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Abstact: The investigation into the effects of pyrolysis temperature on the composition and distribution characteristics of the three-phase
products of distillery residue was conducted using gas chromatography (GC), gas chromatography-mass spectrometry (GC-MS), and Fourier
transform infrared spectroscopy (FTIR) to analyze the composition and structure of the gas, liquid, and solid products. The formation of gases
and bio-oil during the pyrolysis of distillery residue is closely related to components such as crude protein, cellulose, lignin, and crude fat. At low
temperatures (<500 “C), the main reactions involve hemicellulose, crude protein, cellulose, and crude fat. At high temperatures (600~800 C),
the main reaction is the decomposition of lignin to form gases and bio-oil. Increasing temperature promotes the generation of pyrolysis gas, with
a gas yield of up to 54% at 800 ‘C. The formation of combustible components such as CO, H,, and CHy, is favored by high temperatures, and the
calorific value of the gas is increased. At 400 °C, the acid and ester content in the bio-oil is 27.19% and 33.18%, respectively. Increasing the
pyrolysis temperature reduces the ester content and increases the hydrocarbon content, reaching 44.44% at 800 ‘C. The composition evolution of
the bio-oil is closely related to the pyrolysis temperature, and the appropriate pyrolysis temperature should be selected based on specific
applications. High-temperature pyrolysis promotes the decomposition of organic functional groups and enhances the graphitization and
aromatization of the biochar. This indicates that biochar from distillery residue has potential in energy, environmental, catalytic, and agricultural
applications as a replacement for traditional fossil-based materials. This study provides a theoretical basis for the directional catalytic pyrolysis of

complex distillery residue components to produce high-quality products.
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Table 1 Ultimate analysis and proximate analysis of distiller's grains (wt%o)

Tk oM TLESHT
Ay Vy FCq C H o) N S
9.49 74.93 15.58 4532 6.30 34.19 4.46 0.24

ErOOREH ZRuETT R
R 2 ERRES RABENRSH (wth)
Table 2 Ash components and organic matter analysis of distiller's grains (wt%o)
BB ZHT HHR AT
Na,O MgO ALO; Si0, P05 K,0 Ca0 FeO, | &G MW H4%E FHLE AhE
705 644 224 2540 3215 2396 1274 337 | 2286 593 17.23 25.44 9.74
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Fig.2 TG-DTG curves of distiller's grains at different heating rates
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Table 2 Calculation results of activation energy for pyrolysis kinetics of distiller's grains

FWO 7 i% KAS 7 i%
ffi"fJC—?— 2 -1 2 -1
R E/(kImol™) R E./(kJ-mol™)
0.2 0.91 135.56 0.90 134.41
0.3 0.97 165.91 0.96 165.83
0.4 0.99 167.54 0.99 166.48
0.5 0.99 167.70 0.99 166.76
0.6 0.99 167.91 0.99 167.05
0.7 0.98 181.05 0.98 180.38
0.8 0.95 233.04 0.95 23421
F¥iEAEe 174.10 173.59
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Fig.3 Three state yield of distiller's grains at different temperatures
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Fig.4 Mass yield, volume fraction, and calorific value of pyrolysis gas from distiller's grains at different temperatures
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Fig.5 Composition of bio oil from distiller's grains at different temperatures
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Table 3 Ultimate and proximate analysis of biochar from distiller's grains at different temperatures

s AENHTI% 4l Ai1%
C H o* N S Ayq \'Z FCq

DG 45.32 6.30 34.19 4.46 0.24 9.49 74.93 15.58

DBC-400 56.04 3.20 8.73 6.32 0.31 25.40 24.42 50.18

DBC-500 56.43 2.42 6.82 5.90 0.48 27.95 17.15 54.90
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DBC-600 57.16 1.84 3.58 5.42 0.34 31.66 12.69 55.65
DBC-700 57.80 145 3.24 5.10 0.32 32.09 12.54 55.37
DBC-800 58.12 123 0.75 4.55 0.30 35.04 12.33 52.63

7E: DG HiBAZRAE, DBC AiEALA4 R, DBC-X 4Bk X CTAMEMN K.
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TR IERERAE DRI FTIR S5 500181 7 B, R A PR R B (6 3 By REFATA O-H (3448 cm™). figfi
B C-H (2930 cm™). IR C-H (1435cm™). J58F C-H (768 cm™. 3. Fil. fig L C=0 (1740cm™. 5
i C=C (1620 cm™). -P=0 (1264 cm™) FI-P=OH (1036 cm™). Yang Z e 4TI REHR A IR BT o K
LT R E REAIA A . AHEL TR R, BT, AR TR T R R T N, SRS N 1 AR
AR, S AME R R TR,

