Sucrose Binomial 1.79 -5.73%x107 3.19x10° - 0.8302 58.68 <0.01
Maltose Binomial 1.73 -9.57x107 2.10x107 - 0.924 3 146.56 <0.01
Fructose/glucose Monomial 1.10 -2.57x10* - - 0.759 6 7897 <0.01
Sucrose/maltose Binomial 1.02 -2.99x107 7.92x10° - 0.730 7 32.56  <0.01
Monosaccharides/disaccharides Monomial 22.81 -3.05x102 - - 0.844 7 136.02 <0.01
5-HMF Binomial 0.84 2.80x10™ 1.55x102 - 09991 12751.64 <0.01
5-HMF growth/moisture loss Trinomial 73.55 2.62x10" 9.21x10°  -3.71x10°  0.7957 28.56 <0.01
Y2 batch  Dynamic viscosity Binomial -0.95 4.19x107 2.97x10°° - 0.9938  2336.46 <0.01
Complex viscosity Binomial -0.93 3.96x107 3.37x10° - 09946 2669.29 <0.01
Viscous modulus Binomial 2.51 4.01x107 3.27x10° - 0.994 8 277748 <0.01
Elastic modulus Binomial 0.23 -3.71x107 1.42x10° - 0.081 3 1.28  >0.05
pH Trinomial 3.88 8.64x10*  -3.05%x10° 4.44x10°  0.8532 5426 <0.01
Moisture Binomial 24.28 -1.34x10%  -5.98x10° - 0.996 3 394435 <0.01
Fructose Trinomial 36.28 2.85x10%  -1.93x10™ 3.80x107  0.3882 592 <0.01
Glucose Trinomial 33.25 -1.21x107 1.75x10*  -3.58x107  0.8872 7343 <0.01
Sucrose Binomial 1.08 9.55x10"  -5.64x107 0.362 3 824 <0.01
Maltose Binomial 1.18 1.71x10°  -2.83x107 - 0.553 4 17.97 <0.01
Fructose/glucose Trinomial 1.09 1.23x10°  -1.13x107 2.27x10% 0576 0 12.68 <0.01
Sucrose/maltose Trinomial 0.94  -1.59x10° 9.00x10°  -1.81x10°  0.2813 3.65 <0.05
Monosaccharides/disaccharides ~ Trinomial ~ 29.68 1.63x10°  -2.84x10* 5.82x107  0.4073 6.41 <0.01
5-HMF Binomial 55.73 2.57x10™ -4.45x10* - 0.949 1 270.22 <0.01
5-HMF growth/moisture loss Binomial 32.71 -1.46x10" 2.16x10™* - 0.583 2 19.59 <0.01
Dynamic viscosity Binomial -1.46 6.98x107 1.64x10° - 0.9975 405031 <0.01
Y3 batch Complex viscosity Binomial -1.47 6.79%x107 1.71x107 - 0.9972 358379 <0.01
Viscous modulus Binomial 1.96 6.92x107 1.68x10° - 0.997 3 3633.57 <0.01
Elastic modulus Binomial 0.08 1.00x10™ -1.86x10° - 0.011 6 0.13  >0.05
Moisture Binomial 26.59 -2.97x10%  -1.06x10" - 0.997 5 394430 <0.01
pH Trinomial 3.70 9.34x10*  -4.35x10° 9.34x10”  0.960 7 15491 <0.01
Fructose Trinomial 35.04 6.75x10 1.53x10%  -2.80x107  0.949 5 119.15 <0.01
Glucose Trinomial 31.80 2.97x10%  -1.22x10* 2.30x107  0.8955 5430 <0.01
Sucrose Binomial 1.39 -1.91x10? 6.28x10° - 0.262 1 3.55 <0.05
Maltose Binomial 1.79  -3.17x10° 8.92x10° - 0.159 6 1.90  >0.05
Fructose/glucose Trinomial 1.10  -8.50x10™* 7.83x10°  -1.46x10°  0.4193 457 <0.05
Sucrose/maltose Trinomial 0.75 1.22x10°  -5.34x10° 7.63x10°  0.0756 0.52  >0.05
Monosaccharides/disaccharides  Trinomial 23.40 -3.50x102 4.55x10™ -9.78x107  0.2917 2.61  >0.05
5-HMF Binomial 46.24 6.63x10°  -9.38x10° - 0.8412 52.98 <0.01
5-HMF growth/moisture loss Binomial -1.37 2.45x10%  -5.28x107 - 0.530 3 10.72  <0.01
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Figure 4 Fitting results of transfer kinetic equation for chemical quality attributes of honey refining process under atmospheric pressure.
Al: pH of Y1 batch; A2: Moisture of Y 1batch; A3: 5-HMF of Y 1batch; A4: Fructose and glucose of Y1 batch; AS5: Sucrose and maltose of
Y1 batch; B1: Fructose/glucose of Y1 batch; B2: Sucrose/maltose of Y1 batch; B3: Monosaccharides/disaccharides of Y1 batch; B4: 5-HMF

