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Qunun Muxaun I'opauunos

Hugpaupeena cnexkmpockonuja 6o oaucko noopauje (NIR) 6o cnpeza co xemomempucko moodenuparse 3a
cilederbe KpumudHy ampudymu Ha Keajiumen npu npoyecuparse 4epCcmu 0o3upanu gopmu

- ANICTPAaKT -

Ilen Ha oBaa Te3a ¢ pa3BuBame u eBanyupame PAT-metonu (PAT — mporiecHa aHATMTHYKA TEXHOJIOTHja) OasupaHn
Ha CIIEKTPOCKomHja Bo 6imcko mHppanpsero moapadje (NIR) 3a crneneme Ha KpUTHYHHTE aTPUOYTH HA KBAJIUTET
(CQAs) pu cyBa rpaHyJanyja co KOMIIAKTHPAEk-e CO BaIjallid v IpU 00JI0KyBame Ha Tabnetu co Gprmmosu 6e3 TiO:.
[Ipumenara va PAT-anaTkuTe MMa IOTSHIIMjaI 1a ja TOZ0OPH MpoIlecHaTa KOHTPOJIA, 1a T0 HaMaJi AeCTPYKTHBHOTO
UCITUTYBAabE U J1a OBO3MOXKH HaBpeMeHa MICHTH(HKAIMja Ha ACBHjALMH, CO IOTECHIHMjaTHA IPUMEHA HA KOHIIEITOT
Ha WCIIMTYBAmbE 3a MyIITame BO MPOMET BO peanHo Bpeme (anri. real-time release testing, RTRT).

Bo cryanjaTta 3a 0610XKyBame, CIIEKTPOCKONHja BO Oyimcko mHppaupBeHo nozapadje co DypueBn TpaHchopManuu
(FT-NIR) Germre mpuMeHeTa BO CIipera co aHalW3a Ha TJaBHUTE KOMIOHEHTH (aHri. principal component analysis
PCA) u opToronanHu npoeKiuy KOH JaTeHTHU cTpykTypu (anri. orthogonal projections to latent structures -OPLYS)
3a cieielhe Ha Iporpecrjara Ha GpuiM-oomoxyBame co PVA-pumM 6e3 TiO-. Jlebennnara Ha GUIMOT OApEaeHA CO
ONTHYKa MHUKPOCKOIHja CIIy)Kelle Kako NeCTpyKTHBEH pedepeHTeH MeTo], poxaeka nmapamerapor a* Ha CIELAB
CHUCTEMOT 3a 0OH, CIIy)Kellle KaKo HEISCTPYKTUBEH Cyporar. Amcoprimckure JieHTH ~7185 u ~4324 cm™, kako u
nentata Ha ~9000 cm™!, Gea MOBpP3aHU CO PacToT Ha GUIMOT, A0AeKa peroHOT 5290 — 5000 cm™ koj KopecnoHIUpa
co komOuHarmckaTa genta Ha —OH 1To NOTeKHYBa W O] jaJpOTO M O]l KOMIIOHEHTHTE Ha OOBMBKATa, MOKaXyBa
HaMaJyBamke Ha MHTCH3UTETOT KaKO PE3yJTaT Ha IIPOMEHUTE BO COJpPKHMHATA Ha BJlaraTa 3a BpeMe Ha MPOLECOT Ha
obnoxyBamwe. OPLS-monenure co mnpB nepuBaT M MYJITUIUIMKATHBHA KOpEKIMja Ha pacejyBameTo (aHIJ.
multiplicative scatter correction — MSC) mokaxkaa podycuoct, co RMSEP 7,0 um 3a nebenmna u 1,2 3a a*, mro
OBO3MOJKyBa IIPHMEHA Ha JBaTa pe(epeHTHH ITapaMeTpH 3a OpeIyBambe Ha KpajHaTa TOUKa Ha IPOLECOT.

Bo cryaujarta 3a koMIakTHpame co Bajjaly, IprcTan 6asupan Ha au3ajH Ha ekcriepumentd (DOE) Bo cpera co NIR-
CIIEKTPOCKOIIHja Oellle MPUMEHET 38 XHAPOKCHIPONHT MeTin nenyno3eH (HPMC) maTpuke co BUCOKa COApKMHA Ha
MeT(GOPMHUH XHAPOXJIOPHI 3a NPEABUIYBAEkE HA MOPO3HOCTA HAa KOMIIAKTHPAHWTE JICHTH, NPEKy NpHMEHa Ha
excmiopatopua PCA-ananu3a u kBantutatusau OPLS monenu. Mukpokomjyrepcka tomorpaduja (MicroCT) Gerre
NpUMEHETa 3a MalMpamke Ha pachpenenbara W apXHTEKTypaTa Ha IMOPHTE, M IIOMOTHa IIpU pa3jacHyBame Ha
MEXaHHCTHYKHATE BPCKH IOMEly MPOLECOT Ha KOMIIAKTHUPAHmE CO Baljalld M OJHECYBambEeTO HAa KOMIAKTHPAHHTE
JICHTH, TpaHyJuTe W TabieTuTe. PasBueHHTe MOJENM 1O NPOW3BOAHATA JHMHHMjAa Oea YCHENIHO NPEHECEeHH BO
NIPOM3BO/IHATA JIMHHU]a PEKY AUPEKTHA CTaHIapAn3alMja 1 IPUMEHa Ha METOM Ha IPETIIPOLIECHPakhe OPUSHTHPAHN
KOH 0a3HaTa JIMHHja, OBO3MOXYBajKHU CIIEJeHe Ha IOPO3HOCTA BO PeaHO BpeMe, cOo HamasleHa oTpeba oJf mocedHa
KaauOpalyja v moMaa noTpoIlyBayka Ha MaTepHjall.

FT-NIR-mMonenoT 3a obnoxxyBame u NIR-mMozenute 3a mopo3HocT 00e30emyBaar pamka 3a cieneme Ha CQAs npu
¢GbuIM-00I0KyBake U CyBa TpaHyJialdja, Co MITO MPUJI0HECYBaaT KOH YHANpPeIyBame Ha MPOILECHOTO pa3Oupase,
npoliecHaTa KOHTpoJia u npuMenata Ha PAT-koHnenTure Bo GpapMarieBTcKara HHAYCTpHja.

Knyunu 360posu: FT-NIR; OPLS; o610xyBame 6e3 TiOy; a* na CIELAB; Opadry® TF; koMnakTupame co Baljaiy;
MeTpopmuH-HPMC; nupekTHa cTaHmapau3aimja; MEKPOKOMITjyTepcka ToMorpaduja.



Filip Mihail Gorachinov

Near-infrared (NIR) spectroscopy coupled with chemometric modelling for monitoring critical quality attributes
during the processing of solid dosage forms

— Abstract —

The aim of this thesis is to develop and evaluate PAT methods based on NIR-spectroscopy for monitoring critical
quality attributes (CQASs) during dry granulation by roller compaction and film coating of TiO-free tablets. The
application of PAT tools improves process control, reduces destructive testing, and enables timely identification of
process deviations, with potential implementation of RTRT.

In the coating study, FT-NIR spectroscopy in combination with PCA and OPLS was used to monitor the progression
of film-coating with a TiO.-free PVA film. Film thickness determined by optical microscopy served as a destructive
reference method, whereas the CIELAB a* parameter was used as a non-destructive surrogate. The absorption bands
at ~7185 and ~4324 cm ™! and the band around ~9000 cm ™ were associated with film growth, whereas the 5290 — 5000
cm™ region corresponding to the —OH combination band originating from both the core and coating components
exhibited a decrease in intensity due to changes in water content during the coating process. OPLS analysis of first-
derivative spectra with multiplicative scatter correction showed robust models, with RMSEP values of 7.0 um for
thickness and 1.2 for a*, enabling their use for endpoint determination.

In the roller compaction study, a DoE-based approach coupled with NIR-spectroscopy was used in an HPMC-matrix
with a high metformin hydrochloride load and applied to predict ribbon porosity, with the use of PCA as an exploratory
technique, as well as quantitative OPLS models. MicroCT was used to map pore distribution and architecture, to
support the mechanistic explanation of the behaviour of ribbons, granules, and tablets. The developed at-line models
were successfully transferred to an in-line configuration using direct standardization combined with baseline-oriented
preprocessing methods, enabling real-time monitoring of ribbon porosity with reduced need for separate calibration
and lower material consumption.

The FT-NIR coating model and the NIR porosity model provide a framework for CQA monitoring in film coating and
dry granulation, thereby contributing to the advancement of process understanding, process control, and the
application of PAT concepts in the pharmaceutical industry.

Keywords: FT-NIR; OPLS; TiO.-free coating; CIELAB a*; Opadry® TF; roller compaction; Metformin-HPMC;
direct standardization; micro-computed tomography.



Baaromapuoct

W3pazyBaM HCKpeHa OJaroJapHOCT O MOjOT MEHTOD,
npod. n-p Huxona ['emkoBckw, 3a CTpyYHUTE HACOKH U 32
KOHTHHYHMpaHaTa IOJUIpIIKa NpU W3paboTKaTta Ha oOBaa
JIOKTOpcka  mucepranuja. IloceOHa  OnaromgapHOCT
ynaryBam 10 Ankanoun-AJ] Ckorje 3a moaapiikara u 3a
o0e30eneHnTe pecypcu 3a  peanm3anyja Ha
ucTpaxyBamaTa. M OmaromapaM Ha KOJETHTE M Ha
copaboTHHUIITE 3a MpodecHOHATHATa KOJIETHjaTHOCT,
KOPHCHUTE IWCKYCHH M 3a IIOMOIITa BO TEKOT Ha
paborata. Ocobena OjarogapHOCT ymatyBaM M [0
npodecopute W copaboTHUIMTE Of WMHCTHTYTOT 3a
(apmaneBTCKa TEXHOJIOTHja M PETYJIaTOPHU pPaboTH u
Karenpara 3a mpuMeHera ¥ €KOJIOLIKa XeMHja Ipu
Yuugepauteror Bo CereauH, YHrapuja, Kako H [0
npodecopure on Uucturyror 3a ¢puszuka npu [Ipupoano-
MareMaTuukuoT (akynrer Bo Ckomje, YHH NPHIOHECH

3HAQUYUTEJIHO TO YHalpeAuja KBAIUTETOT Ha OBa
UCTpaxyBame. lcTpaxyBamero  Oemie  JIeIyMHO
noagpxkano  npeky mpoektor CEEPUS, CEKA

PharmTech, xojmTo 0Bo3MOXH copaboTKa M pa3MEcHa Ha
3Haewa. Hajromema GnaromapHocT m3pasyBaM Ha MOETO
CEMEjCTBO 3a TPIICHHETO, JbYOOBTa M 3a OECKpajHOTO
pa3bupame.
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At-line measurement

CIELAB b* coordinate (yellow—blue
axis)
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sampling

Continuous manufacturing
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Calibration transfer

d. is the particle diameter such that
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Deep neural network

Degree of densification

Design of experiments

Direct orthogonal signal correction

Direct standardization

Direct standardization in principal-
component space

Double-window piecewise direct
standardization

European Food Safety Authority

European Medicines Agency

External parameter orthogonalization

Food and Drug Administration
Field-emission scanning electron
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Fourier-transform near-infrared
spectroscopy

Gradient boosting machine
Generalized least squares weighting

Horizontal feed screw speed
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0CKa)

Bemrauka HeBpoHCKa Mpexa

AHanu3a Ha BapHjaHcaTa

AkTrBHA (hapMarieBTCKa CyICTaHIHja
Kopexknuja Ha 6a3HaTa TuHHjA CO
ACHMETPUYHU HajMalld KBaJIpaTH

Mepeme okpaj IpOU3BOACTBEHATA JINHHja
Koopnunara b* na CIELAB (5xonTo-crHa
0CKa)

KoHkypeHTHa afanTiBHA CelIeKIIUja co
MMOBTOPHO 33/1aBahe TKUHU
KonTrnynpaHo nmpou3BoCTBO
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PDS

PEG

High-performance liquid
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International Council for
Harmonisation

In-line measurement

Interval partial least squares
regression

Korsmeyer-Peppas release rate
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liquid chromatography
Revolutions per minute

Roll speed
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Spectral space transformation
Support vector machine
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KBajgpareH kopeH off cpefiHaTa KBajparHa
IpeliKa of MpoleHKaTa

KBagparen kopeH o cpeaHara KBaaparHa
Ipelika O MPEIBHUYBAHETO
Xusipaynu4eH IPUTHCOK Ha BajljaluTe
PeBep3nodasna BucokoedukacHa TeuHa
xpomarorpaduja

Bptexu Bo MUHyTa

Bp3una Ha BamjaruTe

HcnuryBame 1 0cI0001yBake HA
MPOM3BE/ICHATA CePHja BO PEAIIHO BpEMe
Kopekiuja Ha HAKJIOH ¥ Ha IPUCTPACHOCT
Crnenudryna cuiia Ha KOMIIAKTHPAbE
CranpapyiHa AeBujanyja

CkeHmpayka eJ1eKTPOHCKa MUKPOCKOIH]ja
LBpcra dpakiuja

Vnen Ha Bpcrara ¢pasa BO HACHUITHUOT
Marepujan

Ynen Ha niBpcrara haza Bo Tabimerara
CrannapsHa HOpMaJIHa pacrpesenoa
AJroprTam Ha MOCIIEI0BATEIHU TPOSKIINU
WHnekc Ha mMUpUHA Ha paciipeaendara Ha
YECTUYKHUTE CIIOpPE]] ToJIeMUHaTa

[Tonenba Ha cetoBu criopen 3aeAHUYKA X-Y
pacrojanuja
Tpanchopmaiiija Ha CIIEKTPATHUOT MPOCTOP
Mopen co HOTHOPHHU BEKTOPH
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UV-Vis
UVE
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VPS
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Aslope
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papparent
Poulk

Ptablet

Ptrue
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Transfer by orthogonal projection
Terahertz pulsed imaging
Tensile strength

United States Pharmacopeia
Ultravioletvisible spectrophotometry
Uninformative variable elimination

Variable importance in projection
Vertical screw speed
Wavelet hybrid direct standardization

Zero-order detrending
Micrometer

Change in intercept (dint)
Pressure difference (AP)
Change in slope (4slope)
Porosity

Apparent density

Poured bulk density

Apparent tablet density
True density of the solid

Tensile strength of ribbons

Xi

Tpancdep co oproroHaiHa MPOEKITHja
TepaxepuHO MYJICHO CHUMAambe
3aTerHyBauka LIBpPCTHHA/jaunHa Ha
HCTETHYBambe

®apmaxorneja Ha CoeTMHETUTE
Awmepukancku J{p:xaBu
CrektpooTomeTpHja BO yITPaBUOIETOBO U
BO BHJUIMBO TIOJIE

Enumunanyja Ha HeMHPOPMaTUBHU
MIPOMEHJIMBU

BakHoCT Ha MPOMEHJIMBHTE BO MPOEKIHjaTa
Bp3nHa Ha BEPTUKATHUOT BHHT
BpanoButa xubpuaHa nupexTHa
CTaHaapau3alyja

OtcTpaHyBame TPEH/I O HYJITH pej
MuxkpomeTrap

[Ipomena Ha npecekot (Aint)

Paznuka Bo mputHcok (AP)

[Ipomena Ha HakiI0HOT (Aslope)
IToposnoct

IIpuBugHa rycTuHa

I'ycTrHa Ha HACHITHUOT MaTepujaj Mpu
UCTypame (cI000IHa/UCTYpEHA)
[MpuBuaHa rycTiHa Ha TabneTara
BuctuHcka rycTuHa Ha IBpCTaTa
CYTICTaHIMja (XeInyMCKa MUKHOMETPH]ja)
3aTerHyBauka BPCTUHA HA KOMITAKTHUTE
JEHTH
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A. ®apmaneBTCKHM KBAJTUTET npexky au3ajH (QbD) u npexky npomecHa aHAJUTHYKA
TexHosoruja (PAT)

HmmneMeHTanyjara Ha NPUHOMOWTE HAa KBajauTeT mnpeky mu3aju (QbD) e cymTmHCKa BO
MOJIEPHOTO TPOU3BOACTBO Ha (apMaIeBTCKUTE JO3UpaHU (GOopMH OHIEjKH OBO3MOXKYBa
KBAJIMTETOT Ja OMje MIAHMpAH M MHTETPHPaH yInTe BO paHuTe (asu Ha passoj.l Mcropucku
TJIeIaHO, KOHTPOJIaTa Ha KBAIUTET BO (hapMalieBTCKaTa MHIYyCTPHja ce MOTIMpPajia Ha CTATHCTUYKA
KOHTpOJIa Ha MPOIECOT U Ha MCIUTYBamkEe HAJBOP O] MPOU3BOIcTBeHaTa tuHKja (aunri. Off-line)
Ha WHTEPMEIUjapuTe M Ha TOTOBUTE NPOM3BOAM. Mako OBOj THII MEpema Ce METPOJIOIIKH
PHUTOPO3HU, aHAJM3HUTE HAJBOP O MPOM3BOCTBeHaTa nuHuja (anri. Off-line) moxpasdupaar neka
aTpUOyTHTE HA KBAJHUTET CE IIOTBP/yBaaT 0 3aBPIIYBakE Ha MPOLIECUPAHETO, IIITO ja OTPAaHHYYBA
MOYKHOCTA 32 CJICACHE M 32 MHTCPBCHHUPAE BO pealHo Bpeme. OBOj PEaKTUBEH MpPUCTAN HE
MOTHBHUpA Ja ce HacounMe kKoH QbD, BO paMKHTE Ha KOJIITO KBAJIUTETOT ce 00e30eayBa mpexy
pa30Oupame Ha IPOLIECOT U MPEKY MPOAKTUBHA KOHTPOJIA HAMECTO UCKIIYYHBO MPEKY UCTIUTYBAHE
Ha KpajHHOT MPOM3BOJ, U JICjCTBYBa KAaKO TOTTHK 33 HMMIUICMEHTHpAmke Ha MpPOICCHATA
aHaymTHdka TexHosoruja (PAT) kako HaunH 32 HAOJbYIyBambE U 32 PETYIMPAKHE Ha MPOIIECUTE BO
peanHo Bpeme.? PAT ro npeHacouyBa GOKyCOT KOH JM3ajHUPAEL-E IPOLIECH BO KOU PEEBAHTHUTE
aTpuOyTH Ha KBAJIMUTET CE CIeIaT MapajielIHO CO CaMOTO MPOU3BOACTBO. [IpeKy MHTerpaiuja Ha
COOJIBETHHU CEH30PH U aHAIMTHYKU METOJM CE OBO3MOJKYBa IMOBp3yBame Ha (hopMyIialujara U Ha
MPOIIECHUTE TApaMETPU CO KapaKTEPHCTUKUTE HAa MPOU3BOJOT, JNehUHHpamE CrenuUuKaium
3aCHOBaHM Ha MEXaHUCTHYKO pa30Mpare, BOCIIOCTABYBakhe KOHTHHYHPAaHA KOHTPOJIA BO PEATHO
BpEME U PEryjaTopHa YCOTIaCEHOCT CO HaMalleH PU3WK 3a MPOU3BOJCTBO HA CEPUU KOHM HE TH
HICTIOTHYBAAT MOTPEOHNTE aTpHOYTH HA KBAJIUTET. 2

A.l. Pecynamopua pamka 3a QbD-PAT

Bo uzmunarute ase nenennu, QbD e hopmanusupan Bo peryiaaropHa paMka npeky Boguuute ICH
Q8 — Q10'3** koM eKCIIMIUTHO I'M MOBP3yBaaT (apMAIEBTCKUTE PA3BOjHM AKTUBHOCTH CO
CHCTEMAaTCKOTO UCTPAXYBabe U O 1e(hUHUPABETO Ha TPOCTOPOT 3a 1u3ajH. [lapanenno, Boqu4oT
Ha FDA on 2004 roguna 3a PAT ja npomoBupa ujejaTa Aeka KBUIUTETOT Ha IPOU3BOJOT Tpeba
na ce oOe3z0enyBa MpeKy AW3ajH, a HE CaMO MpPEeKy HCIHUTYBalke Ha KPajHUOT HPOM3BOJ,
nosunuoHupajku ja PAT kako IeHTpaleH ABHTaTeNl Ha pa3Boj 0asupaH Ha 3Haeme.’ [IoHOBHTE
Boauun ot EMA u o FDA 3a ciektpockomnuja Bo 6aucko nappanpseso noapauje (NIR)>®, kako
n Bogumuute ICH Q13 u QI4 u TexkoBHata peBu3uja Ha ICH Q27'8'9, JOIIOJIHUTEIIHO TH
IPOIIMPYBAaaT OBHE KOHLENTH KOH KOHTUHYHMPAHO MPOM3BOACTBO M KOH QbD M ekcniaumuTHO
MpHUKaxyBaatr npumepu 3a PAT-metoaun 6a3upaHu Ha XeMOMETpHja, KaKO aHATUTHYKU METOU BO
1IEJIOCHO PerynaTopHo ycornaceHa pamka.’? Mmmnemenranujata na pamxata QbD-PAT 6apa
CHCTEMAaTCKO IIpero3HaBambe Ha (PAKTOPUTE INTO MOXKAT Ja TeHEepHpaaT pPU3UK U HUBHO
yIpaByBame®, Kako 1 QOpManu3upamke HAyUHO 3aCHOBAH IIPHCTAI 32 BOJEH-E U 32 HAATJICLyBambe
Ha nporecure.?

