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Abstract

Brewer’s spent grain (BSG) is the by-product generated during the beer brewing process,
accounting for nearly 85% of total by-products. Traditionally, BSG has been used as
livestock feed due to its high availability and low cost; however, a considerable proportion
is still discarded in landfills, raising both environmental and economic concerns.
Importantly, BSG is rich in valuable nutritional and functional components such as proteins,
fibers, and phenolic compounds, particularly ferulic acid, which provide it with significant
potential for conversion into value-added products. In recent years, the valorization of BSG
has attracted increasing attention as part of circular economy strategies in the food and
bioprocessing industries. Therefore, a systematic analysis of BSG-based valorization
strategies is required to identify efficient utilization pathways and to minimize waste. This
review highlights recent advances in the high-value applications of BSG, with a particular
focus on: (1) the extraction of bioactive compounds, (2) bioenergy production, and (3)
development of biochar and biodegradable plastic materials. Furthermore, the challenges
and future prospects of BSG valorization are discussed to provide insights for sustainable
waste management and the development of bio-based industries.
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= = A Aol ofof AlAeIA v ¥AlZ ol AB|E= R, A4k IolA A7t oF
3,900t £9] wdto] TAYRITh of= A Y FAREY] oF 85%F ApA[st, WotE oA Wi
< 2o 7 de 2% ARECIHl-3]. w2 o gFol w1l dA vidE] .9HH, 2%
Bl ESt 7] fige] F2 I A2 715 AR S84 AAR TEEs o]
SHoRAL 7H4o] Agstol, Fa-HA]- 7R ARRE AR Al A el Z1ofRTB). @A) oF
70%7F A== olgEH, YujAlE vlo] o7k Aitolt Wigos AjEnt Ty WY Al EF
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oF 513 kg2 CO7} Hi&E|o] AZI5t 34 EAIS Z5lo] A&71s3t A B8 2Hoj|A 7j4lo]
[5=THo).

Z| £3gA|I9F FEAALIEE igo] SREEHA, AR BANE-S T A5k tjAl 1571t
A Yo Hesles o] x|l Qlct. wWEuke. FHS vz StEY FAst A4S
744 SHEE dau A AR E8E S gloH, JudER o AE AdH Ag o, HY
2 5 kst A3 S AlsRich EgL Hle] oy |(Hle] @7kA, Hlo] QofERE, Hlo]Q 0 5)
AL EM] 2 EiREA, Syol A A, AR SetaE AR 885 5= Qo] ouiA]- &
o] BoplAx A 71XE 7HACH6,7]. SHARE, @A) W3t SR80 [E717R] Holol HFEE o]
om, 7154 AU SE SRIE 5 IRV AEC R0 Heke ofz] 27| T HEF
et

weba] 2 Ao by A T, e 9 g, FH3l 754 ARS 7 @] 21

o} 75 4S tEoR AEsk, ofF Mo BA N gble A4viss IR A
Aol et ke AAIskLA Sl

AT TH

WElo] SRS Hel 55, 5 A, FR 34 5 7=l wet g2k 4= Qlou, Ak
o7 YILAEZ A 7|5t Hlo]emARA, AX & AERA(16%25%), dnAEZ A
(28%35%), Bl 1H(7%27%) 02 FAECH]. 9 tfdH= xylan, galactan, mannan 9%
TAEo] gloH, E3] FuAER QAL arabinoxylano| E55l0] Tajdlo] o8 T4 dof 2F
A, Akt B 5 ket AREA 7152 7HKITHe]. 9HE ko] oF 30%E, Heju WHoh
oF 28f =0} W1 2|99] JF TFYCE Z8o] Zhsstthe). mulE nivle(Mg), AP), S,
ZE(K), ZH{(Ca)o] o, 53] 21} Zgo| FHolo] A vl 9] 60% oV 2RIt
(8]. el 9 mu| AJE2 7Rt ikt antE Aok, BEPHE Alxste] AEE A
4 EYNGAR Aol 7FssIeH8]. weba], ek 2|&7s/d7t Abie} oA fraet A4y
7Fsdt IKTHA Al A AR 8ol 7hssitt

ko] ARl Tl SRIES slo|EEA4AFAK hydroxycinnamic acid) Al9=, FE3,
e, i 5 ohFst RS YeRATHI]. HlE4Kferulic acid)® p-FHt24H p-coumaric
acid)o] 7P tiEH ol (Fig. 1), Ha] A Axd | tpdFet oA Agtog EAsto] oz
I For Afgafo] WiFdlof] JESHHO-11]. HEAR} p-Fut2Ake E4o] glo] A& Aok
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Fig. 1. Chemical structure of (a) p-coumaric acid and (b) ferulic acid.
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S ARQlolA AeH|, FASAl, EEARE &80l 7hssitH2].