PR O-H WU ni IR FE TH= B AP RIS, & HeX — IR A J DR 32 il Rt 1 i 7K A B i s oo
NEWTGANIRIT ISR C-Hy FREE . W, i LfK) C=0O WRA I B FEE B FE T BRAI, Ryl it 1R IR, AT
77 CO, F1 CO, X —45 2R 5 2.2 /N5 CO M CO, 77 FARNEEH— B AW R C=C Wi HSCude i It ik B2 T
R FIRAEE T AR IS B LI REY . J53F C-H 25 ByRSIETE iR PSSR, Sl miR AR TR
RS AEPIR I 75 BACREE . -P=0 F1-P=OH W YArIge sit B2 E I P T B i ssy,  TPRE ol 3= 22 DU R AN g ) T X
FEAE, PR (IR T T AR RIS i o o), Rt o A SRR 5 B A RE R AT, R AR REVR
WL, A R EESURR I B LG A EARIE 7o ARHI T EARYE H BAR N 7oK, TR ML A
Al TAE

EHFEE (%)

4000 3500 3000 2500 2000 1500 1000 500
W Cem™)

[E 7 EREIRAERIEYIRAY FTIR JEiEE
Fig.7 FTIR spectra of the original distiller's grains and biochar



MK EEBHE Modern Food Science and Technology 2026, Vol.42, No.9

RIS R AR A M R T B SRR L SR 43 AR BT R R 5540 43 B U0AR K (RIS (<500 'C)
I EGRR A AER . RN, 4R MBS 5N, mRAE (600~800 C) I I 3= EALHEA T A ZE L
AU o U5 REXRHIT RS AR DRI RE MR 5, B8 v VIR SE 2 Lt AR it ARV, SR T T Y &2, 800 °C
ISR EIA B R, O 54%. ERA T 5EE Hoy CO Fll CH, S rIIR UK = & AR S VB R A&
R FHBEER . TolkA™ . B A U 7. s RIRAEET A0 () B BRI RN . ViR
FETt AR e R RS S R I, X KRB RN . SRR RIS IS S BRI RAVIRIR 55T
i E N R AR R RIS R BT, 800 "CIARY T 44.44% . FEE A ith (U2 Rl AR S BRI BE ORI I,
i BRI AR N P A E IR . BEE TR AT, ISR i SRR T B R Firde Tt R
FAEREUE. MABE. AL, AW AFSUSR I BAUE S A EATRIE J1 . 20T SOOI R R R 70 52 R AL Rt
FrFh T AR AL T BB EEAL, Dy R S AR RS RIS S R R B e S

BH Ik

[1] S, oy 2024 PP AR BER At A [J] BRIES AHE2. 2025, 1:71.

[21 P, BRI, VRS, S SR &0 B FC Bk A8 6 SEBR[U]. W Rl R 1. 2023,42(6):22-27.

[3] HUANG C, WANG J, ZHENG J, et al. Research progress in the resource reuse of distiller's grains [J]. Academic Journal of Materials &
Chemistry. 2023, 4(7): 49-59.

[4] BRANCA C, DI BLASI C. Thermogravimetric analysis of the combustion of dry distiller's grains with solubles (DDGS) and pyrolysis
char under kinetic control [J]. Fuel Processing Technology, 2015, 129: 67-74.

[5(] ZHANG Y, WANG C, SU W F, et al. Co-fermented yellow wine lees by Bacillus subtilis and Enterococcus faecium regulates growth
performance and gut microbiota in finishing pigs [J]. Frontiers in Microbiology, 2022, 13: 1003498.

[6] WALLIS B D, GUNTERP A, HORN G W, et al. Replacing Fertilizer with Dried Distillers' Grains in Stocker Cattle Systems on Southern
Great Plains Old World Bluestem, USA [J]. Animals, 2023, 13(18): 2904-2922.

[71 ARADWAD P, RAUT S, ABDELFATTAH A, et al. Brewer's spent grain: Unveiling innovative applications in the food and packaging
industry [J]. Comprehensive Reviews in Food Science and Food Safety, 2025, 24(3): 70-150.

[8] Wi, e, 236 i, A B AR SRR S MU IR IR 2 BT[] M K 254 (L34 R),2024,45(6):137-142.

[9] LV J, AO X, LI Q, et al. Steam co-gasification of different ratios of spirit-based distillers” grains and anthracite coal to produce
hydrogen-rich gas [J]. Bioresource Technology, 2019, 283: 59-66.