A.2. Ynoecama na PAT 6o pa3zeojom u 60 npou3e00cmeomo na yepcmu 003upanu popmu

Bo oBoj konTekct, PAT ce peanusupa npexky BrpajayBambe MEPHH TOYKHU BO ITPOLECOT, IPHU IITO BO
peasiHO BpeMe ce ciielaT peleBaHTHHU MPOLECHU MapaMeTpU U KPUTUYHM aTpuOyTH Ha KBAJUTET
Ha CypOBHMHHTEe, MelylpoOM3BOJAUTE M Ha TOTOBaTa jo3upaHa Qopma.’ Ha Toj Haumm,



uHpopManmjaTa ce J00MBa JOJIEKa MPOIECOT CE OJBUBA, INTO OBO3MOXYBa HABPEMEHO
KOpUTHpamke W WHAWPEKTHO 00e30edyBame CTa0MICH KBAIMTET HAa (UHATHHOT TNPOU3BOJ.
Nmmiemenrtanujata Ha pamkata QbD-PAT ce 3acHoBa Ha cucTemarcka HacHTH(HKALMja |
yIIpaByBame CO TIOTEHIMjalHUTEe pM3MIKM M HAa HaydHa KOHTpoJa Ha mpouecute.>*
Merononorujata Ha PAT ce Temenu Ha aHaM3u BO peaHO BpeMe Ha MPOIECHUTE NapaMeTpH U
Ha KPUTHYHHUTE aTpUOyTH Ha KBAJUTET Kaj I10jJOBHUTE CYPOBHHH, IOJIYINPOU3BOIUTE U Kaj
TOTOBHOT JIEK, CO INTO JAWPEKTHO C€ OBO3MOXYBa 00e30emyBame KBAJUTET Ha (UHAIHATA
nosupana dpopma.>0

A.3. Cnekmpockonuja 60 do1ucko ungpaupeeno noopauje (NIR) 6o papmayeemckama
mexHonozuja

CoBpemenara PAT mnompa3zbupa mnpumena Ha crektpockoricku meroau (NIR, Pamanoa
crektpockonuja)'! ¥ Ha amaTku 3a KapakTepusamuja Ha (U3MUKATE CBOjCTBA (YITPa3BYK,
Tepaxepi, X-3paiu), KOUIITO OBO3MOXKYBaaT HEIECTPYKTHBHU MeEpeHma, KaKo M IPUCTANH
0a3upaHu Ha KOMOWHAIMja HA CEH30pH (MEKU CEH30pH) 3a MOoJ00pyBame Ha KBATUTETOT U HA
pobycHocTa Ha M3MepenuTe momatonn.’? Opaa fmokTopcka Tesa ce dokycupa Ha NIR Kako
IIpUMapHa CIEKTPOCKOIICKa TeXHUKa Ha PAT.

NIR e ocobGeHo aTpakTUBHA Mely AOCTalHUTE TUIIOBU ceH3opu Ha PAT, noxeka criektpute Ha
NIR (780 nm — 2500 nm) HajuecTo ce coOupaar BOo pekuM Ha audysHa pedrekcuja.
PednekTuBHOCTa Ha TPUMEPOIMTE 3aBUCH O]l KOHIICHTpAIMjaTa, arcopliHjaTa, Kako W O
KOe(DMIIMEHTOT Ha pacejyBame Ha MOBPIIMHATA U BO NpuMepokoT.'® Criopen oBa, cextpure Ha
NIR ce mox BIMjaHHEe W HA XEMHUCKHOT COCTaB M Ha (PM3WYKUTE CBOjCTBA, Ma 3a (hapMareBTCKa
npumena ©Ha PAT, Tue wumaar cnocoOHOCT na T ondaraT XEMHUCKHTE arcopIiuu
(marroHoBH/KOMOMHanMK — Bubparmu C-H, O-H, N-H), kako u ¢u3nykure 0OTUCOIM KOUIITO CE
MOBp3aHM CO TpHUpoJaTa HAa MPUMEPOKOT (rojeMUHAaTa Ha YEeCTHUYKUTE, pacmpexaendara Ha
YECTUYKHUTE CIIOpe] TOJIEMHUHATa, TYCTHHATA Ha IaKyBamke HAa YECTHYKHTE/TIOPO3HOCT),
HCTOBPEMEHO OBO3MOJKYBajKM HEMHBAa3WMBHA aHanu3a BO moBeke pexumu (in-line, on-line, at-
line).!* Teopmckara ocHOBa 3a 06paboTka Ha pedaexTupanara ceeTnuaa Bo NIR ce 3acHOBa Ha
Teopujata Ha KyOenka-MyHK, Koja OnuIIyBa Kako CBETJIMHATA LITO HABJIETyBa BO MaTE€pPHjajioT
XOMOTEHO C€ pacejyBa uiu ce ancopbupa win ce pacdpmia. Co aHanM3a Ha CBETJIMHATA IITO CE
JBYDKA HHM3 MaTepujajoT, U BO HACOKa Ha NMPOJUpAmke U BO CIPOTHBHA HACOKA, CE M3BeIyBa
Ky6enka-MynkoBaTa pyHKIMja:

1-R)?
K/s =2 (1)

K e ,,BucTuHCKara“ ancopmimja, S e pacejyBameTo, a R e peduekcujata nemHupana Kako 0QHOC
noMery HHTEH3UTETOT Ha peduiekTipanara U nHnuaeHTHata ceemmHa (R = Ireflected/lo). Criopen
OoBaa TeopHja, €(PEeKTOT Ha pacejyBameTO € MPETEKHO MYJITHUIUIMKATUBEH: aKO CHEKTapoT
HajHanpen ce Tpanchopmupa Bo Kybenka-MyHKoBa ckaja, pa3IMKUTE BO pacejyBameTO moMery
7Ba ,,6THAKBU* IPUMEPOIIM MOKaT J1a c€ KOMIIEH3HPaaT coO MHOXKEHE CO KOHCTaHTEH (hakTop Mo
cute OpaHOBU AODKUHH. CIMUYeH MYJNTHUIUIMKATHBEH KapakTep MOKaXKyBa W TpaHCc(opmalijaTa
Ha peduekcujata Bo mceBpoancoprnuvja A = log (1/R), kojamro mpercTaByBa CTaHIapAHA
TpaHcopmaija 3a cnektpurte Ha NIR Bo pednekcujara.



Bo mudysnara pednekcuja Ha NIR, cemak, yecto ce 3a0eiexyBa M aJIUTUBHA KOMIIOHCHTA Ha
pacejyBame.® Teopuckure momenn (KyGenka-Mynk, Bup-JlamOepT) mpeTmocTaByBaaT aeka
esata Wik (PUKCEeH JIeN 0] pEeMUTHUPAHATA CBETIIMHA C€ IETEKTHPA. AKO HHCTPYMEHTOT, TIOPaIH
TeOMETpPHja Ha ONTHUKATA WK MOPaau GU3NIKUATE KAPAKTEPUCTUKU HA TIPUMEPOKOT, COOMpa camo
¢dpakuuja (1/c) on pedaexkTupanaTa CBETIMHA, BAXKH CICIHOTO!

lgee = (FeLiceted) 2)

c

BwmeTHyBajku ro oBoj u3pa3 Bo neuHUIIMjaTa HA TICEBI0ANICOPIIIIUjaTa, ce JoOuBa:

e Ire ecte
Ager = —log (I‘;—Ot) = —log (%) = log(c) + log (11—0) =log(c) + A 3)

reflected

Log(c) mpercraByBa aauTuBeH (akTop Ha pacejyBambe (aHri. Scatter factor) saBucen on
npumepokoT, noieka A = log (lo/Ireflected) ro omuimyBa ancopmiCKHOT NPHIOHEC HA
MarepujanoT. Kako mro e mokaxaHo BO IOIJIABJETO 3a pacejyBame U 3a KOPEKI[Hja Ha CIICKTPUTE
kaj Hec!®, oBa nmoBemyBa 10 aIuTHBHE NOMECTyBamba Ha 0a3HATa JIMHMjAa KOTAa CTENEHOT HA
pacejyBame Bapupa MoMery HpPUMEpOLUTE, LITO MPUIOHECYBa 3a ymoTpeda Ha TEXHUKH 3a
KOPEKI[Hja Ha PacejyBambeTo U Ha xeMoMeTpucku Moienu Bo NIR-/PAT-koHTEKCT, €O 1€ He caMo
1a ce KBaHTU(HKYBaaT XEMHCKUTE apameTpH (Ha np., coapxkuna Ha API) TyKy U MHIUPEKTHO J1a
ce oncepupaar ¢usnukure CQAs, Kako MOPO3HOCT, T'YCTHHA Ha MaKyBame, MPOMEHH BO
rojieMMHAaTa Ha 4YeCTHYKHTe M Ccl. MylTHBapujaHTHATA XEMOMETpHja T'M pPa3/BojyBa
KOpeJIMpaHUTe TMPHUIOHECH Ha arcopriyjara W Ha pacejyBameTO M OBO3MOXYBa CTaOWMIIHA
kanuOpanuja nomery weaokynHuor NIR-crektap ¥ 1eNHUTE KPUTHYHM aTpHOyTH Ha
kpanurer, 61718

b. Xemomerpuja u MmyJaTuBapujaHnTHu MoJesu BO amviukauuute Ha NIR-PAT

XeMmoMeTrpujata 00e30eayBa CYHNITHHCKA MaTeMaTH4YKa W CTAaTUCTUYKA WHEOPACTpPyKTypa 3a
o0paboTka u 3a uHTepnperanyja Ha nogarouure Ha NIR. be3 BakoB MynTHBapujaHTEH MpUCTarl,
uHaycrpuckara npumena Ha NIR Ou 6una ceprno3Ho orpanuuena. [lopaau Toa mto criekTpuTe Ha
NIR ce cocTaBeHM 0/ LIMPOKHU U O] MPEKIONEHN BUOPALIUCKY JIEHTH, IPUIPYKEHU CO aJUTUBHU
IpOMeHH Ha Oa3HaTa JIMHUja, KaKo U cO ApyTu e(heKTH MOBP3aHU CO PacejyBambeTO Ha CBETIMHATA,
KJIACUYHUTE YHUBApUjaHTHU KaTUOpallMi HE MOXKAT CEJIEKTUBHO Jia T'M M3/[BOjaT MOEANHEUHUTE
XEMHCKH WM GU3NYKH IPUIOHECH. XEMOMETpH]jaTa, MPeKy MyJTUBApHjaHTHU MeTo1U Kako PCA,
PLS u OPLS, oBo3MOXYyBa a ce Mojennpa LEeJOKYITHHOT CIIeKTap KaKo MHTErpUpaH OJroBOp Ha
CHCTEMOT, J1a c€ WACHTU(UKYBAAT JIATCHTHU CTPYKTYPH BO MOJATOIUTE, KAKO U Jla C€ U3Tpajar
poOycHU KanuOpalMcKu MOJENu WTo T noBp3ysaat currainute Ha NIR co nenHure xputuunu
aTpuOyTH HA KBAJIHUTET.

Co nmpumenara Ha DOE Bo (azara Ha pa3Boj, cuTe peleBaHTHH BapHjaiuu Ha (akropute (Tp.,
NPOIIECHU MapaMeTpH, Bapujallidl BO YCJIOBUTE) C€ CHUCTEMCKHM HCTPAXEHH HAMECTO Ja ce
MOTHHpaMe Ha OTrpaHHMYeH CiIydYajHo joOueH/reHepupan ceT on  yciosu.'% 2 Taksoto
UCTpaXyBame Ha BapHjallMUTE BO MPOLECOT J1aBa CUTYPHOCT Jeka mozaenute Ha PAT, onHOCHO
MYJITUBApUjaHTHUTE KaiauOpamuu, ro omndakaar BIMjaHHETO HAa CEKOj KpUTHUYEeH (akTop Bp3
MIPOU3BOJIOT U OCTaHYBAAaT BaJIMIHU BO pAMKHUTE Ha JIePUHUPAHUOT MPOCTOP BO IM33JHOT, HAMECTO
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fia GuaT BaJMIHU CaMo 3a TeceH orcer Ha yciopu, 019222426 Opoj npucran e Bo cornacHocT u
CO IOHOBHTE Mperiiean 3a umiuieMentanuja Ha PAT u 3a unterpanuja Ha nogarouure (anri. data
fusion) Bo apmaneBTcKOTO TPOM3BOACTBO.

[Tokpaj penpe3eHTaTUBHOCTA HA MPUMEPOIUTE IITO CE KOPUCTAT 3a KanuOpaiuja, TOYHOCTA H
poOycHocta Ha mozenute Ha NIR 3aBucaT u ox Toa Kako ce codupaar u Kako Ce CeleKThpaar
cnekrpute Ha NIR mpex monenmupamero. ['eomerpujara Ha Mepeme (TpaHCMECHja, TUY3HA
pednekcuja, nudysHa TpaHCMHCHja) U YCIOBUTE Ha CHUMAamE (TeMIepaTrypa, CIEKTpaiaHa
pe3oynuja, ONTHYKA TaTeKa, OINcer Ha OpaHOBH OpoeBW/OpaHOBM IOKWMHHU) Tpeda 1a ce
ONTUMHU3UPAAT BO COIVIACHOCT CO TpHUpPOjAaTa HAa MATPUKCOT M CO IeNTa Ha aHajlu3aTa.
[TpumeporiTe mMTO OTCTAaIyBaaT MOpPaad aOHOPMAIHH CIEKTPATHH BPEAHOCTH WIH TIOPAIH
pedepeHTHH BpeAHOCTH Tpeba paHo J1a ce IeTEKTHPAAT BO MPOIECOT Ha MOJICJIMPAbE CO TPUMEHA
Ha MYJITHBAapHjaHTHHU JWJarHOCTUYKU allaTKU Oa3MpaHH Ha JajieunHa BO MYJITUBAPUjaHTHHOT
npocrop (Ha np., MaxananoOucosa naneunHa, PCA-pe3unyanu) u, Kaje WTO € COOJIBETHO, HA
JIeTeKTOpH Ga3MpaHy Ha MAIIMHCKO ydeme (Ha Ip., n3oamycka mryma (anra. isolation forest)).?’

Jlypu ¥ IO BHUMATEIIHOTO COOMpAame Ha CIEKTPUTE, MO0 KOHTpPOJIATa U MO MCKIIydyBameTo Ha
abHopMaiTHUTE TpuMeponH, cyposute criekTpu Ha NIR cenak conmpikaT apredakTé MOBp3aHU CO
pacejyBameTo MTO Mopa Ja OuaaT KOpUrupaHH Ipes MojenupameTo. [IpernponecupameTo Ha
MO/IaTOIINTEe OOMYHO € HACOUYEHO KOH KOpEKIIMja Ha CIeTHUTE TUIOBH apTedakTu: (1) KOpeKiuja
Ha Oa3Hara juHUja (M3BOJM, HECUMETPUYHU HajMalld KBaJpaTH, OTCTpaHyBame Tpenn); (ii)
Kopekimja Ha pacejyBamero (SNV, MSC); (iii) namanyBame Ha mymor (Casunku-I'oneesn®® n
laycoBu ¢uirpu) u (iv) UeHTpUpame W HOpPMaIU3alldja Ha MOAATONUTE (IEHTPUPAKE OKOIY
CpelHaTa BpEAHOCT, CTaHIapAM3aluja, MHUHUMAlHA W MaKCHMMajHa HOpMallu3alyja,
aBTOCKAJIMPAbE).

[To cobupame Ha CHEKTPUTE, BPEIHOCTHTE KOWINTO OTCTANyBaaT Cc€ HACHTU(GHKYBAHH U CE
npertnpouecupanu. Kiydnure nerepMuHaHTH 3a poOycHOCTa Ha MoienoT ce: (i) pacmpeznenba Ha
MPUMEPOIU BO KATMOPAIMCKH CET U MHTEPCH/€KCTepEeH/He3aBrceH Bamuaanucku cet u (i) us3dop
Ha CIIEKTpaTHK BapHjadiy 3a BpeMe Ha Pa3BOjoOT Ha MOJIEIIOT.