WA A p-FHEARS FESE W SFkA AAE, I AAY, 220 AX, e
AR Slek. BE A= G50 AMGS B p-FHlEAL 20| AgHelH, 3ok A
Al B2 Y AloRE ARt 9 7L QIHH9L. ¥Hol|, E4= AP &g &2
ARgsto] 8 ZIskdoln, 280t A= 3 XaHdat B2 29 vl 59 S 7L it
(9,13]. WHlojlA p-FufEAE 22 A2 B2 Table 19 UERAH

pTAEARE ARG BzE A 0= F3lto] Algt AEFAS Aol ikst SS AY
o, T Ag 9 A|E 32 o]o]F & Ql= S0 2 HE HIIITH15]. ARt AEAE IAE
3, AEY A A2y Y 5 ] £8 YRlo] Hrk p-FulEAY] A} 752 ASE AE
GAR QIR AEE oI 4= UtH15]. QA HEA kA BEo p-FRtE4H100 mg/kgr
AT BootdE W, 32t 719 AolE WASI L, sfivt DG(dentate gyrus) W 4174 A& X237}
CAT(catalase), GPx(glutathione peroxidase) 52 T4k} 4 &4 B2 B3 A4 HES 83}
£ ERISIGIH. P HEAE =2 FEEY o T A 7 Aok FSHARE olE AT
T U= ABAPE obF] A=A ottt wEbA, p-FEtEARS Qg HEAel o3t Q1A Tls
AstE Aot & U= ABAE E8o] 7hssitHIoL

3 BALE 29| 8aigt PC12 Ao p-Fat2Akt AAPH(hydrogen peroxide or 2,2"-
azobis(2-methylpropionamidine)dihydrochloride)& *2Jgt A3}, AAPH *2latollAl A= W
Ak (reactive oxygen species, ROS) 471 £7181993L, p-Fot2AF A2](125, 250 pg/ml)
Al ROS =217k 9F 10% Fassto] 4te} AEA A7 G3kg SISt E3L A Aol& &
oA REloA p-FkEAE 50 mg/kgE TGS W @AY F AR SE(T-AOC)T CAT
/o] SEEgem, 719 GPx $A7F S7I6IGiH. ol B3l p-FrtEAte] 1A Alojof ok
Ael AEA} IAEFZ Bt § USS FRISIATHI5L.

HIEARS ] AR, g HAE, BESH HAT 52 B9l 5= 7Iest waHlojA HE
At 22 HA 2 W2 Table 20 Yeiith. &2 7leEole AH|89] B4 Hhfolz|qh Az

7o) A1l 3FelekE: l4of| A7} Qlal, BAVIEGl= ¥ ZISkHo|X|qk B4 7FAHo] k=
o] UTH9,17]. ¥HHo), A= HA = £ 82 &8ole AHlE, X8 HAe] HRes
Z FE8 Jt}9,171.

Table 1. Extraction of p-coumaric acid from brewer's spent grain (BSG)

Method Treatment conditions p-Coumaric acid yield Reference
Hydrothermal pretreatment 210T, 15 MPa, 2.0 s 1.4 gkg 9]
Alkaline pretreatment 72% H,SO4 (120C, 15 min), 2% NaOH (40T, 4 h) 0.6 glkg BSG 9
Sonication pretreatment 600 W, 30 min, room temperature 0.1 mglg [13]
Ultrasound assisted extraction 65% EtOH (37 kHz, 50 min, 80T) 0.12 mg/L [14]