[10] LIU M, WANG P, ZENG J, et al. Utilization of distiller's grains for energy conservation and emissions reduction: A comprehensive
investigation on pyrolysis kinetics and air-steam gasification performances [J]. Case Studies in Thermal Engineering, 2025, 66: 105747.

[11] SRR PTRE R S AL PR i) 26 i VB B S T RE AR HOBIT FE [ D] G ARV Mg /R Ll R 27,2022,

[12] LA 15, 5B A0 S R R ) 25 B0 i I AR [D]. Tl Ak, 2024,32(5):39-45.

[13] 75 Folh BB A B R 22 A 48 B S S B AR LRI 2 [D]. 1 5L AR R 2,2022.

[14] OLORUNDARE O F, MSAGATI T AM, KRAUSE R W M, et al. Activated Carbon from Lignocellulosic Waste Residues: Effect of
Activating Agent on Porosity Characteristics and Use as Adsorbents for Organic Species [J]. Water Air and Soil Pollution, 2014, 225(3):
1876.

[15] HONGY, XIE C R, CHEN W R, et al. Kinetic study of the pyrolysis of microalgae under nitrogen and CO, atmosphere [J]. Renewable
Energy, 2020, 145: 2159-2168.

[16] 1575 S HE M, 5 SR FEY IR A SRR 1 B 3 1020 T3] K BH E 2741 2022,43(7):424-429.

[17] KONG LN, GE ST, YANG Y, et al. Pyrolysis mechanism and pyrolysis kinetics of yellow wine lees [J]. Rsc Advances, 2024, 14(24):
16951-16959.

[18] GUO F Q, LI X L, LIU Y, et al. Catalytic cracking of biomass pyrolysis tar over char-supported catalysts [J]. Energy Conversion and
Management, 2018, 167: 81-90.

[19] LENG L J, YANG L H, CHEN J F, et al. A review on pyrolysis of protein-rich biomass: Nitrogen transformation [J]. Bioresource
Technology, 2020, 315: 123801.

[20] FNESR, 2 R, SRAER], S5, JEORL AT AR O AR it 01 2808 7 BRI RO S [] 4 Mk T2 274%. 2024,40(7):260-268.

10



MK EEBHE Modern Food Science and Technology 2026, Vol.42, No.9

[21]

[22]

(23]
[24]

[25]

[26]

[27]

(28]

[29]

[30]

FAROBIE O, AMRULLAH A, BAYU A, et al. In-depth study of bio-oil and biochar production from macroalgae Sargassum sp. via slow
pyrolysis [J]. Rsc Advances, 2022, 12(16): 9567-9578.

YU J, LIU X T, MILLAN M. A study on pyrolysis of wood of different sizes at various temperatures and pressures [J]. Fuel, 2023, 342:
127814.

2Rt R B VT, 5 PR B A 9 S5 R SRS 1 et B [9]. I & R4, 2019,35(5):191-197+123.

YANG W, FENG S L, LIU H H, et al. Investigation of product characteristics and phosphorus transformation during the pyrolysis of oil
crop residues [J]. Bioresource Technology, 2025, 434: 132842.

HE C, GIANNIS A, WANG J Y. Conversion of sewage sludge to clean solid fuel using hydrothermal carbonization: Hydrochar fuel
characteristics and combustion behavior [J]. Applied Energy, 2013, 111: 257-266.

ZHAO B, O'CONNOR D, ZHANG J L, et al. Effect of pyrolysis temperature, heating rate, and residence time on rapeseed stem derived
biochar [J]. Journal of Cleaner Production, 2018, 174: 977-987.

YANG W, HU W B, LIU H H, et al. Exploring the effects of calcium bicarbonate on endogenous phosphorus conversion and pyrolysis
product distributions of oil crop residues [J]. Journal of Analytical and Applied Pyrolysis, 2025, 192: 107287.

LI B, LIU D J, LIN D, et al. Changes in Biochar Functional Groups and Its Reactivity after Volatile-Char Interactions during Biomass
Pyrolysis [J]. Energy & Fuels, 2020, 34(11): 14291-14299.

SUN Y, LI C, ZHANG S, et al. Pyrolysis behaviors of rapeseed meal: products distribution and properties [J]. Biomass Conversion and
Biorefinery, 2023, 13(8): 6575-6590.

XIONG Q, WU X, LV H, et al. Influence of rice husk addition on phosphorus fractions and heavy metals risk of biochar derived from
sewage sludge [J]. Chemosphere, 2021, 280: 130566.

11