[Tpumepornute nmoHaramy ce JesaT Ha KaaMOpaLMCKU M Ha BaJMJALMCKH CETOBH. 3a M300p Ha
KaIMOPaIMCKUOT CET HAjYecTo ce mpuMeHyBa anroputamot Ha Kenapa-CtoyH 3a ceneknuja Ha
IPUMEPOLM KOHUIITO C€ HajpaMHOMEPHO paclopefeHd BO X-MPOCTOPOT (IIPOCTOPOT Ha
MpeABUYBAYHTE), CO IITO ce 00e30eayBa J00pa MOKPUEHOCT HA MYJITUBAPUJAaHTHUOT MPOCTOP.
Anroputamot SPXY (amrn. Sample set Partitioning based on joint X—Y distances)?® npercrasysa
npoupyBame Ha anroputamorT Ha Kenapa-CtoyH Ouaejku EKCIUIMIIMTHO ja 3eMa MpeaBHj
BapujabmiHOcTa 1 BO X M BO Y, IITO OBO3MOXYBa Mojenda moborata co MHPOpPMALUU U
nmocTadwIHa To1es10a Ha MPUMEPOIINTE Ha KaTMOPAIMCKX M Ha BAJTUJAIIMCKH CETOBU, OCOOEHO Kaj
KoMmruiekcHr Matpukcn, 03t

M360poT Ha MPOMEHJIMBU CE€ CMETa 3a MHTETpajieH JieJl O] Pa3BOjOT Ha MOJENOT, a He KaKo
€AUHEYEH, H30JMpaH 4dekop npex mopenupamero. ICH Ql4 ekcrumnumTHO HaBeayBa JeKa
,,A1300pOT Ha MPOMEHJIMBYU CE BPIIM 32 BpeMe Ha pa3B0OjOT HAa MOJENIOT" U 'O UCTaKHYyBa U300pOT
Ha OICEroT Ha OpaHOBU JOJDKWHHU 3a CIEKTPOCKOIICKHA NMPHUMEHH KaKO KIy4eH 3a Jo0MBame
Haj106pa POIeHKa Ha MOJETHPAHOTO CBOjCTBO.8



Tabena 1. Knacugurxayuja na mexnuxume 3a npemnpoyecuparbe Ha CneKmpume

Kiaca

IlITo xopurupa (1eJ)

YecTn AJIropuTmMu

3abeemIku

Kopexkuuja na 6a3nara J1uHHja
(anru. baseline correction)

ITomectyBame Ha Ga3HaTa JMHUjA KAKO
pe3yaTaT Ha pacejyBameTo

W3Boau, OpaHOBUTO MOJMHOMHO
OTCTpaHyBamke TPCH (aHTII.
detrending) u acumeTpuIHI
HajManu kBajapatu (AsLS)

W3Boaure ru oTcTpaHyBaaT
KOHCTaHTHHTE/JIMHEAPHUTE KOMIIOHCHTH
Ha 0a3HaTa JIMHHja, HO TO 3aCHIyBaaT
IIYMOT CO BHCOKa (hPpEKBEHIIH]a.
OrtctpanyBamero TpeHa/ASLS BromyBa
0a3Ha JIMHHUja KOjaIlITo ce 0J3eMa O]
CIIEKTapOT.

Kopekuuja Ha pecejyBamero
(amra. scatter correction)

MynTHIIIMKATHBHO/aJUTHBHO PacejyBambe
KOCIILTO ce [I0jaByBa KaKo pe3yaTaT Ha
pa3iMKKUTE BO FOJIEMHUHATA HA YECTHUKHTE,
TyCTHHATA Ha MaKyBamkEeTO U Ha
MPOMEHJIMBATA ONTHYKA JIOJDKHUHA

SNV, MSC

SNV ro HOpManI3upa CeKoj CIeKTap.
MSC Bpuiu perpecuja Ha CEKOj CIIeKTap
3eMajKu IpeBuI peepeHTeH CreKTap
(BoOOMYAEHO TIPOCEUEH CIIEKTap).

HamaayBame
(anra. smoothing)

I'o momo0OpyBa ogHOCOT curHai — ryM (S/N)

Caunku-I"oneeso, ['aycoBo,
OpaHOBUTO HaMallyBambe

Ce KOpUCTH MUHHAMAJHO MOKHO
HaMalyBame Ha apTe(aKTH.
[TpexyMepHOTO HaMallyBambe MOXKeE Ja
epoJipa OJIpeACHH alCOPIINCKH JICHTH.

Cxanupame
(amrJ. scaling)

006e30emyBa COOIBETCH IPUIOHEC HAa CUTE
OpaHOBH JIOJDKHWHH; CTIPEUyBa HEKOJKY
CHUITHU aIlCOPTIIMCKH JICHTH J]a IOMAHHPaaT
MIPY UCTIUTYBAaKkE HA MOJICIIOT

LlenTpuparme co mpoceyHaTa
Bpennoct (anri. Mean centering),
ABTOCKATMPAhe, MUHUMAJIHO H
MaKCHMAJTHO CKAJTHParbe

/




M360poT Ha MPOMEHIMBY OOMYHO € UTepaKTUBEH Tporiec. HajHanpen ce rpagat npelruMuHapHU
MOJIETH BO IIUPOK (MJTH BO LIEJI0CEH ) CIIEKTPAJICH OTICET, C€ aHAIN3Upa JAMjarHOCTUKATa 3aCHOBaHA
Ha MOJIENOT (Ha Tp., ONTOBapyBama, PErpecUcku KoehurmentH, VIP-Bpennoctu, nHaeKCH Ha
CTabMIIHOCT), 110 IITO C& MPUMEHYBaaT MeTo1u 3a nu30op Ha npomenaneu kako UVE-PLS, iPLS,
CARS wmmm SPA, yecto Bo 06BUTKaHH (aHTII. Wrapper) mwiu Bo xuopuaan memu.>’3° ITo n36opoT
Ha poMeHInBHTE (OpaHOBHUTE JOHKHHHM ), MOJIEJIOT IIOBTOPHO C€ T'Pajiy Bp3 HAMAJICHUOT 30Up Ha
MIPOMCHJIUBY U IOCTaIlKaTa Ce MOBTOPYBa C¢ JOJCKA HE C€ IMOCTUTHE NPU(ATIUB KOMIIPOMHC
g[60Mer'y eIHOCTABHOCTA, MHTEPIIPETAINjaTa, CTAOMITHOCTA U TIPEBHTNBUTE KapaKTEPUCTUKH. >4

MopenupameTo omndaka JMHEAPHU PErPECUCKU MOJIeH co JlareHTHH TpoMensiiBd (PLS/OPLS) u
KJIaCUYHAa MYJTHIHA JuHeapHa perpecuja (MLR), xage mrTo Toa € COOABETHO; HEIWHEApHU
Meroau Ha MamuHCKO yuewe (SVM, ANN/DNN) 3a omndakame KOMIIEKCHH WHTEPAKIIUUA H
ancam6n-monemu (RF, GBM) 3a momoOpyBame Ha pobycHOCTa M Ha reHepanmsarmjata.’’ 40
[Tokpaj ananusara Ha rnaBHuTe kommoHeHTH (PCA) 3a ucTtpaxyBame, AMjarHOCTHKA U 3a
OTKpHUBaWkE Ha CTPYKTypaTa Ha TOJATOLHUTE, KIAcCH(DHUKAIMCKUTE (KBAIMTATHUBHU) 3a/laddl Ce
peliaBaar co HaaraeayBanu kinacudukaropu (baecosa nuckpumunanTHa ananuza, KNN, SIMCA,
SVM) u co HeHaArae1yBaHU TEXHUKU Ha KJacTepUpame (XUEpPapXUCKO KilacTepupame, METO/T Ha
cpennn K-BpeaHOCTH, caMoopranm3upaukn Mann).** 42 Banmunanujara ce Bpim co ceondaTeH ceT
on metpuku: RMSE/MAE u RPD ja kBanTu(ukyBaat npeBuajinBata TOYHOCT U IPEUU3HOCT; R?
ja ommmryBa o0jacHeTaTa BapyjaHCa; aHATM3UTE HA PE3UIYaTUTE U MIPUCTPACHOCTA TH OTKPUBAAT
CUCTEMAaTCKHUTE OTcTanmyBama. OB0j pabOTeH TeK, 0/ COOUpame MPUMEPOLH, UACHTH(DUKAIU]A U
CIpaByBamkE€ CO ATUIHMYHHU BPEAHOCTU, MPEKY MPETIPOIeCUpame, M300p Ha MPOMEHIUBH U
pasnenyBame Ha TOJATOLMTE, A0 MOJEIHpame W Balujaaldja, ja IpeTcTaByBa OCHOBHATa
XEMOMETpPHCKA paMKa 3a Pa3B0j Ha MOJIENIM 3aCHOBAHM Ha creKTpockonujata Ha NIR 4042

b.1. ’Kueomen yuknyc na PAT-mooenume, KOHMUHYUPaAHo nPOU3800CME0 U
ooporcysarwe/mpancehepuparse na mooeaume

KoHTHHYHpaHOTO MPOU3BOACTBO €€ MOBEke ce (aBopu3upa BO (papmaieBTCKaTa WHIYCTPH]ja
mopajii HeropaTa 3rojieMeHa e(pUKACHOCT W IMMOpajd MOKHOCTUTE 3a WHTCH3MBHUpAImE Ha
nporecoT. Mako PAT e ¢popmaniHo mpu3HaeHa u ce oxpaOpyBa Hej3uHaTa MpUMEHa O] CTpaHa Ha
perynaTopHuTe areHinuu (MHTerprpana Bo merynapoauute Hacoku ICH Q8 — Q11 u Q14) u Beke
Ce MPUMEHYBA BO MHUJIOT-JIMHUWTE M BO WHIYCTPUCKHUTE JIMHUH, HEJ3HHOTO YCBOjYBamkE CE YIITE
3a0CTaHyBa 3a]] METPOXEMHUCKATa WHIYCTPUja W 3aJ JPYTHTE CEKTOPH HAa MAaCOBHO MPOIIECHO
MIPOU3BOJICTBO, JCTYMHO IMOPAJH MOMAJIWTE MPOM3BOJICTBEHH CEPUHU, CTPOTUTE PETyJIaTOPHH
Oapama U crieupUIHUTEe TeXHUUKH mpeau3Bui. Hampenokor Bo PAT u KOHIENTOT KBAJIUTET
npeky koutpoia (auri. Quality by Control — QbC) oBo3MoOKyBaaT akTHBHA KOHTpOJIa OasupaHa
Ha MOJIeJ TMPEKy MHTEJUTCHTHH CHCTEMH 3a MHTCTPHPAHO YIPaBYBambe CO MOBEKE €IHHEYHH
OTepalnu, KOUIITO KOMOMHUPAAT CEH30pU Ha TPOM3BOJICTBEHATA JIMHH]a/BO MPOU3BOJICTBEHATA
nuaKja (aHrir on-/in-line), ananutuka Ha roseM Opoj mogaronu (aHri. big data), TexHomoruu 3a
MAIIIMHCKO TJICAakhe M BMPEKEHA OTicepBallija co MOBpaTHA CIpera.

Bo 0B0j KOHTEKCT, (POKYCOT HE € HACOUYEH KOH €HOKPATEeH pa3Boj Ha KAIMOPALMCKU MOJIEN, TYKY
KOH YyIIpaByBame€ CO KUBOTHUOT LIUKIYC HA MYJITHBApHjaHTHUTE MOJEIH, YHJAIITO BAIUJHOCT
MOpa KOHTHHYHUPAHO Ja CC€ OApiKyBa Mefy pa3iindyH UHCTPYMCEHTH, MPOU3BOJHHU JIOKAIIUU U



BapHjaOMIIHU CBOjCTBAa Ha Marepujaiaure. TpaHcdepor Ha kamuOpanmjata (amria. calibration
transfer — CT) u oapxyBameTo Ha KanuOparujara (anri. calibration maintenance — CM) ce
KJIYYHH 33 3a4yBYBambe Ha KApaKTePUCTHKUTE HA MYJITUBAPUJAHTHUTE CIICKTPOCKOIICKA MOJEIN
BO (hapMaieBTCKOTO MPOU3BOJCTBO, Kaje IITO HWHCTPYMEHTHTE, KapaKTEPUCTHKUTE Ha
MPUMEPOIUTE, YCIOBUTE HAa CPEAMHATA UIIH BPEIHOCTHTE Ha MEPEHHETO HEM30EKHO ce MEHYBaar.
Bo cBojarta HajennoctaBHa dopma, CT 0BO3MOXKYBa MPEHOC HA KATHOPAIMCKU MOJEN OJ] €ICH
HMHCTPYMEHT Ha JIPYT CO 3a4yByBai€¢ HAa TOYHOCTA M Ha Mpenu3Hocta, goaeka CM moapa3oupa
AKypHpame W NPUCIIOCOOYyBamkbe Ha MOJEJIOT 3a Ja ce 00e30eaarT HeroBaTa pEJICBAaHTHOCT M
TOYHOCT KOTa yCJIOBUTE €BOJIyHPAAT WK CE MI0jaByBaaT HOBU KapaKTEPUCTHKH Kaj IPUMEPOIIUTE.
JocranmHuTe cTpareruu omndakaar: poOycHH KanuOparuu (COOJBETHO MPETIPOIICCHPALE, 300D
Ha MPOMEHJIMBH, MI00ATHM MOJIEIH), CTaHIapAu3allija Ha PErPECUCKUTE KOSHHUIIMEHTH MM Ha
npeiBUyBamara (Ha Imp., KOpeKiija Ha HAKJIOHOT M Ha mpuctpacHocta (aHri. Slope-and-bias
correction)), cmekTpanHa craHaapau3aidja (Ha Ip., TUpeKTHa cTaHgapau3anuja (adri. direct
standardization — DS)), mapuujanHa AMpeKTHa craHaapau3aidja (aHria. piecewise direct
standardization — PDS)) u npucranu 0e3 mnprMeHa Ha (DU3MYKH CTaHIAApAM, 3aCHOBAaHH Ha
amanrTanija Ha  JIOMCHOT, OpPTOTOHAJHM TNPOSKIMH W  HAa  MOJCIUpamke  Ha
MOTIIPOCTOPH/TIOAMHOKECTBA Ha MpoMernBY (anri. variable-domain modeling).

Kako mTo e neramHo TUCKYTHPaHO BO MPETJICANTE HA TPYAOBUTE 3a TpaHC(Ep U 33 OAPIKYBaAIbE
Ha KanuOpamuuTe, CTPATeTHUTE 3a YIPaBYBamke CO MYJTHBApUjaHTHH MOJETH MOXAT Ja Ce
rpynupaar BO HEKOJKY jaCHO pasrpaHHuYeHH MpPHUCTAlH, BO 3aBUCHOCT OJl Toa Jalld ce
MoIUUIMpaAAT CHEKTPUTE, CAMUOT MOJIEIN, TPEIABHIyBamaTa WU ce rpaaud poOycTeH MOed,
HE3aBUCEH 0J1 JOMEHOT. Bo Tabena 2 oBue mpucTanyu ce CyMUpaHU BO IIET CEMEjCTBA HA TEXHUKH,
CO HaBEJIEHU DPENPE3CHTATHUBHU METOIH, THUIl 00jeKT ITO ce craHmapausupa (X, f wmm §) u
notpeOHU moaaTony 3a Tpancdep Bo GpapmaneBrcku PAT-KOHTEKCT.

b.2. [Tocmasenocm na npodnemom u npeomem na ucmpaxycysaroa na PAT-npucmanume npu
cyea zpanynayuja u npu uam-o00a0sucysarse

Nako nocrojat 6pojHH ycrienH! TpUuMepH Ha jjokanHu PAT-umiuieMeHTanum, moBekeTo 00jaBeHu
CTYAMH OCTaHyBaaT (pOKyCHpaHM Ha MOEIUHEYHHU ONepaluu u ,.enHokpaTHu PLS-monenu, 6e3
JacHO Je(pUHUpPAaH XEMOMETPUCKU pabOTeH TeK, 0€3 eKCIUIMIMTHO YIpPaByBamke CO JKUBOTHUOT
LUKJIYC Ha MOJeNUTe U 0e3 IeMOHCTpHUpaHa MPEHOCIMBOCT BO Pa3IMYHH MPOIIECHU KOHTEKCTH.
[Topanu Toa, peanHaTa TpaHchopMalija KOH KOHTUHYHPAHO IPOU3BOCTBO U KOH KBAJIIUTET MPEKY
KOHTpoOJIa BO (hapMalleBTCKaTa MHIyCTpHja U MIOHATaMy € OrpaHHueHa.

[TapagokcanHo, UCTOBpEMEHO € 100po TokyMeHTHpaHo Jieka NIR-crekTpockomnujata BO pekum
Ha nudys3Ha pedraexcrja Moke poOyCHO /1a TU CJIEIU M XEMHUCKUTE U (PU3UYKHUTE TPOMEHH BO
uBpctute (papmaneBTckd (OpMH, OA NOTUMOPPHU U XUAPATHU TpaHCHOpPMALUHU, TPEKY
BapHjallii BO COAPKMHATA, 10 IPOMEHH BO MMOPO3HOCTA, T'YCTUHATa U BO MEXaHUYKUTE CBOJCTBA,
10J] YCJIOB MYJITHBApHjaHTHUTE MOJIENH Ja C€ TPajiaT Co eKCIUTMIIUTHO pa30uparme Ha OTEKI0TO
Ha CUTHAJIOT (HATTOHOBU M KOMOMHAIIMCKY JIEHTH ), pacejyBambeTo U Ha e()eKTUBHATA IOJKMHA HA

OIITHUYKaTa naTeKa.‘“M?



Tabena 2. [lpeaneo na memoou 3a Kaiuopayucku mpaucgep

OcHoBeH mpucran

CeMejcTBO HA TEXHUKHU

Penpe3entaTuBHM
metoau (BAPUJAHTH)

IIITo ce ctanxapau3zapa
(X, p nin y)

IMoTpe6Hu nmogaTouu 3a Tpanchep

IIpucnocodyBame Ha
CIEKTpHUTE

JupexrHa
CTaHJapAMu3aIuja
/TpaHCchep-dyHKIHja
(mammmpame X_sec —
X_ref)

DS, PDS, DWPDS,
WHDS, RS, SST

X (TpaHcdopmanuja Ha
CeKyHAapHH CIIEKTPH KOH
pedepeHTeH T0MeH)

[ToBp3anu craHgapau (UCTU IPUMEPOLIU
MEpeHH Ha IBaTa HHCTPYMEHTH), TI0 MOXKHOCT
Jla ja TOKpUBaaT OYeKyBaHATa BapHjalyja.
MoxHna yriorpeda Ha ,,BUPTYEITHH CTaHAAPAN
KOTa € OIpaBAaHo.