Table 2. Extraction of ferulic acid from brewer's spent grain

Method Treatment conditions Ferulic acid yield Reference
Hydrothermal pretreatment 209C, 148 bar, 0.8 s 7.241.1 glkg 7
210TC, 15 MPa, 2.0 s 7.2 glkg 9]
Alkaline pretreatment 72% H,SO, (120, 15 min), 2% NaOH (40T, 4 h) 5.5 glkg 9
2 M NaOH (50T, 3 h) 6.12£0.6 mg (0.0061 g) [11]
2% NaOH (120, 90 min) 46.17 mg (0.046 g) [17]
Biological pretreatment Endoxylanase 4.3 glkg 9]
Esterase enzymes 0.0069-0.0070 g/100 g [17]
Depol 740, Depol 686 0.42 g/100 ¢ [17]

https://www.etals.org
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HEARS gt A} 450E Bt A 9 AQM A a3E 7, 2 PR,
AforE, S, AtAl 5 IR 38 4 RS BogH7,18]. E3F AR B
Aok, Ak} B B/dE Sxlote] FislE A|HAA, vl E s} 7|54 PR dEE
8= QlrH12,18].

7 SAZB16-F10) A2 AofA] #iEAR} p-FatEAto] o-Hehd AlE A= 2 22(e-MSH)
o oJsf Fed Wehd S Aokl vjdl 7lsdS ST YIARIME wEAR 29 A

T IR 2@ F7H20%35%)2F R AZ7] TAE RIS, 191

T3t APAP(acetaminophen) 3 7F &4 ukQ-A wdlo)] HEARS: £oi5191S W AlT(alanine
aminotransferase)?} AST(aspartate aminotransferase) X7} Z4asta, 7+ 22 4 MDA
(malondialdehyde) gFgo] Eol50] 43t AE AT} ASHES FRIsHITH20].

kA ] HEZRaw 264.7)5 Z83F AolA HEA] iNOS(inducible nitric oxide
synthase) "W} NO(nitric oxide) A3 Aot FAS A Hehdttka B usiirH21].
ESh UFE A2 ukeA HdoA COX-2(cyclooxygenase-2) W0 Zasto] 5, 7F A3l &
stE]lon, d=slo|HES 71%l uke-A HEloA HlE4AK5.3 mg/kg/Y) FolotlS o ofdEo]
T &3 A5 JAHIL-18)7F Aastar, 7198-Q1A] 7150] 7hA9] Zaks SRIsIATH22]. Al
AZ BN ARl SR Q1A Ha7t A=, o Bl EHlE4te] YxstolH ot
4 A5 BRAR| 7Ms9S gRlstgirH21,23].

F o] HEY HEARZ HE it ZAIE 50l 2 fAIEA] Zokal w2 £, vl
o] @2 4| o]&E EAI7} Sitt. wetA, olE siAsty] Hell 1AL 718 Ui 2Rk (chitosan,
polycaprolactone, polyvinylpyrrolidone, hyaluronic acid ) HlE&AS 143}510] A,
OFE AY JE, I Y 52 FHPIe Atk 6] ZPEI o4

et p-FatEAR2 AR 9 AHES aaE Bl A ot A5 284 4 qloH, Alst
A A T, A4 A IS AT 5 itk HEARS A,
TES, A4 B3, 15 A 5 o 552 7K 1E7PH] JReE g8 Zlsoltt. Wt
71919 gy £49 & 9 E82 A9k AE, R AR RS dE5E 3FT & e
A4S Aoz grigch shA|qk wisat 7ake] Aejey] £49] AH3E fldiMe a&Fo|1
AR =2 9 A 7& N A ol&E hAs gt AlFet A7t s ofofF gt

N

o,

2. HIO|0|L4X|

FAg ARislel Q1T F71E SR 4u7t FEorHA A 1, A 298] 713 st
FAPE AsiE . Qlet. olof whel, X1gHg 2ol 1 2|4 7153t B S oA o] gt o] o}
A3 Qlet. Hio] Qou A= Hlo] @7kA, o] Qe Hlo] @ 0 Y 58 HFISH, o= Hlo| QufA
78t KAt 7H551a SHARE AT H3HY ouA| Yotk Table 3). WFHR o8, whaly
g, Ado] F5sto] nE Eafl7t golokal, YRAIIC] FAREEA o= A 9 QAR 3
o] 7Fs3lch= o] Qltt. Wik ©7)d Ast TAES B9 Hlo|Q kAR gk 4= 9lom, A4
= o] Q7AL HEHCHy) 55%75%, OJASFRA(CO,) 25%45%, A80] F3lA(H,9)E TAE
tH25].