growth/moisture loss of Y1 batch
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Figure 6 Fitting results of transfer kinetic equation for chemical quality attributes in the reduced-pressure honey refining process. Al: pH
of Y2 batch; A2: Moisture of Y2 batch; A3: 5-HMF of Y2 batch; A4: Fructose and glucose of Y2 batch; AS: Sucrose and maltose of Y2
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T 75305, B AR T T 5% o 4 S I AH 26 S B i A 1) RO MR
M. A RH TR SR T2 R 3t 984 £ 4@ ik
HOdE i, MR AL B BN J) AR SRR, WS
WE T2 AR AL B4 E BB A —
B, NNEE-K-EE=REZ M AEEEMUSXR
(R*>0.998 3), &7 1 w] F ik i 9900 5 1 4% 1 2
R RE 22, SR T A% G5 K 5 20 50 ) 5 M 2 I LA A
Wt

Ub A, Ak 2250 7y 5 B — PR R, TEAR IR E 5%
PETR, &5 450 SR B ARNE S /000 L 1 S50k vT A R ]
5-HMF “E sl 22, WA 1 3805 20 BOnT I 80 3% A% 1Y) 5 i
MU, e 2 JFURIE £ 5 A o i A fl 32 it 7 38 3¢
FFo IZHTOR IR B BRI B S W E T 8L
FYLREAL” S5 22 50 N, B A S T AL 1 -S-T H A5
RURIK, W T /K3 55 i B B ) A 45 i AR M 1 31 ) 2
Kk i

g5 L RTIR, AHE S T T2 R M B
FARI 5 5 A 3 A, AR IO M T AR

EE- AR TN P ichy Ay I IR 4 B A bEs 3
ARECHEIRFR o B TCRRR Ay Hh 25 K B AL %6 10 o
— B R AL A R, 0 b 2 2l AN 2R 06
7E 1) B B Bl A5 2R TR0 ) R e o) o A B T B R
57515

BOG W O AE T R S A A IR A R RHART ST
AT FE B A 0 SIS Do S A

{E& TTlk: 20 1 R EAE G A SCIL R B8 — 1R 3, 1150
SIS FC o A HE A SC RS 5 2 g 4 5T SR S AR 5L
TSR Py A REAT B R 7 e B A AR R 1 TSR 6 BT S
BB FE; 8 MO 0 DTSRI AT AT D B A S A S0 B B A Y
A B A AR DT AR T RORE SO PR AR A A AT
) I BRI FE 22 3

FUREE: A EH FH IAAEAE N 2 ph R KR

References

(1]

Li L. China's manufacturing locus in 2025: with a comparison of

"Made-in-China 2025" and "Industry 4.0" [J]. Technol Forecast



SRR THT 1R R E G MR 2R A B S R AR I AR T T

623

(2]

(5]

(8]

[10]

(1]

Soc Change, 2018, 135: 66-74.

Tao F, Cheng JF, Qi QL. I[IHub: an industrial internet-of-things
hub toward smart manufacturing based on cyber-physical system
[J]. IEEE Trans Ind Inform, 2018, 14: 2271-2280.

Wang W, Ye ZYF, Gao HL, et al. Computational pharmaceutics-
a new paradigm of drug delivery [J]. J Control Release, 2021,
338: 119-136.