IloTnpocTopHu 1
NPOCKINCKH KOPSKINH
(oTcTpanyBame
/TIpUTYITyBamk-e Pa3IHKH)

GLSW, OSC/DOSC,
EPO, TOP, nokanuo
LIEHTpUpaAHE

(amra. Local centering)

X (oTcTpanyBame
KOMITOHEHTH IITO
NPEAN3BUKYBAAT PA3IIUKH,
CO MUHHMAJTHO BIIMjaHNE
Bp3 aHAJUTUYKUOT
CHUTHAJI)

Mau 6poj IoBp3aHH CHEKTPH TN HEMTOBP3aHU
CIIEKTPH ILTO ja KapaKTepu3upaaT pasiuKara
Mel'y HHCTPYMEHTHTE; IIPEOPAwWINBO € Jia ce
penpe3eHTaTHBHH CIIOPE MaTPUKCOT.

IIpucnocodyBame Ha
MOJeJ0T

Perynapusanuja
/OTPaHUYCHO aXKYPUPAHE
Ha MOJIEIIOT

L2-perynapusaimja;
L1-perynapusaimja;
poOycHa crioeHa

B (perpecucku
koedunuentu: PLS/MLR)

Mai noBp3aH cet 3a pekanuOpanuja/Tpancdep;
MOHEKOTaIll MOKHO U 0e3 OBP3aHU CTaHAapAN
(CO TOTIONHUTETHH

(koedunmeHTH) (amru. robust fused) MPETIOCTABKH/OTPAHUYYBamba).
L1-perynmapuzammja
IpucnocodyBame Ha  Mamnupame/kanmuoparuja  SBC (HakioH + ¥ (Manupame Ha Mau 6poj mpumeponu co pedepeHTHA

NpeIBUyBamb-aTa Ha Npe/IBUIyBamba OTCTaIyBame), CaMo CeKyH/IapHH BPEIHOCTH 3a TpaHchep; He € HyKHO Jia ce
HAaKJIOH, CaMO Npe/IBUIyBamka KOH TIOBP3aHU CIIEKTPHUTE KOra TpaHC(epoT ce
OTCTaIyBambe, pedepeHTHN) NpaBM caMoO Ha HHUBO Ha MPEIBHIYBakba.
NAS-KOHTPOJHU KapTH

PoOycHo I'moGanHu MoaeH, MSC/SNV/u3Bou, He e metop 3a Tpancdep l'onem, penpe3eHTaTHBEH KaTUOPAIUCKU CET

MoieJMpame MPETIPOLECUPASE, ceJieKIIMja Ha OpaHOBH cam 1o cebe; ce rpaau mTo ja ondaka BapujanmjaTa (MHHCTPYMEHTH,

celieKiyja Ha Bapujabiu JIOJDKHMHH, Mo/Ie poOyCTeH Ha CepHH, ONIepPaTOpH, MATPHKC, YCIOBH).

CARS/Double-CARS, OuYeKyBaHaTa
PARAFAC HHCTpYMEHTAaTHA/

MPOLIECHA BapHjaHca

Be3 crangapau/
Apanranmja Ha
JoMeH 0e3 puznukn
cTaHaapan

OpTOrOHAIHYU MPOEKINH/
yueme Ha IOTIIPOCTOPOT
W Ha

HETIPOMEHJINBUOT JIOMEH

EPO, OSC, PLSCT (PLS
motmpoctop CT), OSR,
PFCE, LMIR; yueme Ha
TparcdepoT

[mmabox CT

X WU 3a€IHUYKU
MOTIIPOCTOP

J103BOJIEHN ce HEMOBP3aHH 10JIATOLN; MAJIKY
WM BOOMIITO O3 cTaHgap/au 3a TpaHcgep.

3abenewxa: X = mampuya na cnexmpu; f§ = peepecucku Koepuyuenmu Ha Mooerom, ¥ = npedeuoenu peoHOCmuU.



COOZBETHOTO TMPETIPOIECHPAke M IOTCHIHUPAakhe Ha CUTHAJIWTE INTO ja 3adyByBaaT
peneBaHTHaTa MHGQOPMATHBHA CTPYKTYypa, BO KOMOWHAIMja CO CTpATerHH 3a KajauOpariuja,
TpaHchep W 3a OJApKyBamke Ha KamuOpalmjarta, OBO3MOXKYyBaaT KapaKTEPUCTHKHTE Ha
MOJICJIUTE Ja OCTaHAT CTAOWIHM MpH yrnorpeba Ha Pa3IMYHU COHJIU, UHCTPYMEHTH M Ha
pasnuunu nporecHu cpeaunu. Cenak, rosem aen ox NIR-/PAT-mureparypara ja Tpetupa
NIR-ciekTpockonujaTa MpeTeKHO Kako ,,I[pHa KyTHja* 3a eMrnupucku PLS-kanmuGparuu, co
OTPaHUYEHO pa3riieqyBamkbe Ha (U3UYKHUTE NPUIOHECH BO CIIEKTpUTE, 0€3 CHCTEMAaTCKO
pa3ABOjyBambe Ha XEMHUCKUTE M Ha (HU3MYKUTE (PaKTOpH M O€3 MOJENU IITO MPEIBUIYBaaT
noseke CQA KOHMIITO ce BaTUAMPAHH M MPEHOCTUBY Mel'y pasindHu IPOECHH oneparuu.
464830 Opoj jaz momery Teoperckmor moteHnmjan Ha NIR Bo mudysHaTa peduekcuja u
HAQUMHOT Ha KOj HajuecTo ce NpUMEHyBa BO IpaKTHKAaTa ja HMCTaKHyBa MoTpedata o
MOMHTETPHpaHa paMKa, BOjAEHA O] (HU3MYKO pa3dupame Ha CUTHAJIOT M OJf PEryJaTOpHO
yCOTJlaceHa XeMOMETPHUCKA PAMKA.

Honomnuurenno, peuncu cure PAT-ctyaun Bo nurepaTryparta ce 0a3upaar Ha (GUIMOBH CO
TiO:, kajge WTO TUTAHUYM JTUOKCHUAOT 00e30eayBa rojieMa HEIPOBUIHOCT U CHJICH ONTHYKU
KOHTpACT. 32 HOBUTE (huiMoBH Kou He coapxar TiO2 1 Kou ONTHYKU M (PU3NIKO-XEMHUCKH Ce
MHory paznuyau (PVA-matpuxcu co tank, CaCOs, xene30 OKCUIH U Cil.), JOCTAllHU CE CaMO
orpaHuueH Opoj MPHUMEpPH M MPETSIKHO METONONOWKH cTyauu. Ilpuroa Hemoctacysa: (i)
cucremarcko FT-NIR-monemupame Ha cuctemu 6e3 TiO:z, (ii) HCTOBpEMEHO MOJEIUpPABHE HA
reomerpucku u Ha ontuuku CQAs (nedenuna + CIELAB-napametpn), (iil) netanHa aHamuza
KaKO pacejyBameTo M BUOpamuckute JeHTH Bo (punmoBu 6e3 TiO: Biujaar Ha n300poT Ha
OpaHOBH OpOEBU, PETIIPOLIECUPALE U HA M300POT HAa MOZEI.

3a KOMIIakTHpame co Badjauu noctojar noeke NIR-ctyauu, HO M Tyka JOMUHHpaaT
OTpaHUYEHHU CIIEHapHja: TECeH OICer Ha MPOLECHH MapaMeTpd HUCHUTYBaHM Ha
MOHOKOMITOHEHTHH cucteMu, hokyc Ha exen CQA, a peTko ce 00paboTysa: (i) MOBp3yBamkETO
Ha NIR-CHrHAIOT HHU3 LETUOT CHHIIUP O] KOMITAaKTHPaHa JICHTa — TpaHynaTr — Tabneru, (ii)
CHUCTEMATCKH €KCIIEPUMEHTAIIHO AM3ajHUPAHU CETOBHU 3a KaJIMOpalyja KOMILTO ja MOKpUBaaT
OYEeKyBaHaTa MMPOLECHAa BapHjaOMIIHOCT, (iil) MPEHOCINBOCT Ha MOJIEINTE KOH JAPYTH CEPHH,
JIOKAI[MK WM MHCTPYMEHTH 1 (V) HHTerpaluja Ha KOMIIAaKTHPAbETO CO BAJ[jald BO MOIIUPOKA
PAT-ctpareruja 3a uspctu GopmH.

OBaa Te3a mpeTcTaByBa CHCTEMAaTcKu oOWA Ja ce o0padoTaT OBHE METOJOJOMIKH U
XEMOMETPHCKH HEJOCTaTOIli M Ja ce JACMOHCTpHpa JeKa MPHUCTAloT 3acHOBAaH Ha
UMHTEepHpeTanMja Ha curHanor, npumeHer npu NIR-oncepBupame Ha pacToT Ha
¢unm-obmorara 6e3 TiO2 1 Ha MOPO3HOCTA TPH KOMITAKTUPAHETO CO Bajjalld Ha TaOJIETH CO
Mmatpukc o1l Mmerpopmun-HPMC, pesyntupa co poOycHuU, TPEHOCIUBYA MOJIENIN KOHUIITO CE BO
cormacHoCT co PAT-/QbD-mpuHIMOUTe M MpHIOHECYBaaT 3a MOAIa00KO pa3duparse Ha
nporecoT. Bo pamkure Ha oBaa Te3a: (i) ce pa3BMBAa M EKCIIEPUMEHTAIHO c€ MOTBPAYyBa
FT-NIR-pamka 3a onicepBupame ¢punmosu 6e3 Ti02, BO yClI0BH KaJie IITO ONTHYKUTE CBOJCTBA
U pacejyBambeTo 3HAYMTEIHO Ce pa3iiMKyBaaT oj KiacuuHute obioru co TiO:, u (i) ce
BocrioctaByBa DoE-0azupaHa XxeMOMeTpHCKa CTpaTerrja 3a Mpolec Ha KOMITAKTHPAame CO
BaJjalld, KaJie IITO NOPO3HOCTa Ha KOMIIAaKTHpaHaTa JIEHTa ce MOBP3yBa CO LETMOT CUHIIUP Ha
MIPOU3BOJICTBO: KOMIIAKTHPAaHA JIEHTa — TPaHyJu — TaOJeTH.

OB0j 1M3ajH JaBa CUTYPHOCT JIeKa JTOOMEHUTE MOJATOIM T'0 MMOKPUBAAT IIEJIOCHUOT OTCEr Ha
MOPO3HOCT HA KOMITAKTHpaHATa JIGHTA, PEJIeBaHTEH 3a MPOYy4YyBame Ha CBOjCTBAaTa Ha

TabJeTUTe BO MOHaTamomHuTe $a3u U 3a pa3Boj Ha npeasuaauBu NIR-mMonenn 3a mokpaj
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[IPOM3BOJICTBEHATA JIMHUja/BO MPOM3BOIcTBeHaTa inHuja (auri. at-line/in-line). Bo cryaujata
3a 00JI0KyBambe, OfHANpe AeHUHUPAHUTe HHTEPBAIM HA 3eMame MPUMEPOIH TU ordaruja
KIyuyHuTe (ha3d Ha PacTOT Ha (PUIMOT, OCHIYPYBajKd JeKa CIIEKTPAJHHUTE IOJATOU TO
COJZIPKAT PEJIEBAHTHHOT JIeJT OJ] IPOIIECOT BAXKEH 3a Iporpecujara Ha popmuparme Ha obiorara
U 3a OJpelyBarbe Ha KpajHara Touka. /lebenruara Ha GUIMOT, H3MepeHa JAeCTPYKTHBHO CO
MHUKPOCKOIICKO Mepeme Aedennna, u Bpeanocta a* Ha CIELAB, nobuena HeiecTpyKTUBHO CO
CKeHep, 0ea KOPUCTEHH Kako pe(epeHTHH Meperha KOMIITO MOXAaT Jia Ce WHTEpPIPETUpAar,
OBO3MOYKYBajKH KBAHTUTATUBHO MOJICIHPALE U JCTEKIIMja HA KpajHATa TOYKA HA MPOIECOT.

I'maBHaTa 1ies Ha OBOj TPYA € Ja ce pa3Bujat u eBaayupaat NIR-PAT-moznenu, 3acHOBaHH Ha
WHTEpIpeTalrja Ha CUTHAJIOT, HAMEHETH 3a CJICJICHE Ha TOPO3HOCTA U Ha pacTOT Ha obJioraTa
BO IMPOM3BOJACTBOTO HAa IIBPCTH OPAIHH JO3MpPaHU (OPMHU O] MPAIICCTH MaTEPUjaH, BO
pPaMKHTE Ha KOHIIENTOT 3a YKUBOTEH IIUKITYC Ha MOJIETIOT M 3a KBAIUTET mpeKy koHTposa (QbC).
CrenuduyunuTe 11eu Ha qucepranujara ce: (i) aa ce passue u na ce Banuaupa FT-NIR-momzen
3a ¢unm-o6noru 6e3 TiO: kojmTO UCTOBpEMEHO T omndaka reoMeTpucKkuTe (nedenuHa) u
ontuukute CQAs (CIELAB — a*), (ii) ma ce pasBujar u na ce Bamuaupaatr NIR-monmenn
O0asupanu Ha DoE 3a mporiecor Ha KOMIIAKTHpame CO Bajjall, KOWIITO ja TOBP3yBaar
MMOPO3HOCTA Ha KOMITAKTHpaHaTa JICHTA CO CBOjCTBAaTa Ha IPAHyJIATOT U HA TabneTuTe U (iii) 1a
ce JEMOHCTpHpa Jieka YHH(HIMpaH XEMOMETPHCKH pabOTeH TeK BOJCH OJ (PU3UYKOTO
pa30uparme Ha CUTHAIOT MOXe Ja 006e30emu npenocianBu, PAT-/QbD-ycornacenu moienu Bo
JIBE TEXHOJIOIIKY PA3JIMYHU, HO UHIYCTPUCKHU PEJICBAaHTHH ITPOLIECHU OTICPAIIHH.

Jlucepramnujara ce COCTOM O]l JABE EKCIIEPUMEHTAITHN HCTPAXKyBamba, KOU C€ TPE3EHTHPAHH BO
Hapeanure 1Ba aena: (i) FT-NIR-uoodenu 3a npedsuoysarve na napamempume 3a keanumem na
Quimom kaj obnoeu ma mabaemu 6e3 mumanuym ouokcuo u (i1) DOE-6azupano u PAT-
HOOOPACAHO UCPAIICYBATbE HA NPOYECOm HA CY8A 2PAHYIAYUja CO pONep-KOMRAKyuja npu
pazeoj na mabnemu co memepopmun u HPMC, co NIR-mooen 3a npedsudysarve Ha
nopo3Hocma Ha puborume u Kaiuopayucku mparcgep oo at-line 6o in-line meperva.
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1. UICTPAXKYBAIBE 1

FT-NIR-mo0enu 3a npeosuodysarwe na napamempume 3a keanumem na puimom Kaj
00102u Ha madaemu 6e3 MmUmMaHuym OUOKcuo
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1.1. BOBEJl 1 HEJIM HA UCTPAXKYBAIBETO |
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Bo (hapmarieBTCKOTO IPOU3BOICTBO, (PHUIM-00I0)KYBAKHETO C€ MPUMEHYBA 32 OI00pyBakbe Ha
OpPTraHOJENTUYKUTE OCOOMHM, Ha (HU3MUKAaTa M HA XEeMHCKaTa CTaOWIIHOCT Ha IBPCTHTE
(dapmareBTCKu J03upaHd GOpMH M 3a IMOTEHIMjadHa MOAM(HUKAIM]a HA JUCOIYIHUCKHOT
npodun.>! Biujanuero Ha (uIMOBHTE BpP3 MUCONYLHCKUOT HPO(GUI Tpeda Ia ro 3emMeMe
MpEeABU/I U Kaj IpernapaTtuTe co Op30 ocaoboayBame, 0COOCHO TOKOJIKY Tpeda Ja ja 3roJIieMUMe
nebenrHaTa Ha QUIMOT 32 IOCTUTHYBakE Ha CAaKaHUTE LeNH, OUICjKU ce HaMaTyBa HHTPECOT
Ha MEJIMYMOT Ha IMOYETOKOT Ha MPOIECOT Ha JUCOITYIIH]ja, ITO [IOHATaMy BJIMjae BP3 BKYITHATA
Op3uHa Ha JUCONyllMja Kako KpuTHueH atpuOyt Ha kBamuteror (anri. Critical Quality
Attribute — CQA) 3a uBpcrute dapmaneBrcku go3upanu dopmu. Co 1en ga ce obe3denar
KBaJIUTETOT, CUTYpHOCTA M e(huKacHOCTa Ha 00J0KeHHUTE (hapMaeBTCKH JT03UpaHU (OPMH,
EBporckara arennumja 3a nexosu (EMA) uma u3naieHo BOJUYHN 32 HCITUTYBAKE TPOU3BOJIN BO
peanHo BpeMme (3a BpeMe Ha M3BEAyBame Ha MPOIIECOT), BO KOMIITO CE€ HaBEJACHU U Oapamara
3a TIPUMEHATA Ha CIIEKTPOCKOIICKUTE TEXHUKH NPU MOJAHECYBalke HOBHU JIOCHE]ja, KAKO U MIPH
BapHjalliy HAa NOCTOjHMTE mpousBoau.® Passojor na PAT-anatku (PAT — Process analytical
technology) xowmmiro ke 00e30eqaT KOHTHHYHpaH HpOIEC Ha OOJOXKYBambe W COOJBETHA
MpOIleCHa KOHTPOJIA, IITO KE PEe3yITHpa CO KOHCTaHTHA Jie0enHa i cO YHU(POPMEH BU3YEITHO
WJCHTUYCH W3IJIe/, CTaHyBa HEOINXOJCH 3a 00e30elyBame Ha KPUTHYHUTE arpulOyTH Ha
KBaJIUTET HA 00J10KeHUTe (hapMaIeBTCKU 103UpaH GOpMH.>2

Tutannym quoKCHA Haora MIMPOKA MPUMEHA KaKo CPEACTBO 3a HEMIPOBHUIHOCT BO MPOLIECOT Ha
(uIM-00JI0KyBakE U TOj € epUKACEH BO PEIIATUBHO TCHKHU (DMIIMOBH M BO MAJTU KOHIICHTPAITUU
3a MOCTUTHYBamkE€ Ha MOCAKyBaHUOT H3rieA W Ha crabmiHocta. Heomamua, EBporckara
areHIija 3a 06e30eaHOCT Ha xpaHata (anri. European Food Safety Authority — EFSA) ro
IIPOMEHU CBOJOT CTaB 3a TUTAHUYM JAMOKCHJIOT, MPETXOJHO CMETaH 3a CUTYPEH aJUTHUB BO
XpaHarta, MPEeUCIUTYBajKH ja HeroBaTa 0e30€IHOCT KaKo OJATOBOp HAa HOBUTE CTYIUH U Ha
eKCIIEPUMEHTATHUTE pe3yiTaTd 3a MOTeHIHMjanoT Ha uectuukuTe Ha TiO2 3a HUBHA
aKkyMyJianyja BO YOBEUKHOT OpraHW3aM W TOKpaj] HUCKaTa amncopmiuja. PerymaruBata Ha
EBponckara komucuja (EY) 2022/63 ja 3a0panyBa ynorpebata Ha TiO:» Bo XpaHaTa M ja
MOBUKYBa (papMarieBTCKaTa MHIyCTpHja J1a T'M 3a0p3a aKTUBHOCTUTE 3a UCTPAXKyBame U 3a
Pa3Boj CO 1) 3aMeHa Ha THTAHMYM JTHOKCHIOT BO HOBUTE U BO TOCTOjHUTE Tipoussoan.’ o
3abpanara Ha TiO2 3a ymoTtpeba Bo xpanata Bo EY Bo 2022 roamHa u mo kiaysynara 3a
MPEeNCIUTYBakE€ Ha HEroBaTa MpHMEHa Kaj JiekoBuTe, EBporickara komucuja, Bp3 0aza Ha
cryaujara 3a u3BouBocT (auri. feasibility study) na EMA o anpui 2024 roauna, BO aBryct
2025 roauna naae npenopaka aeka TiO: 3acera ce 103BoJyBa 3a ynorpeda BO JIEKOBUTE, HO
HCTOBPEMEHO TH OXpaOpyBa KOHTHHYHPAaHUTE aKTHBHOCTH 33 UCTPAXXKyBambe M 3a pa3Boj Ha
MOJETO Ha M3BOMIMBM anTepHaTuBu.>® M TOKpaj HEOJAMHENIHOTO MOBJIEKYBAHmE Ha
MHUCTIEHETO 32 orpaHudyBame Ha T102 Bo apmaneBTCKUTE IPOM3BOIN, HETOBATa 3a0paHa 3a
ynoTpe6a Bo MPOU3BOIM 32 XpaHa U BO JIOJATOIM BO HCXpaHaTa OCTaHyBa BUCOKO PEJIeBaHTHA.