7143 Ash= () 71Es] dAlolA f7180] EalE|a, (i) A AJA TAlolA] ofEAL, REl=
Ab B2 O QA5 Sk APALe 2 AgkE | (i) Wik YA SAolA dlebiAdol ols) &3]
o vgty} ojilsietAvt A Fpgo HPHTHS].

T3y 438} 3ol AAERE p-TElEL HEAAdT A4S Alee] vlo| ertA &S A5t
Al 5= QlTH26l.

29| SR(IA E7173 Ash A Hiol Qe A HRS7])S A-851H, p-T#lEe] 10-45 mg/L ¥

https://www.etals.org
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Table 3. Bioenergy production from brewer's spent grain (BSG)
Substrate Product Reference
Biogas BSG:CD (1:3) 54.7% CH, [28]
BSG 24.7% CH, [25,28]
0.062-0.082 Ndm® CH, g"' VS
CcD 27.4% CH, [28]
SS 0.45 Ndm®/g VS [29]
SS+10 g BSG 0.69 Ndm®g VS [29]
SS+5 g BSG 0.57-0.59 Ndm®g VS [29]
BSG+JA 0.086-0.108 Ndm® CH, g VS [25]
Bio ethanol Acid treatment 0.5 N HzSO4, 50C, 16 h 39.5+2.8% 1]
130T, H.S04 (1% wiv), 26 min 18.1 kg [3]
Alkaline treatment 0.5 N NaOH, 50T, 16 h 7.9+0.03% 1]
Acid+Biolgical treatment 50T 16 h, 0.7 NH,SO,, CellicCTec2 45.56% [1]
Bio ail Pyrolysis 520C, 6 s 49 wt% [31]
650C, 30T /min 60.7% [32]

BSG, brewer's spent grain; VS, volatile aolids; CD, cattle dung; SS, sewage sludge; JA, Jerusalem artichoke.

https://www.etals.org

FollA 102 o &3] Esf=lof dedate] = Asi7t A=, 3714 Qg e Aitol
7F&31tH10,27).

TR, ke T} A o] of, @ 491 A C/N W EtgoR QI YEYof
=4 ¥l Sl ol siEsl] el the 713 358K co-digestion)E 2831 27
o Hg o] P ‘1‘—7?@}4 2 113 HleR SRS 1 W o] oF 55%% S71510]
o AoE 7iA Fo] AAdEoH, seEHR|et S5 Aok A 7}i HAYEo] 0.45 L/g

ol 0.69 L/goj 50% °oV3 S7FoFATH28,29].
netd, $E40ts S HaEe] w2 wHE o e 7]”4 2gE HYsio] Al

A EE Q5 gl MRS GRoh I WFES PRI ol BRE S vlo| ool
AR 22 YO 2R} A3 0 A BROL9) 210 THE f4e) B0 2
2 Wk, EAv} el B O Fauol AAvEe) B st web o

AgE e A0t 2Id AAES et AL, &2 59 AAE F7g0] Aolr30]. AF FA=E vl
AR QAT 7leEfolo] BVl &S wolH, &2 AAEe BadE AAst A
EOA HIYS FIAIIHH30L
AR & aavieEsiel 9as %t 23, vl eoghe &2 NaOH HAZ01A 7.90%,
H2S04 A1 EJolA 39.49%2 Uehgth1]. AF AA27t o 22 &2 HERleH, ol sndE
2o Fa7t SREo] Gk G| FYHIL Tart YoM o FoiFl7] w1l A AE
o] ¢, smdERe s QL AER QA Jlp80] 90% OMICR UERger, S1d AAES Wk
o e AdAE] A B2d AAs EIelAR, o et oEe 80 WA e