Chinese Pharmacopoeia Commission. Pharmacopoeia of the
People's Republic of China, Vol 1 (14 A\ R 3£ Al [H 25 ft — )
[S]. Beijing: China Medical Science Press, 2025: 386-387.

Long J, Li N, Tian JR, et al. Advances in manufacturing
measurement technology for 5-HMF in the honey-refining unit
of traditional Chinese medicine honeyed pills [J]. China J Chin
Mater Med (' [H w25 4% &), 2025. DOI: 10.19540/j. cnki.
cjemm.20250430.301.

Zhang ZG, Wu P, Tang L, et al. Specification for the traditional
manual preparation process of large honeyed pills and its precau-
tions [J]. Chin Tradit Pat Med ("1 8%%), 2020, 42: 3355-3359.
Mao X, Zhao X, Guo Y. Study on the preparation process and
quality standard of honeyed pills [J]. Lab Med Clin (i % 25 %2 5
), 2019, 16: 3710-3712.

Zhu BM. Preparation Mechanism of Refined Honey, an Auxil-
iary Material in Traditional Chinese Herbal Medicine (# 2 4 il
FEE K SLHLEEA 5T) [D]. Jinan: Shandong University, 2014.
Xian JC, Zhang N, Feng Y, et al. Research for thermal stability
of fructose, glucose, S-hydroxymethyl-2-furfural during the
process of refining honey of honeyed pill [J]. J Chin Med Mater
(FFZ45#1), 2011, 34: 1434-1437.

Gao HF. Processing Mechanism of Refined Honey: Effect of
Maillard Reaction on Its Processing and Biological Activities (¥
A LI TE ;36 i 1 s T Jo M o) R G A i P ) B
M) [D]. Jinan: Shandong University, 2015.

Wu GR, Xian JC, Lin X, et al. Characterization of physical

property parameters and correlations analysis between parameters

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

of refined honey as a Chinese medicine excipient [J]. Chin J Exp
Tradit Med Formulae (' [E] SE45 J5 71 %: 2 &), 2014, 20: 1-5.
Wang FX, Zhang FQ, Wang YF, et al. Effects of reduced-
pressure and atmospheric honey refining on honey composition
[J]. Chin Tradit Pat Med ("1 /%%4), 1983, (04): 5-8.

Dai P, Zeng JQ, Hu XY, et al. Development on near infrared
spectroscopy method of inprocess quantitative analysis of mois-
ture content during honey refining [J]. Chin Tradit Herb Drugs
(P& 2), 2023, 54: 5522-5529.

Costa CC, Pereira RG. The influence of propolis on the
rheological behavior of pure honey [J]. Food Chem, 2002, 76:
417-421.

Cavia MM, Fernandez-Muifio MA, Alonso-Torre SR, et al.
Evolution of acidity of honeys from continental climates: influence
of induced granulation [J]. Food Chem, 2007, 100: 1728-1733.
Santos AC, Biluca FC, Braghini F, et al. Phenolic composition
and biological activities of stingless bee honey: an overview
based on its aglycone and glycoside compounds [J]. Food Res
Int, 2021, 147: 110553.

Li QQ, Zeng JQ, Lin L, et al. Low risk of category misdiagnosis
of rice syrup adulteration in three botanical origin honey by ATR-
FTIR and general model [J]. Food Chem, 2020, 332: 127356.
Zhou YH, Zhang T, Zhou T. Reflection on amount of honey
added to honeyed pills and discussion on related problems [J].
Mod Chin Med (" FE BUAR 1 24), 2022, 24: 2522-2528.

Wang KY, Chen XH, Li N, et al. Al-integrated IQPD framework
of quality prediction and diagnostics in small-sample multi-
unit pharmaceutical manufacturing: advancing from experience-
driven to data-driven manufacturing [J]. Acta Pharm Sin B, 2025,
15:4193-42009.

Wu SJ, Zhang XY, Guo SB, et al. Research progress on produc-
tion process control technology and quality characterization
technology of traditional Chinese medicine pills [J]. J Instrum
Anal (20241, 2023, 42: 1012-1025.