Mynrudynkiuonanaute arpuOytu Ha TiO2 ja mpaBaT HeroBara 3aMeHa CO €IE€H WJIHU CO
KOMOWHAIHja Ha eKCIUITMEHTH, KaKO KaJIIMyM KapOOHAT, TaJIK, KeJle30 OKCUIH, ITMHK OKCH]I,
KaJlIMyM KapOOHAT/KaIUyM XUaporeH (ocdar, BUCTUHCKH Npeau3BUK.”> dumMosute 6e3
TiO: moxaxyBaar mociada HENMPOBHIHOCT, ITOMajl KOHTPAaCT W HaMaleHa CIIOCOOHOCT 3a
3amTuTa oj GoToerpaalrja uin oj Biara, mopaau To € MOTpeOHO HaHeCyBamwe nojedena
o0BuBKa 011 5 10 8 % 3a J1a TM TTOKa)Ke MOCaKyBaHUTE aTpuOyTH Ha KBaUTET. OBa MpeTcTaByBa
NOTEHIMjaJieH Tpo0jeM 3a OJp)KyBameTo Ha Op3uHaTa Ha JMCOJYLHja BO MOCAKyBaHHUTE
IpaHMIM, IITO JOIMOJHHUTEIHO ja MOTEHLUpa MoTpedara O]l KOHTHHYUpaHa U IpeLu3Ha
KOHTpoJia Ha Je0enrHaTa Ha HAHECEHHOT (MM BO TEKOT Ha MPOIECOT M O KOHTpOJa Ha
kBanuTerot. >’
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3a omcepBalja Ha MPOIECOT Ha OOJIOXKYBakEe U 32 OJpEIyBame Ha KBAJUTETOT HA (PUIM-
o0yorute, 0co0EHO KOra MPUMapHUOT (OKyC € JedennHaTa Ha OOBHMBKAaTa M KOJIUYECTBOTO
MOJIUMEpP HAHECCHO Ha TaOJEeTHUTE jaapa, HAjYecTO Ce NMPHUMEHYBAaaT KOHBCHIIMOHAIHH
Meperma, Kako NMpOMEHa Ha Macarta cO NMPUMEHAa Ha aHAIUTUYKM Baru WM CJICICHE Ha
npoMeHaTa Ha AebenuHaTa Ha (GUIMOT CO TNPHUMEHA HAa ONTHYKA MHKpOCKOmmja.>®
HeunHBa3uBHHTE M €IHOCTABHU MEpEH-a Ha IPOMEHATA Ha MacaTa BO TEKOT Ha 00JI0XKYBamETO
cnabo KopenupaaT co MpoMeHara Ha JeOenrHara Ha (DUIMOT BO TEKOT Ha IMPOILECOT Ha
0010KyBame 1 Oapaar royieM Opoj Mepema 3a Ja ce n30erHe BIUjaHUETO Ha BapHjalijaTa Ha
MacaTa momery Tabnernte.®®? OnTHukata MHKpocKomHMja ce OdeKyBa 1a Jaje IOm06pH
pe3yJiTaTH Kako KalnOpaiucku pe)epeHTeH METO I BO Criopenda co MpoMeHaTa Ha Macara, HO
CellaK ce KapaKTepHu3upa co OrpaHruyBama. Taa € MHBa3UBEH METOJI KOj Oapa JI0JIro BpeMe 3a
NPOJYLUPAhe PEICBAHTHU PE3yJATaTH W JIONOJHHUTEIHO € TMOJUIOKHA Ha TPEHIKH O]
OIEepaTopoT M OJf WHAWBUAyaJIHATA TPUCTPACHOCT BO TNPHUCTAINOT NpU Mepemara. OBue
HEJIOCTATOIM U TPOOJIEMH TNPH Mepemara Ha (UIMOT CO NMpPHMEHAa Ha ONTHYKUOT METO[
JeTyMHO TOTEKHYBaaT M OJ1 MHTepaKIijaTa Ha GHIMOT CO japOTO, KAaKO U O]l OTCYCTBOTO Ha
uaeasHa rpanuna ¢puiaM/jagpo. 3a 1a ce HamalaT HaBeICHUTE MPEAU3BHUIM, MEPEHaTa 4YeCTO
ce m3BemyBaaT of mnoseke aHanuTHuapu.’>®® JlomomHmrenHno, ¢uaM-o6OraTa MOKaXyBa
BapHjaOMITHOCT BO JeOeMHATa TOpaal MHTEP- U WHTPATAOJICTHUTE HEKOH3UCTEHTHOCTH BO
TEKOT Ha IMPOLECOT Ha OOJIOKYBame, KOMIITO HE MOXKAT Jla ce M30erHar mpej c¢ mopaau
npuposiaTa Ha NPOLECOT M IMOpPaad TEXHHUYKUTEC KApaKTEPUCTHKH Ha omnpemara. Opaa
BapHja0MITHOCT CEKaKo ce pedieKTUpa U BO MEeperara Ha JeOeinHaTa Ha (PUIMOT, He3aBUCHO
OJ1 METOJIOT CO KOJILTO CE BPIIK MEPEHETO, HO COCEMaA € MOTPEIIHO Ja CE CMEeTa KaKo Ipelka
Bo Mepemarta.”’ Co men 1a ce Momo6pH OOjeKTHBHOCTA HA aHANM3aTa Ha AeOeIMHATA Ha
(GUIMOT, pa3BUEHH CE COBPEMECHU M HEMHBA3MBHU MHCTPYMEHTAIHH METOJIU CO MOXKHOCT 3a
u3Be0a Ha rojeM Opoj Meperma 3a KpaToK BPEMEHCKH MEPUOJI U CO BUCOK CTETeH Ha HUBHA
MOBTOPIMBOCT. TyKa craraar onTHYkara KoxepeHTHa Tomorpadwuja (auri. optical coherence
tomography — OCT), kojarTo e HajmoroaHa 3a ¢puimMosu o 10 10 60 um63'64, IUHAMHYKaTa
aHanm3a Ha ciuky (amTi. dynamic image analysis)®®, TepaxepuHo mysicHO cHUMame (aHTIL
terahertz pulse imaging — TPI), mpumenyBana 3a GuiMoBH 10 u ToTeHKH of 40 um®®’ y
pedrnekcuckata uWH(QpanpBeHa CHIEKTpPOCKomHja BO Onucko mozapadje co Dypuesu
tpanchopmaruu (FT-NIR).%8

OnTrykaTa MUKPOCKOITH]ja YECTONATH C€ MPUMEHYBa Kako pedepeHTHA 3a BAIMIUPAKE Ha
coBpemenute TexHuku kako FT-NIR, OCT u TPI u nokpaj cute HegocTaTOM KOUIITO Oea
HaBeJICHU OMJIEjKH OBO3MOXKYBa MEPEH-E MPEKY BU3YEIIHA NHCIICKITH]a, J0OPO € BOCTIOCTaBeHa
1 106po Kopenupa co coBpeMennte Texuuku.®’0 JlonmonEuTeNHO, BO TIOCIEIHABA JICIIEHH]a
OmarojapeHrde Ha pa3BOjOT Ha BeINTAayKaTa WHTEIUTCHIMja Ce TPHUMEHYBaaT Pa3IuIHH
MpHUCTalld W TEXHUKH 32 aHAIM3W Ha CIUKMA 32 KOHTpOJa Ha KBAJTUTETOT Ha (PUIM-
00JI0)KYBamETO U 32 CIICACHETO Ha BKYITHHOT MPoIiec Ha (UIMyBame. AHAIIN3aTa Ha CITMKH BO
00ja c¢ ToBeKke Haora MpUMeEHa 3a OJIpe/lyBamke Ha Je0eNHaTa Ha HaHeceHaTa OOBUBKA U 3a
Cliellelhe Ha Mporpecrjata Ha OOBMBKATa 3a BpEeME Ha MPOIECOT Ha (UIMyBame jaapa co
o6oeru puamosn.’® Mypusbo u copabOTHHIIUTE' * MOKaXKase eKa M3TIe0T ¥ HHTEH3HTETOT
Ha 0ojaTa Ha TaOJETUTE MPEIBUIITUBO M CO EKCTIOHEHIIN]aJIeH TeK Ce MEHYBa CO TIporpecujaTa
Ha QUIMOT 3a BpeMe Ha IMPOLeCOT Ha 00JI0KYBakE, MO MITO ACUMIITOTUYHO C€ CTa0MIN3Upa
CO TTOHATAMOIITHA IPOMEHA Ha KOHIIEHTPaIlMjaTa Ha KOMIIOHEHTHTe Ha (rMoT. * TTopau oBa,
MOJXKE Jla ce MPUMEHYBaaT HEKOU O] eleMeHTuTe Ha cuctemor 3a 6ou CIELAB (mommpoko
3HAYCHEC — HUjaHCa) 3a J1a Ce CJIEIU €BOIylHjaTa Ha 0ojaTa, KBAIMTETOT Ha O0JI0KYBAbETO,
KaKo u AebenunaTa Ha GUIM-00BUBKATA HA HEMHBA3HBEH HAYMH. 1'% X eMICKNUTE KOMITOHEHTH
KOWIIITO JOBEayBaaT 110 BapujanuMja Bo Oojara amcopompaar Bo NIR-pernonor, mro
€BEHTYaJIHO PE3yJITUpa CO KOopejamuja momery eBoiylidjaTa Ha 0ojaTa W arcopriyjata BO
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OIMCKOTO MH(PALpPBEHO Moapayje. 3eMajKu ro MpeABU MPETXOJHO PEYEHOTO, MOXKEME Ja
kakeMme nexa NIR-crekTpockomnujara MoXe J1a ce MpUMEHYBa 3a IeJI0CHA B 32 BEPOJIOCTOjHA
aHajM3a Ha Tmporpecujata Ha GUIM-OOBUBKHTE 3a (apMmaleBTCKa arudkaiuja. HMako
BpenHocTuTe Kako mnpomeHa Ha ToHoT u CIELAB-mapamerpuTe ce mnpuMeHyBaar 3a
npelBUlyBambe Ha JeOeIrMHaTa Ha HAHECEHHOT (PUIM M 3a Clie[ielheé Ha €BOJylHMjaTa Ha
IpoIecoT Ha (HUIM-00I0XKYBameTo /2, BO IHMTepaTypara He Ceé NPUCYTHHM MOJATOIHU 3a
kopenanujata Ha NIR-cnektpanmnara wuHdopmarnuja co CIELAB-napamerputre Kako
HEWHBa3MBHA pe)epeHTHA TEXHUKA 32 CJICJCHE Ha MPOrpecHjaTa Ha (PUIM-00JI0)KYBakHETO CO
(dbunMm-o60TH 6€3 TUTAHUYM JTUOKCHUI.

3aMajKku To ceTo 0Ba MPEABH/I, 11T HA HCTPAXYBaKETO MPETCTaByBa Pa3BOjOT U BAIMIAIIM]jaTa
Ha MyJTHBapHujaHTHU MoJienu Oazupanu Ha FT-NIR 3a cieneme Ha nebenrHaTa Ha HaHECEHATa
obora Bo TeKOT Ha (uiMyBame Tabnern co obmora 6e3 TiO: (Opadry® TF), xopucrejkn
objektuBHH pedepeHTHH MeToau 3a KamuoOparuja Ha FT-NIR-mMoxenu co ompemyBame Ha
nebenrHaTa Ha GUIMOT M CO KOJIOPUMETPHUCKH MTapaMeTpH.

Bo TexoT Ha oBa uCTpaxyBame Ke ce eBalyupa MokHOocTa 3a npumeHata Ha FT-NIR-
criekTpockonujara kako PAT-anaTka 3a KBaHTH(UKyBamkbe Ha HANPEJOKOT Ha MPOLECOT Ha
buIM-00JI0KYBambETO U 3a OJpeAyBame Ha KpajHaTa TOYKa Ha (HIMYBAamETO TabJIETH CO
¢um 6e3 TiO:, nmpexy mojaenupame Ha Bpckara momery NIR-cmekrpute, neGenmmnara Ha
¢dbuamor u mapamerapor a* ma CIELAB.

3a ocTBapyBame Ha OBaa IIeJl, UCTPAKYBAHETO € HACOYCHO KOH CIICAHUTE MOTICIIH:

e (OOnoxyBame TabnetHu jaapa co ¢uimoBu 6e3 TiO: M cuctemMarcko 3eMame
MIPUMEPOLIH OJ] TabJIETUTE TIPHU Pa3IMYHU HUBOA Ha (PUIM-O0JI0KYBakEe, PEICBAaHTHU
3a Ccleleme Ha MpOLEecoT W 3a OJpeldyBame Ha KpajHara TOukKa Ha (QHIM-
00J105KYBambETO.

o Pa3BuBame pedepeHTHHM METOAM 3a KapakTepu3alllja Ha HalpeloKoT Ha (UIM-
00J105KyBambETO:

o Mepeme Ha JebennHaTa Ha (puaIM-oOBMBKAaTa CO ONTHYKAa MUKPOCKOIHja Kako
JeCTPYKTUBEH KAINOPAIMICKH METO/T,

o oOIpenenyBamke Ha MapamMeTrapoT a* oa KOJIOPUMETPUCKHOT MpPOCTOp Ha
CIELAB, no0ueH co CckeHUpame Ha TaOJIeTHTE, Kako eIHOCTaBEH
HE/IECTPYKTHBEH pedepeHTeH MapaMeTap 3a Mporpec Ha MpouecoT Ha (GUIM-
00JI0’)KYBambETO.

e Cuumame FT-NIR-cnekTpn Ha WHAMBHUIYalTHH TaOJIETH CO pa3IMYHU HUBOA Ha
00JI0’KEHOCT ¥ HUBHA 00paboTKa cO MpUMEHa Ha MYJITHBapUjaHTHU TEXHUKU Oe3 Y-
Bapujabna (PCA) 3a:

o Ja ce OmuIIe BaphjaObMIHOCTa BO CIIEKTPHUTE MOBP3aHA CO PAacTOT Ha (PUIM-
OOBMBKAaTa, Kako M JPYrHT€ MPOMEHHM KOHIUTO KOMIUIEMEHTApHO IO
noobjacHyBaaT IMpouecoT Ha (UIM-00JI0KYyBawkeTo (Mp. MPOMEHU BO
KOJIMYMHATA BJIara);

o Ja ce WACHTU(UKYBAAaT CHEKTPAIHUTE PETHOHW W allCOPIIHCKUATE JICHTH
KOMIILITO C€ KAPAKTEPUCTUIHU 32 KOMIIOHEHTHTE Ha GHIIMOT U 32 HAMAITyBambETO
Ha CUTHAJIOT OJI JaJIpOTO.

e Pa3Boj um Bamumanumja Ha MynaTHBapujaHTHH perpecuckun OPLS-momenn 3a
npeaBuayBamkbe Ha qedennHara Ha Guam-oOBuBKarta (Um):
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o CO NPUMEHA Ha Pe3yJITATHTE O] KOJIOPUMETPHCKATa TEXHUKA M Ha MTapaMeTapoT
a* og mpocropor Ha CIELAB, xako u Ha pe3ynTature 01 MHKPOCKOIICKATa
TEXHUKA,

o co cmopenda Ha KapaKTEpUCTHKHTE Ha MOJEIUTE IOOMEHHU OJf CypOBHTE
CIIEKTPH | OJ1 IIpeTiporecupanute crektpu (mps u3sox u MSC);

o CO aHauM3a Ha ONTOBApyBamaTa M HA PETPECUCKUTE KOS(DUIMEHTH
(PCA/OPLS) co nen aa ce uneHTuGuKyBaaT Haj3HAYaJHUTE OPaHOBH JTODKHMHHU
MOBpP3aHU CO pacToT Ha (GWIMOT M Jla C€ HalpaBH HHUBHA cropenda co
pPETMOHUTE OJIPEJICHH TPU aHalM3aTa 3acHOBaHA Ha (yHIAMEHTAIHO
no3HaBame Ha NIR-criekTpockonujara.