WAL JRH|E Fof Hio| 2 U AJAto] 7Rsoitt. Hio| @ QU2 AlSHE A W WI9kS g
Sfeag *é%l E42, 71& 3 Aro vl =2 HE, 2 Ak RS YERITH31). 650T,
30C/min A9 FE3| FHoNA 60.7%2] B2 Y AJAF 85 UERITHA2]. Hlo]Q oYL
op|EAL B4, FE2EF 59| SRIEZE A= 0] 9lo], ﬂﬂ AI19] =2 Ego] 7Fs31tH32l.
520CoflA FE3feto] 49 wt%2] HIo]2 @4 A9lon, FR|E S Uz ouA|9 F 57%
63%7} Hfo] 2.0 Yof| HEE|Qlom, Ab4 RS 7h4sto] %*%.@}7}542182 SRISHATH31. &
o= AxEE o] UL 315t YR A 77t # AN A4S o Zgekl Qlo], AR A
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A0} 02, WRIS vlo] ool (1] @712, vlol Q0fEHS, o] Q0% ) S
7Rt o9 B, 712 1Y 7, 27K Aol 71efd 4 Sk ol A g
7] ] SHe 2L S, vlolefnjol ]z EREORO B RS AU o]
A4 24 9ot ek

3. 7I58 2

=Y EUo} HiE9] oF 80%7t HAF-EOIA HAYSH, o, BRIt E E I ES A4
St} HATHA GrYopt WAsKE 7R 2 U912 V1% B0l Eafl 3o g FE9| 4Hlo|
I3 84 EY &l Aok Ei(uricase, urease)oll Yol 71=EalE] o] AEE o2t
ojAlsletrg ASIECH33).

UL 2AoAE g ofo0] Yo} 7EAR HBkste] 7] FollA olEotHA FAFE A
1S 2313t ool= &3t whgel Al AEET A dEES B0t o= 7] 2 E 7%
3} 7153tkE ZEeith33]. wEbA s degolA Yot AdE HASIRE 4= Q= Wkt Jido]
a5t

FEEL2 ARG 2 Aok 919 Y EYolM $Hed 9 QA Aol Azt o]
HrH34]. AFAdoll A A= Hl<, w717k, JRES 5EAY S 299 F4 ¥Qlo] H
of Q¥Y9 7|odes BAg A, AgE(52.37%), 5% 5 ISR A(31.14%)F IF
(16.49%)°] Z¥2F S5 290l 7]ofok= A& FRIsHATH34L

719 o 2 S5 AA R 37 XY, A7)skekd AeH, dolapy So] itk
sksha] AL 30| 7ol vl-go] Aste] de] ARSEIT QAT 22} 2% 7Hsdo] Qi
u]Fe] 2 FELE AHd] AASHA] FRlths WS 7HA A QItH35]. A7iskshy WS AF-
ool 35} ¥hg-EZ Rieote] LEELS AA s, FojahEe vEEI] v ol8s L FEA
EolA Eelols 71&olth36]l. Tev F W B ul-go] vl tieke] SE|A)7 AHET=
& 7ML QlH36). BHHel Sk W2 vl 9 w2 8840 Qlgf Hg: AYE 3t 77
A wHaloly, w2 e Adola Rt AV AAEA g A0 B2 YAt
o] it Aol 7h5sHH3TI.

WZHLo] L. C/N HIE, £ 48 FFo g Al FFo] ojzlg] 229l Eu|sloll= 3HA7}
om, @714 Eafo wE Haff 7FsAde] ErH38). mWebA oS didslr] Hall, WEEke sslelo]
Hpo] 9212 E8ol= Weto] AAE|LL Qir}. €3t TS Sofl A W) vlo] o k= w2 H|E
Ay o 128 2 o] $E4 9 giyol 59 R AEA Falof AvHoln, EY Al
29] 80| 7F551tH39,40]. E3L uPE Eoflo]l A3dS Ad 1A FEiE A=, B
HEA] FrUo} HiE Azt 9 EF 7R &3t Slck E3L PAR] 120t A7 A AV 5
< 7801 Qlo] ghA A $rho 2 Ehgo] 7R5oitH40]. B} Hio] ko] Z-8Hetol| sl Table
40 AA5HALE.