[TporieHka Ha COOBETHOCTA HA MMapaMeTapoT a* Kako HEJIeCTPYKTHUBHA IMOSTHOCTABHA
1 1obp3a pedepeHTHa KaIMOpaIcKka TEXHUKA 3a CIIeeHhe Ha TEKOT Ha MPOIeCcOT Ha
buIM-0010KyBalkeTO W TpuUOUpame pelieBaHTHU HayyHH Jokazu jgeka FT-NIR-
MOJICTIUTE, KATHOpHpaHu co Je0ennHa Ha GUIMOT U o a*, MOXKar Ja Ougar podycHu
Y UHTEPIIPETALUCKH.
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1.2. EKCIIEPUMEHTAJIEH JIEJI
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1.2.1. MaTepujaju u MeTOIH

1.2.1.1. Mamepujanu

CocraB Ha TabJeTHOTO jaapo: MUKpokpucTainHa 1emyno3a (Avicel PH 102, Du Pont, CAJI),
0e3Bogen aBoOazen aukamuym ¢ocdar (Di-CAFOS a 60 Bynenxajm, I'epmanuja),
konoBuoH (Kollidon VA 64 BASF, I'epmanuja), kpockapmesosa Harpuym (AC-Di-Sik, Du
Pont), anxuapuuna komouaHa cuuka (Aerosil 200, Evonik, I'epmanunja), Marae3uym creapar
(FACI S.p.A. — Carascp GE — Uranuja)

Cuctem 3a puam-0010kKyBame: Guam-ooora 6e3 TiO2 6asupaHa Ha IMOJIUBUHUIT ATKOXOJ —
PVA (zamtureHa ¢opmyiia KOjalITo C€ COCTOM OJ ACIyMHO Xuaponusupan PVA, Taik,
nonuerwien raukon 3350 (PEG 3350), xkene3o okcuan, kot u upser; Colorcon, OK).

1.2.1.2. Iloozomoeka na mabdaremuu jaopa

[IpenmemaBuna: anxuapuuHaTa KoiougHa cwiuka (1,25 %) Oemie mnpomeriaHa co
MHUKpOKpHUcTaiHa nenynosa (3,75 %) o Aeromatic Fielder PMA 300 (GEA, I'epmanuja),
MellaiKa co BUCOKa CMOJIKHYBauKa cuiia (BpeMe Ha Melame: | MuHyTa; Op3uHa Ha IJIaBHATA
Mmenranka: 150 poranuu Bo MmuHyTa). TabneTHoTOo Mmanedo-jagpo Oelie MOAroTBEHO CO CYBO
MeIIamke Ha TPEeIMEIIaBUHATA H CO OCTATOKOT Ha CKCIIMITMEHTHTE: MUKPOKPUCTAITHA TIeITyJ103a
(60 %), nBoGazen anxuapuueH kaauuyMm docdar (30 %), konosumon (1 %), kpockapmenosa
HatpuyM (2 %), Bo Tek Ha 4 munHyTH. [loToa Oemie momamen MmarHesuyM creapar (2 %) u
MellaH 2 MUHYTH cO Op3MHa Ha rilaBHaTa memanka o 130 poranuu Bo MUHYTA.
[Tname6o-cmecara Oerre TabieTHpaHa co MPUMEHa Ha MamiuHa 3a Tabnetupame Fette 2090 |
(Fette Compactiong GmbH, I'epmanwuja). Creaute mapamerpu 0ea IpUMEHETH 3a MOATOTOBKA
Ha OMKOHBEKCHU TaOJICTHH jajipa co aujamerap oa 8 mm u co maca ox 200 mg + 5,0 %: cua
Ha npetkommpecuja ox 1,2 KN, cuna va komnpecuja 16,5 KN u 6p3una Ha Tadiaetupame o1 70
000 tbl/h.

1.2.1.3. Ilpouec na oonosxcysare u npoyedypa Ha 3emarse NPUMeEpPOK

Tabnetute 6ea obmoxenu co punm 6e3 TiO2 Bp3 6aza Ha gemyMHO xuaposusupad PVA Bo
nenyMHO niepdopupan 6apadan 3a oonoxysame (Glatt GMPC, X2, Glatt, GmbH, Bunres,
I'epmanuja). TlomHeweTo Ha Oapabanor Oeme 21 Kg. IMTapamerpuTe Ha HHIITONOT Oea:
JTUjaMeTap Ha pcKayikara: 1,2 mm; mpuTHCOK Ha BO3IyX 3a aToMu3anuja: 2,0 6apu; mIpUTHCOK
Ha npckameTo: 2,2 KN. TIpumeporute Gea 3eMeHH BO CIICAHUTE TOUKH, CIIOPE]] KOJTHYECTBOTO
MOTPOIIIeHa CyCIIeH3Hja 3a oonoxysame: 3,6 L; 4,0 L; 4,3 L; 4,7 L. ®unanHara KOJTUYHHA HA
moTporeHara cycnensuja Oeme 4,7 L (uBpctu cyrncTaHmuu Bo cycreHsujata: 24,57 %).
duHaTHOTO 00JI0KYBamke Tpeba 1a oJroBapa Ha 3roJieMyBame Ha TabyieTHaTa Maca o1 9,5 %
(rabema 1).

Tab6ena 1: I[lapamempu na npoyecom Ha Guim-o6104cy8aroe

ITapamerap IIpenzarpesame Ipckame Cymeme Janeme
Buiesen Bozayx (m?/h) 700 700 700 700
TeMnepaTypa Ha BJI€3HHOT

o 70 70 70 30
Bo3ayx (°C)
TeMnepziTypa HA M3JIE3HUOT 45 _ a8 A5 _ a8 40 30
Bo3ayx (°C)
AP Ha 6apab6anor (Pa) -150 -150 -150 -150
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23 2,3 2,3

Bp3una Ha 6apabaHoT (rpm) (10 /60 s; Jog) 16 (10J5/6)0 S; (10JS/6)0 S;
' og og

Bp3uHa Ha npckame (Ml/min) / 50 / /

Bpeme Ha cymeme (Min) / / 5 /

1.2.1.4. FT-NIR-mepemwa u mynmuesapujanmna ananusza

Bea canmenn 240 tabnern co npumena Ha Antapuc |1 FT-NIR (o1 4000 cm™ zo 10 000 cm™;
4 nm pesonyuuja; OMNIC; Thermo Fisher Scientific, CA/I; Bnaknecto-ontruyka conia SablR
BO pexuM Ha audy3Ha pediekcuja) u 6ea KOpUCTEHH Kako KanuOpanucku cetT. Criektpute 6ea
CHUMEHM BO KOHTposMpaHa cpenuHa (temmeparypa u Bnara). FT-NIR-conmara Oeme
BHUMATEJIHO TMOCTaBEHA M IPEJ CEKOE CHUMambe Oellle HANPaBEHO CKCHUPAEe Ha 33 HUHATA
(co 1ern 1a ce MUHUMH3HPa OTCTAITyBakbETO HA HHCTPYMEHTOT).

CnekTtpure Oea BH3yadM3HpaHd cO mnpuMeHa Ha Spectragryph 1.2. Bemie HampaBeHa
MyIlTUBapHjaHTHA aHanu3a co momour Ha SIMCA 14.1. Mogaenute 6ea eKCTepHO BaluAUpPaHU
npeky cHuMame Ha 80 Tabjerm KoMINTO He Oea BKIYYEHH BO CETOT 3a pa3BOj U 3a
onTHMHM3aIKja Ha MozenoT. R2X e KyMymaTuBHaTa objacHeTa BapHjaHCa BO X-MaTpHIIaTa
(He3aBHCHM BapHjabmu Bo Mozenute). RZX ce mpuMeHyBa Kako €[eH O MHIMKATOPHUTE
KOHUIITO MOKAaT J1a ja omndarat Bapujanujara Bo X-MoAaToUTe:

Rp =1 - 20 ()
X(xi—%)
o xi: Buctunckara BPEAHOCT Ha IIPOMCHJIMBATa | BO OPUTUHAIIHUOT CE€T OO MMOAATOLH.
e X;: [IpenBuaeHara BpeJHOCT HA X;.
e X: CpesmHa Bpe[HOCT Ha IPOMCHIINBATA X;.
e Y (x; —%;)% PesumyanHara cyma Ha pasiMKHTE Ha KBaJpaTHTE.

)
e Y (x; —X)“: BkymHara cyma Ha pa3JIMKHATE Ha KBaIPATHTE.

RMSEE (xkBagpareH KOpeH O] CpelHara KBaJpaTHa rpelIka O] HPOICHKaTa) ja MepH
pasnukara noMery BpeHOCTUTE JIOCTAITHU Ha MOJIENIOT U MPEABUICHUTE BPETHOCTH 3a BpeMe
Ha ¢a3aTa Ha ucnutyBame. [Tonucknor RMSEE e nnaukatuBeH 3a mogo0po BKIIOyBamke Ha
MOJIEJIOT Ha MOAATOLIUTE KOUIITO C€ KOPUCTAT 3a KalnuOparyja.

RMSEE = \/%Z?:l i — 9:)? (2)

e ;. Buctunckara u3mMepeHa BpeIHOCT.
e ¥, Bpennocra mpenBueHa o MOJEIOT.
e n: bpoj onceprarumu.

RMSEcv (kBagpaTeH KOpeH O cpeaHaTa KBajJpaTHA Ipellka Of BKPCTEHATa BajlHallfja) €
RMSEE mpecmeran 3a BpeMe Ha BKPCTeHAa Baimjpandja. BkpcTeHa Baimmganuja Oerre
HalpaBeHa CO M30CTaByBame elcH npuMepok (anri. leave one out — LOOcV;), mro moxe aa
Oulie TIOBOJHO 3a MPHUMEHA Ha CETOBW O IMOJATOIM CO CpeAHa rojemuHa. bemie oxbpana
LOOcv nopaau criocoOHOCTa Ha OBaa TEXHUKA J1a a/ie KOH3UCTEHTHA MPOIIEHKA Ha rpelKara
3a pa3IMYHU FOJIEMUHH HA CETOBU OJ1 ITOJIATOIIH, TIPABEjKU ja COOBETHA 33 MOJIEIIN KOHIITO Ce
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BO Pa3Bo0j, BCYIIHOCT € MTOroJIHA 332 padoTa cO MOMaIH CETOBH OJ1 IOJATOIH 33 peKanuopanuja.
beme ymoTrpebeH ekcTepeH ceT O] MOJaTOlM 3a Ja ce H30erHe MpeleHyBame Ha
MPEIBUIIINBATA CIOCOOHOCT Ha MOJIEJIOT, IITO MOJKE JIa CE jaBH NMPH BKPCTEHATA BaMAaIHja.
RMSEP (kBagpateH KOpeH Of Cpe/iHa KBaapaTHa IPEIKa O MPeIBUAYBAETO) ja 0OjacHyBa
pasnukara moMmery M3MEpPEHHUTE W TPEIBUACHUTE BPEIHOCTH BO CETOT 3a INPE/IBHYBAEC.
RMSEP 6emre mpuMeHeT 3a 1a ce oApenn BaJIMIHOCTA HA WCIUTYBAHETO HAa MOJCJIOT U Ha
BKpCTEHAaTa BaJMIalyja.

1.2.15. Pecpepenmnu meperva
CIELAB-mepera, mabnemu

CIELAB-npoctopot u HeroBara JlekapToBa koopJuHaTa a* 6ea ynorpebenu 3a Kaiaubpariuja
Ha FT-NIR-momenor. Meronor 3a ckeHupame TadyeTu Oelie CIPOBEACH CIOPEI METO/I
Jl0CTaneH Bo IUTepaTypara’2, kaje IITo e IpuMeHeT ckeHep (3a GoTorpadun) 3a Mepermhe MUHH
TabJleTH M ¢ HajJcHa Kopenaiyja momery BpeaHocTa Ha HujaHcata (anri. hue; HSV color
system) u nebGenunara Ha ¢uimor. beme npumener ckenep, CanoScan 9000 F Mark 11 (48-
OoutHa nnabouynHa Ha OOMTE M UCKIY4YEHH OMIIMU 32 KOpeKIrja Ha 0ojaTa), Co pe3oiyiuja of
600 dpi 3a 1a ce 3a0eneKu BaprjabMIHOCTA HA pa3arKara Ha 6ojara momery pa3IHyHH HUBOA
Ha punMyBame.’> OBOj METO/ ce MOKaXka JOBOJIHO TOYEH Ja IO JAETEKTHpPA 3rONeMyBauKHOT
TpeHJ Ha JeOeirHaTa Ha (QUIMOT TOMel'y HHMBOAaTa Ha OOJIOKYBame, 3e€MajKud TO MPEIBU]L
yHH(DOPMHHUOT U3BOP HA CBETIMHA, FOJIEMHUOT CIIEKTap Ha OOU KOJIITO € CHUMEH U (PUKCHUOT
aroJi/mo3uiMjaTa Ha KojamTo Tabierute Oea cHuMeHH. TabeTuTe 3a BpeMe Ha CeKOe MEperme
Oea mocTaByBaHM Ha HCTaTa IMO3WIMja HAa CKEHUpadyKaTa TOBpIIMHA Ha ckeHepoT. RGB-
napametpute 6ea nperBopenu Bo CIELAB co npumena Ha Fiji/lmagel u Gere exctpaxupana
Bpennocta a*.’* TIpecmeranara AE-BpeHOCT moMery HajBHCOKHTE M HAjHUCKHMTE HHBOA Ha
00J10KyBame (HaJHUCKOTO HUBO Oellle MPUMEHETO Kako pedepeHTHa 00ja) MHIUIUpALIE IeKa
CHUCTEMOT TOYHO MOXKE Jla TH JETEKTHpa MAJIHUTE pa3uku Bo Oojata. AE-BpeaHocTta Oemre 9,
IITO € WHIUKATHBHO JIEKa CUCTEMOT YCIENIHO T'H JIETEPMUHHpA MaJIUTe Pa3uKh BO OojaTa
nomery HHUBoara Ha (uiamyBame. I[loHaTamy, CKeHMpaHUTE CIMKM Oea W3BeAyBaHU
MOCJIEAOBATEIHO (€IHO IO IPYro) CO IeN Ja ce u30erHar MOTEHIINjaIHH HETOYHOCTH TTOPaIn
MIPOMEHH BO YCJIOBHUTE BO OKOJIMHATA WM TOpaaM JAETpajalrja Ha olpeMaTra cO TEKOT Ha
Bpemeto. EBonyijata Ha 6ojara (ciuka 1) onroapa co npeTxoHO 00jaBeHHUTE TapaMeTpH 3a
60ja Ha 060eHHTe TabIETH BO JIUTEpaTypaTa.’*

36L | 40L | 43L | 4,7L

Crnuxka 1: Pa3znuka Bo Oojata Ha cirydajHO H30paHU TaOlIeTH NMPH pa3IudIHA HUBOA Ha (UIM-00JI0KYBambe
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Mepere oeberuna na guim

dunm-o6m0x)eHuTe TabneTu O6ea UCEYeHH CO MPHMEHA Ha ceKkad Ha TabjeTu (MHKPOTOM CO
¢uHo ceunno). [leOennuara Ha GuaMoT Oelie U3MEpPeHa Co ONTHYKa MUKpockomuja (Stemi
305, Zeiss, I'epmanwuja; codreep Zeiss Zen 3,8; 5 X marHudukaimja), OCUTypPyBajKku ce JeKa
cHuTe TabJIETH c€ CHUMEHHU O] UCT aroi. Jlebenunara Ha puamMot Oerre u3mepeHa Bo MeT TOUKU
ONMCKy 1O amekcoT Ha TalieTuTre, Mo IITO Oelle 3eMeHa mpoceuHa BpeaHocT. M mokpaj
3HAYUTEIHOTO BpeMe U paboTa KoumTo Oea MOTpeOHU, OBOj METOJ C€ IMOKaka TOYEeH 3a
HamuTe aHanu3u. CUTE TPUMEPOIH OJ1 pa3IMYHUTE HUBOA Ha OOJIOKYBame 0ea CHUMEHH CO
FT-NIR (240 tabnetn Bo kanuOparucku ceT U 80 TabieTy BO TecT-ceT) U aeOearHara Ha
¢buiMoT Gerie n3MepeHa Kaj CeKoj MPUMEPOK MOceOHO, KaKo MTO € IPUKaXKaHO Ha CIIMKa 2, CO
e J1a ce 100Me MaKCUMallHa TOYHOCT.

Crnuka 2: [Ipomena Ha aebennHaTa Ha (GHIMOT Ha CIydajHO M30paHu TabimeTu. TabneTuTe ce O Pa3IUUHUTE
HHUBOAa Ha QuiM-o6n0xkyBameTo (3,6 L; 4,0L;4,3L;4,7L).

1.2.1.6. Mepeme 3azy6a npu cyuiere

3ary6ara npu cyierme (LOD) Gerre MepeHa co IOMOIII Ha aHaau3aTop Ha Biara Mettler LP16
(Mettler-Tolledo, 3aBentem, benruja) na mpumepok on 2 g, Ha Temmeparypa ox 105 °C, cé
J0JIeKa MacaTa He OCTaHa KOHCTaHTHA BO TPACHkE O] 5 MHUHYTH.
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1.3. PE3YJITATH U JUCKYCHJA
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1.3.1. Peghepenmnu memoou

bea u30panu nBa pedepeHTHH MeTonu: nedenvHaTa Ha (PUIMOT H3MEpeHa CO ONTHYKA
MHUKPOCKOIH]ja, KaKo JeCTPYKTUBEH pedepenteH meron, u a* ox CIELAB-mpocTopoT, kako
HEJIECTPYKTHUBEH MHAMKATOp Ha Iporpecujara Ha (UIM-00J0XKYyBameTo. BpenHoctute Ha
nebenuHaTa Ha QUIMOT U Ha a* Ha pa3IUYHUTE HUBOA Ha GUIM-00I0KyBamara (3,6 — 4,7 L)
Ce IpPEe3eHTHUPaHU Ha rpa)uKOHOT co JBe Y-0ockH (ciuka 3). 3emMajKu ja mpeaBuj MpUpoaTa
Ha MPOIECOT Ha (PUIM-00JI0KYBAKETO, OYEKyBaHA € BapUjaOMIIHOCT TIOMery TabJeTHTe O
HCTO HABO Ha 00JIOKYBAE, IIITO MOKE JIa CE BUM OJ1 TUCTIep3HjaTa Ha IeOeTMHUTE Ha (UIMOT
BO CE€KOE HUBO Ha 00710KyBame. [ paukoHOT co 1Be Y-0CKH ja MIIycTpHpa U AUCTpUOyLHjaTa
Ha nebennHaTa Ha pUIMOT momery TabJaeTuTe KOUMIITO Oea cilydajHo U30paHH U Mpunaraat BO
pa3IMYHUTE HUBOA HA 00JIOXKYBambe, 10/ICKa HArOPHUOT TPEH]I 32 YETHPHUTE PA3THYHH HUBOA
Ha OOJIOXKYBame ja TOKaXyBa Iporpecujatra Ha OOJIOKYBamETO BO TEKOT HA BPEMETO.
YHupopMHOCTa Ha 00J0XKYBamkETO MEry TaOJETUTE OJ €IHO MCTO HUBO CE 3rojieMyBa CO
BPEMETPACHETO Ha MPOIECOT Ha (UIMYyBame, MTO € IMOKaXaHO CO KoMIapaluja Ha
IUCTpUOYIMUTE HA JieOeIMHaTa Ha (UIMOT BO U OMETry Pa3JIMYHUTE HUBOA Ha (DMIIMYBabe U
Ha KOBapHjaHcaTa moMery JieOeirHara Ha TaOJeTHUTE jaapa Ha ciauka 3. HamanyBameTo Ha
MHTpaTa0JICTHUTE BapHjallly CO MPOrpecHjara Ha GUIMYBAKHETO MPETCTABYBa BaIUIaldja 32
ONTHMAJIHHOT JM3ajH Ha powuecoT. >

knaca (L)
80 %

o
=]
——

o
o
—

Bpoj Ha Tabnetn

10 | "”J‘f \
FAES NN

0,10 0,11 0,12 0,13 0,14 0,15 36L 4,0L 431L 4,7L
OebenuHa Ha dounm (mm) Hirmo na dirv-o6mom ysarse

0,08 0,09

Cnuka 3: 3romeMmyBame Ha MeryraOieTHaTa YHH(OPMHOCT Ha OOJOXYBAaWHETO CO 3rOJeMyBame Ha
BpEMETPACHETO Ha MPOIECOT, MPUKAKAHO MPEKy pacmpesenodaTa Ha AebenrHaTa Ha PHIIM-00JI0TaTa BO PAMKUTE
HA U NoMery pa3juvHUTE HUBOA HA 00JI0KYyBame (JIeBO) U Ha KoeUIIMEHTOT Ha Bapujaiuja (aHri. inter-tablet
CoV) nomery pasnuyHUTEe Ki1acH Ha Tabnetu, mpecMerad kako: CoV_inter = SD (nebennHa Ha ¢uim-obiiorata
3a KJjlaca Ha TabyeTn)/cpenHa BpeaHOCT (nedennHa Ha GrM-ob6oraTa 3a kKjaca Ha Tabyietn) (JecHO), TIPH IITO
OpojoT Ha TabyieTUTE HAa KOWIIITO € U3MepeHa aedenrHarta Ha puiam-o0orarta Mo HUBO/Kiiaca Ha 00JI0KYBamke € n
= 80.

On CIELAB-mapamerpurte, cpeHaTa BpeqHocT Ha L* ce HamairyBa co mporpecujara Ha QuiiM-
00JI0KYBambeTO, Cpe/iHaTa BpeIHOCT Ha D* ocTaHyBa CKOpO KOHCTAaHTHA, J0JIeKa CpeHaTa
BpPEIHOCT Ha a* ce 3rojieMyBa co Iporpecujata Ha (priM-00JI0KyBamkEeTO. 3a BpeMe Ha HaIlTUTe
MpeTMMHHAPHN CTY/IMM M Ha eBallyalldjaTa Ha MPUMEPOIUTE 3a Pa3BOj Ha MPETCTABEHHUOT
Mojien, Oemie MpoHAjIeH odeKyBaH TpeHJ momery pactor Ha a* (CIELAB-Bpemnoct) n
MporpecujaTta Ha MPOIEeCcCOT Ha (PUIM-00I0KyBamke, IMTO € WHIUKATHBHO 32 HEroBa MOXHA
NPUMEHa KaKo eTHOCTAaBEH Mmapamerap 3a kanuopanuja (ciuka 4). Mypuibo U cOpabOTHUIIUTE
ja uMaar HCTpa)XEHO eBOJyIMjaTa Ha OojaTa 3a BpeMe Ha 00JI0KyBameTo BO OapabaH U TU
npumenysaie CIELAB-Bpeanocture 3a na ja cienar yHU(GOPMHOCTa W BapujaOHIHOCTa HA

24



obyiorata, co IeJ Jla Ce yHalpeIud aBTOMAaTH3WpaHaTa KOHTPOJIA Ha IMPOIECOT Ha (UIIM-
obnoxyBame. Tue 3a0enexane JeKka 3roJieMyBameTO Ha a*-BPeIHOCTUTE BO TEKOT Ha
MPOIECOT Ha (PHIM-00JI0KYBAKHETO € WHAMKATUBHO HAa aKyMyJjalujaTa Ha MaTepujaloT 3a
ob1oxyBame. ! [TporpecujaTa KOH HOBHCOKH a*-BPEHOCTH € BO COINIACHOCT CO OUEKYBAHUOT
UCXOJI Ha O0JIOKYBamke Ha TaOJIETHUTE CO MUTMEHT KOJIITO BKIYy4yBa KOMITOHEHTH KOHIITO
MPUIOHECYBaaT 3a MOpTOKajoBa 00ja. Bo HammoT ciydaj, ynmorpedara Ha mapaMeTapoT a* e
orpaBiaHa OHWIEJKM HaNpEeAyBambeTO Ha NPOIECOT Ha (PHUIM-00JI0KYBamHETO, OJHOCHO
3roJIeMyBambeTO Ha JcOenrHaTa Ha (QUIMOT, MPEAM3BHKYBa MPOMEHH BO MHTEH3UTETOT HA
XEMHUCKUTE CUTHAINA O] KOMIIOHEHTUTE Ha PruiMoT Oazupan Ha PVA 6e3 TiO.. ctoBpemeHo,
3roJIEMYBambETO Ha KOJMYECTBOTO MUTMEHTHU, ar€HCH 32 HEPOBHUIHOCT U IPYTH KOMIIOHEHTH
CO TUPEKTHO BIHWjaHHE Bp3 0ojaTa OBEAyBa J0 MO3UTUBHO MOMECTYBAaHkHE HA BPEAHOCTA HA
napametapot a* Bo cuctemMot 3a 6ou CIELAB. Ilepiienuujara va 60jata Bo (hapMareBTCKUTE
(UIMOBH ce MEHYBa CO JcOeIMHATa TOPATU PA3IMKUTE BO allCOPIIIMjaTa KOJjaIlTo € 3aBUCHA
HE CaMO OJi XCMHCKaTa KOMIIO3HIMja Ha (UIMOT TyKy W O] JOJDKMHATa Ha MAaToOT U O]
pacejyBameTo Ha cBeTIMHaTa. Bo momebenu (MIMOBH CO XETEPOTeH COCTAaB PACEjyBambETO
MOXeE J]a TH CMEHU MHTCH3UTETOT U TUCTPUOYIMjaTa Ha paceaHara CBETJIMHA, IITO BiMjac BP3
U3MIIENOT Ha Tadsetute. FIMeHO, 3aKpHBYBamkETO HA CBETJIIMHATA MJIM HEj3MHATa pedpakimja
MOXE Ja TM MPOMEHH WHTECH3UTETOT M JIUCTPUOYyIMjaTa HAa CBETJIMHATA W Jia BJIMjac Ha
nepieniuyjara Ha 00j ara.’’
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Cnuxka 4: JTujarpam co aBe Y-0cku 3a aebennHa Ha GuiM U 3a a*-BpeJHOCTH
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HaxkpaTtko, neprenmujara Ha 60jaTa 3aBUCH O] MOJIEKyJIapHaTa KOMIIO3UIMja Ha (PUIMOT U 0]1
¢bu3nukara CTpyKTypa, BCYIIHOCT O]l TpyOocTa Ha MOBpIIMHATA W OJ] YHH(GOPMHOCTAa Ha
¢unamor. Mako xanuOpanuckuot Mojen omndaka peaaTUBHO TECEH OICer Ha HUBOA Ha (puiMm-
00JI0KyBame, Cernak, JaCHO MOXar Ja ce 3abenexar pa3jiMKH BO BH3YEIHUOT U3IJIE] KakKo
nocieauiia Ha IpoMeHuTe Bo aedenuHarta Ha GuiMoT. OBuE pa3iuKu ce KBaHTU(UKYBaHU
npeky CIELAB-Bpeanoctute (civka 4).

1.3.2. Cnekmpockoncka unmepnpemayuja Ha cuznaiume 00 uHmepec

Cnekrpure Ha GUIM-00J0)KEHUTE TaOJIETH C€ COCTOjaT OJf CUTHAIM O[] TOBEKE IIPOMEHIUBU
KOMILTO IPOM3JIEryBaaT MOpPaJAd XEMHUCKH U (U3UYKH IIPOMEHM 3a BpEeME Ha IMPOLECOT Ha
obnoxyBame. DapmManeBTCKUTe (PUIM-00JOTH C€ XETEPOreH! CMECH O] pa3IdHU XEMUCKU
coeauHeHuja. Tue mnpoayuupaar KOMOMHMpaH CHEKTpaJeH OArOBOP Ha WHLUICHTHATa
CBETJIMHAa BO Onuckara uH(palpBeHa CHEKTpalHa o0nacT, Koj € AepuHHpaH O]l MOBEKe
(U3MYKHM U XeMHCKH KapakTepucTuku. Kako pe3ynraT Ha KOMIUIEKCHOCTA M Ha FOJIEMHUOT Opoj
[OJIATOIH, CIIEKTPUTE CHUMEHHU BO PeXHMM Ha Audy3Ha pediexcuja He ce ceKoraill JMHeapHa
KOMOMHAIMja Ha curHamute o ¢unM-kommonentute.”’ CojcTBaTa Ha Matepwjanor 3a
00JIOKyBambe MOKE J1a TIpeAM3BUKAAT BapHjallja BO Mepemara Ha pediekcujaTa Kojamro e
1OJl BIMjaHUE Ha TOJIEMHHATa Ha YECTUYKHUTE, (opMmara, MHKPOCTPYKypara Ha (UIMOT,
rpybocta, nmeOennHaTa, HEMPOBUAHOCTA, MopdoJiorhjata W Ha TeoMeTpujara Ha
OCBETIyBameTO (€eKTH Ha pacejyBameTo). [Ipuroa MoXke &a ce TeHepupaaT CHEKTPaTHU
MIPOMEHH KOMIITO HE CE MOBP3aHU CO XEMHCKHTE MPOMEHH 32 BpeMe Ha pacToT Ha (HUIMOT.
ITopanu BHaTpemrHata komiiekcHocT Ha FT-NIR-cnekTpure, kako u nmopaau xereporeHure
CMECH KOWIITO C€ CHHUMaaT (MYJITHUKOMIIOHEHTHH (apManeBTCKU (GUIMOBH), CIEKTPUTE
HAjYecTo ce KOMOHMHAIMja Ha IPEKJIONEHH MIMPOKHU JICHTH KOUIITO MOTEKHYBAAT OJ1 HATTOHOBH
¥ on komOuHamucku BuOparmm.’®’® IIlMpokuTe M TPEKIONEHH JEHTH TO OTEKHYBaaT
HA3HAYYBAkETO Ha CHENU()UYHATE CHEKTPATHW KapaKTEepUCTHKH Oe3 TpuMeHa Ha
XEMOMETPHUCKH TeXHUKH Kako PCA, KOMILTO HU 03BOJIyBaat Ja UAECHTU(HUKyBaMe TPEHI0BH
BO CNEKTapoT MOBp3aHM co aTpubyrtute Ha kBamuteT.! Co menm ma rm moBpseme
kapakTepuctukure Ha NIR-criektapoT co cnenuduyHuTe XeMUCKH aTpUOYTH HAa CUCTEMOT, Ce
obumoBMe na TM pa3dbepeMe M JAa I'M Kopelupame Bapujaluure Bo J100po aeduHupanu
cnekTpasiHu  pernoHd. Chnektpute Ha  ¢GWIM-O0JIOKeHUTe TabiaeTH TH  clieAar
KapaKTepUCTUKUTE Ha CHEeKTapoT Ha ¢uinMm-oOBuBKaTa 06e3 TiO: Ha 06a3a Ha JAeTyMHO
xunponuzupad PVA. 3aToa, HajIpBO I'M €BAIyHpaBME CIEKTPATHUTE KapaKTEPUCTUKU Kaj
00JI0)KeHUTE TaOJIETH IITO Ce MOBP3aHH CO HAHECEHHWOT (PMIMCKH CIJI0j, O] MPETHOCTaBKa
neka (OKyCHpameTO Ha OBHME KapaKTEPUCTHUKU MOXKE Jla OBO3MOXH DPa3BOj Ha poOycCTeH
NpeaBUAINB MoJiesl. Moske Ja ce HajaaT ocTap U MHOTY IPOMHHEHTEH MUK U €/1eH c1al MUK
Ha puam-o6iorara 6e3 TiO2 Ha 6a3a Ha PVA Bo permonot 7000 — 7250 cm™ u my npumaraar
Ha IPBHOT (yHIaMeHTalleH HATTOH Ha BHOpanujaTa Ha OH-pacTernyBameTo. ATICOPIIIMCKHOT
muk Ha 7185 cm™ e ocrap u jak, nomexa mukot Ha 7152 cm™ e cmab u Bo crekTapoT Ha huIM-
obnoxxenata Tabnera u Bo puimor 6e3 TiO2 Ha 6a3a na PVA (criuka 5a; cnuka 581). Hekonky
CTyIMH TH O0OjacHMIE OBHME MHKOBH KAaKO KapakTepHUCTHYHH 3a ¢ummosute Opadry.8!
EnuncrBenara kommnonenTa Ha Guiamot 6e3 TiO2 6a3upan Ha PVA K0jITo moka)xyBa MHOTY
jak, mpoMuHeHTeH K Ha 7185 cm™ e tankor.®? IMukor Ha Tamkor Ha 7185 cm™ e onmman
kako HaTToH (2VM(Q3OH) Ha BuOpanuute Ha cTpykTypHHTe OH-rpymnu u e KapakTepusupaH co
nosunuja U co GopmMa HE3aBUCHA O] KOHIIEHTpanujaTta. J|oMOJHUTENHO, YIITE €ICH IHK
KapaKTepUCTUYEH 3a TAJIKOT KOJIITO MOXKE Jla c€ BUAM BO CIEKTapoT Ha (PUIMOT U BO
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CIIEKTapoT Ha GUIM-00JI0KeHHUTE TabneTn ce Haora Ha 7152 cm™ u Moxe 1a ce Ha3HAYH KaKo
2vMg2FeOH (Fe Bo Tankor).®?8 [Tonaramomnara anann3a NOTBPAM AeKa MUKOT Ha 7185 cm”
! pacte co mporpecujata Ha GUIM-00710KyBambETO, IIITO ja HOTBPLYBa HETOBATa IIPHMEHINBOCT
3a Clie/Iehe Ha MPOIIECOT Ha (GHiIM-00JI0KyBarbe (ciuka 6).

SN
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Cnuxka 5: a) Criekrap Ha TankoT (3eneHo) u gunm 6e3 TiO; Ha ocHoBa Ha PVA (cuHo). 6) Criekrap Ha GpuUiIMOT
6e3 TiO; na ocroBa Ha PVA (cuHO) 1 5K0JIT 3Kene30 okcus (3eneno). ¢) Criexrap Ha puiamot 6e3 TiOz Ha ocHOBa
na PVA, taGnetHo jaapo (3eneHo) u Gpuim-065105keHa Tabeta (1pBeHo). McrpeknHaT npaBoarojHuK 1 — muk Ha
7185 cm’l, ncnpexuHaT NpaBoaroiHuK 2 — nuK Ha 4324 cm™? Ha (mIM-o6m0KeHnTe TabneTH M Ha GHIMOT 6e3
TiO; Ha ocHoBa Ha PVA.

Ocsen nukoT Ha 7185 cm™, ymre efeH MpoMHMHEHTEH MUK KOjIITO € crenuduueH 3a
dunmosute G6e3 TiO2 Ha 6aza Ha PVA ce Haora Ha 4324 cm™ u mokaxysa 3ronemyBame Ha
MHTEH3UTETOT CO 3rOJIEMYBamke HAa HUBOTO Ha (HIM-00I0KyBameTo (ciuka 582). Pernonor
4400 — 4200 cm™ (muk Ha 4324 cm™) e penpesenTaTuBen 3a noBeke KOMIOHEHTH HA (DHIIM-
obyorara. Kako mTo e mpercraBeHo Bo Tabena 2, TaJIKOT MOKaxyBa jak u ocrap nuk (OH-
pacrernysame) Ha 4324 ¢cm™.8 JIpyru mukosu Bo 0Boj pernon ce CH-pacternyBamero u CH-
ceutkyBameTo Ha PEG 3350, kako u C-H2 pacrernyBamero n =C-Hz-cBuTkyBameTo Ha 4266
cm™.84 CriextpuTe KoMIITO MpUIOHECYBAaT 32 0BOj MHUPOK MUK, uMeHo PVA, PEG u Tank, ce
npercTaBeHu Ha ciuka 7. Kaj ciukaTta co HeoOpaOoTeHH CIIEKTPU MOKe J1a ce 3a0eNexu aeKa
MOBEKETO THKOBM TIOKa)KyBaaT 3rojieMyBamke 3a BpeMe Ha (QHIM-00JI0KYBAmHETO.
EMHCTBEHHOT PErHOH KOJIITO TIOKAXyBa CIIPOTHBEH TpeHs ce Haora 5290 — 5000 cm™ (co
nuk Ha 5141 cm™) u moske na ce onume kako koMOMHUpaHa JenTa Ha -OH KojaIuTo noTekHyBa
O]l jaIpOTO U OJ1 00JIoraTa U MOKaXKyBa 3r0JIEMYyBambe BO HHTEH3UTETOT MOPan PA3IUKUTE BO
IIpOMeHaTa Ha KOJMYMHATA Ha BOJA 32 BpeMe Ha MPOIIECOT Ha 0010KyBame. 5

[TogaTouute oa TUTEpaTypaTa UHAULKUPAAT Aeka MUKOT og 9000 cm™ 10 10 000 cm™ moxe na
O6une xomOuHanMja Ha (GyHJAMEHTAIHU €JIEKTPOHCKU TPAaH3UIMH, HATTOHOBH M (PU3UYKU U
KpHCTaIOrpa)CKH CBOjCTBA HA MUTMEHTOT E172 (3kene30 oKCu, IPBEH; )KeNe30 OKCUI, KOJIT).
Judy3Hute peaeKCUCKH CIIEKTPH Ha Kele30 OKCHIUTE BO OJMCKOTO HH(pAIPBEHO MOpayje
ce pesylTaT Ha KpUCTaaHaTa TpaHsuiuja Ha Fe3* Bo okTaxempamna u BO TeTpaxeapaiaHa
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koopauHaryja. Hlajaoct u IlIBepTMaH ro oOmWimane MUKOT KAKO TETUT-LEHTPUpaH (aHril.
goethite) ma 1 mm (1000 nm, 6panoBa nomxuna ox 10 000 cm™Y).
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Cnnka 6: Criopei0oa Ha CIIEKTpH O YETUPH HUBOA Ha 00JI0XKYBambe M HA HUBHUTE HajKAPaKTEPUCTUYHU ITHKOBH
KOMIITO CE MEHYBAaT O HUBOTO Ha 0010xKyBame. Keadpam 1 — nux ma 7185 cm™; Keadpam 2 — vk Ha