Eey Sekage veeol, 29o] 5 nge] o8] 2 olisieka 5 A B4z Hesll

2

e &

o L o

P

(polylactic acid), PBS(polybutylene succinate), PBAT(polybutylene adipate-co-terephtha-
late), PHA(polyhydroxyalkanoates) §°] SItf. PHA AlZoll= PHB(polyhydroxybutyrate),
PHBV(polyhydroxybutyrate-co-valerate)7} 101, =& 847} F2 A4 ojAkslEtA B4
ZHAL Q= AAoltH46,47]. 11 5 PHB= =2 234, ¥ 7148 A= 2= PE(poly-
ethylene)2} PP(polypropylene) & 71 EStAES tiA[e 4= QIcH48]. WaElkS chal gy} o
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Table 4. Utilization of biochar derived from brewer's spent grain
Carbonization conditions Biochar effect Reference
Soil conditioner 300C, 2 h High electrical conductivity, Short-term soil fertility improvement (water [39]
solubility, inorganic ion), and microbial activity promotion
500C, 2 h Structural stability (aromatic carbon content), long-term soil fertility [39]
improvement, and superior crop growth (leaf length, width, and fresh
weight)
500, 2 h, MgCl, High bacterial fixation adsorption, maintain soil fertility, and plant [41]
growth promotion
Heavy metal 700T, 30 min Cr adsorption (70 mg/g), and removal of toxic contaminants from [42]
adsorption liquids
600T, 3 h, HsPO4 High removal rate of Cr (V1) (99.96%) and Cr adsorption (41.27 mg) [43]
850C, 1 h Adsorption of 5.5 mg/g (Co), 3.0 mg/g (Sr), purification of radioactive [44]
contaminated water or water containing heavy metals
Ammonia reduction 300, 1 h, urea NH; emissions from agricultural soils reduced by 30.56%, soil fertility [40]
improvement
600C, 2 h NH," removal (83.9%) [45]

T2E AT 4= 91, = A3 AR 7162 Fofste] A& 7hstt AR St
g Aike] st "le3,48].

PHB= &3] EjollAB o ok AR WuhS HAj2sto] 2 1y oiaS Fsfis)
1, SRR B AAlekal BHE|EjolE o83t R s Fof AJito] 7hssit47]. Wadte
= BE 07 85| YoM A HAY F RAVIESE ok a9 AEEeA

92 =0 93t 283 FAE ¢ AH4T). BHE AAEe 12, 19F oA L,
AMd 8AES AMEsle] FUBER QAE Hofotal, SFIA 8 =RITH3]. ShAR ol =gt 3t
o MA 2= SFefekEat 112, 119 2of|A o|Fo|A|H, FafelA A oA dF swdE
2V} EAEE ARES AdTH49]

Eopznt HE AAge A7) RS Bl A & 71E FR0) E2tRutE F/ste] EAck=
ROS, RNS(reactive nitrogen species) 5 &-&5}0] Hlo]| QuiA LZE Hafsl= 3-go|c}. St
znt HE HA = ool 59 |8uE ARSSHA g, thdR &4 H7|Eo] WAYsHA] ghot
A AAfe] whHoloH49). Wauks €85k PHB A4 HAE B2 Table 59 U

ARG 1.25% AK120T, 17 min) & HA sk, 2% NaOHE o-85f 21dS AlA sk
t}. o|% GAVIGRSIE B WY B2 Cupriavidus necator® WS 5388t A3, 7.5 g/LY
PHBE AAFSITH50]. ¥22] AAEE gadS AASE F, FACR Al 7l=Eaffslo] wazttofA]
18.65 g/9] 2RFAE AL o8 FRIQAE Bacillus subtilis2 WaE 4945t 21},
5.03 g/L°] PHBE AJAtstitt47]. Set2nt AXE(200 V, 308) & S47ReIE S5
Z YAl on, 0% Paraburkholderia sacchari DSM 171658 &S $385t 23} 2.64 g/L
] PHBE AJAFsFITHAIL.

Table 5. Production of polyhydroxybutyrate (PHB) from brewers’ spent grain

Method Treatment PHB (g/L) Reference
Acid+Alkaline pretreatment 3.5% NaOH (80T, 60 min), 1.5% H,SO, (1217, 25 min) 5.03 glL [47
1.25% H,S04 (120T, 17 min), 2% NaOH (120T, 90 min) 75 glL [50]
Plasma bubble pretreatment 200 V, 30 min 2.64 gL [49]
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