4324 cm'l; 1 — ro npukaxyBa pacToT Ha MKOT 7185 ¢M? co pasnuuHKUTE HUBOA Ha OOJIOKYBAME;

2 — TO NpUKaXyBa pacToT Ha MUKOT Ha 4324 ¢cm™ co pasnuuHUTE HUBOA HA OBJIOKYBAFBE.
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Cnuka 7: CieKTpY Ha KOMIIOHEHTHUTE Ha (PMIIMOT KOUIITO PUJIOHECYBAaT KoH nuk Ha 4324 cmt
(PVA — upBeno, PEG — cuHO, TaJK — OJITO).
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OBaa mpomena Ha ockata log (1/R) moreknysa ox d-d nmpemunor na Fe(Ill) moBp3an co
cocrojbara “Tig (TunuyHO ce onuurysa Kako ‘Aig — *Tig) u e nmouspaseHa BO CHEKTPUTE HA
xene30 okcuaoT E172 Bo copenda co cmecaTa 3a ¢puiaM-o010KyBamke Ha 06a3za Ha PVA 6e3
TiO.. Ha cnuka 56 e mpukaxkana cropendoara nomery ¢uim-odnorata Ha 6aza Ha PVA 6e3
TiO2 1 )KONTHOT KeNe3eH OKCHI, TOJICKA CIEKTPUTE U Ha JKOJITHOT U Ha IIPBEHUOT MUTMEHT 01
’KeJle30 OKCHJIOT ce MpuKkakanu Ha cruka 8.%° Tomanuot unTensurer Ha ockata log (1/R) kaj
cMmecarta 3a (puiaM-o010xxyBambe Ha 0aza Ha PVA 6e3 TiO2 u kaj ¢pmiM-o0s105keHUTE TablIeTH,
BO criopea0a co MUTMEHTOT O/ »keJie30 okcua Bo peroHoT o 10 000 cm™ o 8000 cm™, Mmoxke
Jla ce TMPUMHILIE HA UHTEPAKIMUTE BO PAMKHUTE HA CMecara OJ OPraHCKH M OJ HEOPTaHCKH
KOMIIOHEHTH BO (uIM-obnorata Ha 6aza Ha PVA 6e3 Ti02.%%® Opue wunrepaxuuu
PE3yATHPAAT CO CIOKEHU e(eKTH BP3 CHEKTPATHUTE KapaKTEPUCTUKU, BEPOjaTHO MEHYBAjKH
r0 MHTCH3UTETOT 10K ockaTa 10g (1/R), kako ¥ MO3MIMUTE HAa IMTMKOBUTE HA HEKOU JICHTH U
noBpIMHUTE N0 cekoj nuk.®® 3HauemeTo Ha 0BOj pernoH, OIHOCHO IpoMeHara Bo ockata log
(1/R) xojamTo moTekHyBa O TpaH3UIMCKHMOT muk ‘Ti1g Ha Fe3* (d-d tpamsuumja), ke Gume
nonojgHuTe HO ucrpakeHa Bo PCA-/OPLS-ananu3ara.

0,45 ‘
0,40 ;

035 |

log (1/R)
o
&

0,05
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Crnuxka 8: [IpexoneHn CeKTpH Ha JKOJT KeJIe3eH OKCH (CHHO) U I[PBEH JKeJIe3eH OKCHJT (3€JIEHO0).

Omnmro3eMeHo0, HATTOHOBUTE U KOMOMHAIIMCKUTE JICHTH Ha CIIOKEHHTE CMECH, Kako IITO Ce
¢buaM-0610THTE, HE CE OJIHECYBAAT €AHOCTABHO U HE MOKAT TMPEKTHO J1a CE MHTEPIPETHPAaT.
Kaj monumepHHTE CMecH ce O4YeKyBaaT BapHjallly BO MO3UIIMUTE HA TTMKOBUTE, TPOMEHU BO
MOBPIIMHATA HA CEKOj MUK W Ha BPEAHOCTUTE Ha arcopmiujata Ha Hekou JeHTH Bo NIR-
cextpute.®’ 3aToa, HEBO3MOXHO € 1Ja ce Jage KOpHCHAa pedepeHIHja 3a eIHOCTABHM
KBaHTHUTATHBHU METO/IM Oa3upaHU Ha BUCHHATA WM HA MOBPIIIMHATA HA TUKOT. JlogenyBameTo
(HaBHanBa}Le Ha CHCKTpa.]'IHI/ITe KapaKTepI/ICTI/IKI/I) aHCOpHHI/ICKI/I JICHTU Ha ITOCAMHCYHUTC
SKCIUMUEHTH o] prMoBHTe Ha 6a3a Ha PV A 6e3 TiO2 (mpukaxanu Bo Tabela 2) He € CeKoraiil
JOBOJIHO 3a JIa CC€ HaHpaBaT KBAHTUTATUBHAU MepeH)a NJIN KBAJINTATUBHHU )II/ICKpI/IMI/IHaHI/II/I.
3aroa, MOHATAMOIIHATA KBAHTHTATHBHA M KBaJMTATHMBHA aHalHW3a Ke OWIaT U3BEIECHU CO
kopucrerse PCA/OPLS 3a na ce uspieuatr uHGOpMAIMUTE O CIEKTPATHUTE MOJATOIM Ha
NIR.%
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Tabena 2: Ha3HaLly6al-b€ HA cCnekmpajiHume Kapakmepucmuku Ha ekxcyunuenmume

Bpanos 0poj PVA PEG Taak Kexeso Bubanorpageka
OKCHIHU eIMHALA
10 000 cm* ‘Tig 8
O-H-
8319 cm-t CBHUTKYBamba 0
WITH
pacTerHyBama
7185 cm! 2vMg30OH 82
7118 cmt 2vMg,FeOH 82
7156 cm! 2vMg,0OH 82
7073 cm™! 2vFe,OH 82
C-H-Bubparmja
6925 cm* Ha o
CBHTKYBamBETO
C=0-
5834 cmt BUOpaNuja Ha o1
pacTerHyBame
Brop u Tper
HatToH Ha CH-
5761 cmt CBUTKYBAE-ETO U 92
Ha CH-
pacTerHyBameTO
5555 cm? %
Bonoponuu
5285 cm* Bpcku Ha PVA 9
co Bozia
5173 cm* OH-cButkyBame 92
Bonoponuu
BPCKH Ha
5150 cm* HOJIMETHIIEH 9
KO-BHHHI
AITKOXOJIT
OH-
4812 cmL pacTernyBame, 84
OH-
CBHUTKYBame
C-H-
434783 ot PACTErHyBame, 94
' C-H-
nedopmanuja
4324 cm™ OH- 8
pacTernyBame
CH-
4331 c¢cm pacTertyBame + %
CH-cButkyBame
C-Ha-
4266 cm-t pacTernyBame 84,95
+ =C-H>-
CBHUTKYBambe
4180 cm™, OH- 92
4054 cm™* pacTerHyBame
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1.3.3. Myamueapujanmna ananusa
1.3.3.1. PCA-ananu3za

PCA e yecro mpuMeHeTa anarka 3a HEHAAIVICIyBaHA aHaIW3a Ha TOJEMH CETOBU O]
KONMHEAPHH MOJATOIH U I'0 NPUMEHyBA IeIHOT paHr Ha 6panou gomkuun. Y’ Ce kopuctu
3a noBp3yBame Ha NIR-cnekrpure co cBojcTBara Ha (GUIMOT U CO Mporpecujara Ha QHUIM-
06J'IO>KYBaH>eTO.98’99 3a ma ce ucrpaxart NIR-mogaTonure, na ce naeHTU(HHUKYBAAT TPOMECHHUTE
M 3a Ja ce pa3deparT KOMIIOHCHTHTE KOHWIITO MPHIOHECYBaaT 3a HajrojieMa BapujaHca Ha
CIICKTPHTE, KaKo U Jia ce JIOIMpa CUCTEMCKaTa BapHjalidja BO MaTpHIlaTa Ha MOJATOLH, KaKO
IJIaBeH U3BOP Ha MHGpopManuu 3a pactoT Ha ¢punmot, PCA-ananuzara e mpuMeHeTa Ha 30up
ol 240 HeoOpabOTEeHHU CIIEKTPU KOUIITO OJroBapaaT Ha HHMBOaTa Ha obnoxyBame: 3,6 L; 4,0
L;43L;4,7L.

PCA-Monenor Oemre KOpHCTEH 3a WCTPaXyBadyKH IeNUM O€3 celeKirja Ha Bapwjadiau o
CIIEKTapOT, IITO HU J03BOJIyBa OJO0PO Aa TM 00jaCHUME CIIEKTPATHUTE BapHjallii KOHUILITO
ce TIOBP3aHM CO MPOIIECOT Ha (GHIM-00JI0KYBambETO U cO HeroBarta nporpecuja. [lputoa, PCA-
MOJICIIOT Ha CYpPOBM CIEKTPU IIOKaka JleKa CIHEeKTpaJHaTa BapHjaldja MOXe Ja ce
PEKOHCTpYyHpa KaKo JMHEeapHa KOMOWHAIM]ja Ha CeIyM TJIaBHH KOMIIOHEHTH (BOOOWYACHHTE
CIIEKTPAJHU (PUIITPU HE Pe3yJITUpaa co moMa Opoj MPUHIMITUESITHH KOMIOHEHTH ). [IporieHToT
Ha o0jacHeTaTa BapWjaHca U Ha CBOjCTBEHHMTE BpeAHOCTH (aHril. eigenvalues) ce mpukaxanu
BO Tabena 3.

Tabena 3: Ceojcmsenu epeonocmu na PCA u o6jacnemama % eapujanca o0 cexoja PC

PC CaojcTBenn BpenHoct % Bapujanca KymyiaTuBHa BapujaHca
1 116,1 48,3 48,3
2 77,6 32,3 80,6
3 31,5 13,1 93,7
4 7,8 3,3 97,9
5 2,9 1,2 98,0
6 2,5 1,0 99,2
7 0,7 0,3 99,4

[TpuHIMNIMETHUTE KOMIIOHEHTH Oea eBaTypaHH 3a KBAJIMTATUBHA CIIMYHOCT CO IPOMEHUTE OJ1
MHTEpEC, OJHOCHO CO MporpecHjaTa Ha IMPOLECOT Ha (QHIM-00JI0KYBamETO, 3eMajKu TH
MPEIBUI MUKOBUTE KOWIITO Oea OApEeNeHH Kako BaXKHM CO (yHIaMEHTATHATa aHalM3a Ha
ciiextpute.'® Ipearta npuanumuensa kommonenTa (PC1) ja mpeTcTaByBa BaphjaHcaTa Kako
pe3ynraT Ha TOMECTyBameTo Ha Oa3HaTa JIMHUja WIM Kako IIyM (TOTBPAEHO MOpaau
PaMHOMEPHOTO OTITOBapyBame HAa KOMITOHEHTATA).

Komnonenture ox 2 1o 6 HajaoOpo ja mpeTcTaByBaaT BapujaHcaTa 3HauyajHa 3a pacToT Ha
¢unmot G6e3 TiO2 na ocHoBa Ha PVA. OnToBapyBamara Ha KOMIIOHEHTHUTE o1 2 10 6 ce
npercraBeny Ha ciuka 9. ITukor Ha 7185 cm™ (Tank) e IPOMUHEHTEH BO NMPHHIUIIHETHUTE
KOMIIOHEHTH 0J1 3 710 6, ofieKa K0T Ha 9696 CM™, KojiuTo € MoBp3aH cO MPUCYCTBOTO HA
[[PBEHUTE U HA JKOJITUTE Kee30 oKcuu, e Bo PC5.
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Iuxor Ha 5141 cm™ e HajnpomunenTen Bo PC3 1 OTCIMKyBa CHTHAI O] jaJpOTO KOJIITO CE
HaMaJlyBa cO IporpecujaTa Ha GuaM-o0JI0KyBamkEeTO, a € CO O3UTHBHA opueHTanuja Ha PCA-
KOMITOHEHTAaTa Mmopaau npou3BojHaTa opuenrtanuja Ha PCA. JlenTaTta kojamTo ce Haora Ha
4324 cm™ 1 kojamTo ce OTCIMKYBa BO IOBeKe MPUHIUIHETHN KoMioHeHTH, PC2 — PC6, mefy
HuB PC3 u PC5, koumro jacHo ja ciaexar nporpecujaTta Ha (GpriiM-00J10KyBambETO, HCTO TaKa,
MOTEKHYBa 01 (DMIMOT M € MHIUKATHBHA 32 HETOBHOT pacT BO TEKOT Ha MPOIECOT Ha
00JI0KyBambe.

I'padukoHOT Ha omeHUTE M0 KoMIOHEeHTH (civka 10) mokaxyBa jaceH TPEH/ BO MOJATOIUTE
U Ce OJIMKYBa CO YHCTO OJBOEHH KJIACTEPH KOMILITO OArOBapaaT Ha pazIMYHUTE HHUBOA HA
obnoxyBame (PC3 m PCS5). PC3 ro o0jacHyBa TpeHAOT Ha pacT BO paHaTa ¢asza Ha
00II0KyBambe, U3pa3eHO CO NPOMeHHTe Bo mHUKOT Ha 5141 cm? 3aegmo co npyru

CIICKTPOCKOIICKH KapaKTCPUCTHUKH I/I,ZLCHTI/I(I)I/IKYBB.HI/I CcO Q)YHﬂaMCHTaJ'IHaTa aHaJIu3a Ha
CIICKTPHUTC.

JlonoaHHUTENHO, TPa(UKOHOT HA OLIEHUTE IT0 KOMITOHEHTH TIOKa)Ka HE3HAYaeH Opoj IPUMEPOITH
KOMINTO oOTcTamyBaaT (aHri. OUtliers) u HHUBHOTO OTCTpaHyBamkbe HE TH IOI00pU
KapaKTepUCTHKUTE Ha MOJeNIOT. HuBoara Ha obmoxyBame 3,6 L; 4,0 L u 4,3 L ce rpynupaar
peIaTUBHO OJIUCKY €HO JI0 APYTo Ha rpaMKOHOT Ha OIeHHWTE 1o KoMoHeHTH Ha PC3 u Ha
PC5, onpasyBajku KOHTUHYHpAH HAMPEIOK Ha 00JI0KYBAKETO M MajlM MPOMEHU BO HUBHATA
coapkuHa Ha Biara (motBpieHo co usMmepenutre LOD-Bpennoctu, cimka 11), koumro ce
OYEKyBaaT 3a BpeMe Ha ¢a3aTa Ha KOHCTAaHTHA Op3UHA Ha MPCKambe.

— PC2
— PC3

0,151

0,10+

0,051

0,00

Mpon3BONHM eguHULIK

-0,051

-0,10 , i . . .
10000 9000 8000 7000 6000 5000 4000
BpaHos 6poj [1/cm]

Cruka 9: I'padukon ox onroBapyBamara Ha PC2 10 PC6 (KOMITOHEHTH KOHUINTO MPUIOHECYBaaT KOH
naeHTH(HUKaLMja Ha KapaKTepPUCTUKUTE TIOTPEOHH 32 Ja ce Cilean AedennHara Ha GUIMOT U Ha a*)
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Crnuka 10: I'padukon Ha orerute o komnonentu on PCA, PC3 nHacripema PC5, 060eHH criope MPUMEPOITUTE

3eMaHU 3a aHaJIu3a CIIope]] HUBOTO Ha (PHIM-00JI0KyBambe (MOTPOILIeHO HIBO Ha cycnensuja: 3,6 L; 4,0L; 4,3 L;
4,7L1)

Hugoto 4,7 L jacHo ce u3aBojyBa Ha rpa)MKOHOT Ha OlleHUTe Mo KoMrnoHeHTH Ha PC3 u Ha
PCS5, npercraByBajku T (PMHAIHOTO HUBO Ha OOJIOXKYBAaWkE U COApPKUHATA Ha Bjara Koja ce
HamalyBa BO MoroyieM o0eM 3a Bpeme Ha ¢aszata Ha cymiewme (LOD-Bpennoctu, ciuka 11).5
Honexa PC3 ja ondaka BapujaHcaTa moBp3aHa CO Bilararta, ojf KOHTUHYHPAHO MPCKamke 10
cyuiewme (Co JOMHHAHTHA CIEKTpajHa KapakTepucTHka Ha 5141 cm™), U co reHepaIHHOT
HanpeaoK Ha 00JI0KYBambeTo, ONTOBapyBameTo Ha PCS, uCTo Taka, coApiKU KapaKTepUCTUKU
UACHTU(DUKYBAHN KaKO BaXKHHU 32 (PUIM-00JI05KYBakETO, HO CO OCIa0 MPHUIOHEC O MUKOT Ha
5141 cm™.

OBa ykaxyBa geka PC5 ru HarymacyBa KapakTEepUCTUKHUTE MOBpP3aHH CO PacTOT Ha (PHIM-
obrorara, 1ofieKa Biaratra urpa nmoMajiky 3HayajHa yjora BO BapujaHcara ordaTeHa oJ] OBaa
kommoHeHnTa. Mako PC5 o6jacHyBa momain jaen oJl BKyIHAaTa BapHjaHca, Taa € BaKkHa 3a
o0jacHyBame Ha CYNITHJIHUTE MPOMEHU 3a BPEME Ha MPOIEeCOT Ha 00JoXyBame. HuBOoTO Ha
obnoxxyBame 4,7 L ce omnecyBa momnaky kaj PC5 Bo cmopemba co ApyruTe HHBOA Ha
00J10’KyBame, Opa3yBajKu TH KapaKTEPUCTUKUTE TIPH 3aBPIITYBamkETO HA (pa3ara Ha CyIIeHhe.

Co oruies Ha Toa JieKa ONITOBapyBamaTa Ha TJIaBHUTE KOMITOHEHTH (aHruL. principal component
loadings) ru omdakaar NUKOBUTE MIEHTHU(PUKYBAHH NPEKy MPUCTANOT Oa3upaH Ha 3HACHE,
Kako U (akToT Jieka Oelle MOKHO MpH aHajIM3aTa HAa MPUHIUIHMEIHUTE KOMIIOHEHTH Jia ce
BU3yaJIM3MpaaT pa3iMyHU KJIACTepH 3a BpeMe Ha KOHTUHYHPAHOTO MPCKAmke U CyLIeHe, ce
CMeTa 3a COOJIBETHO J1a C€ MPOJIOKH CO Pa3BOjOT Ha MPEIBUUTMBH MOJETH 32 IOHATaMOIIHA
aHAIN3A.
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Crnuka 11: LOD-BpenHOCTH H3MEpEHH 32 HEOOJI0KEHH TaOJIeTH U 3a TaOJIeTH O] pa3INYHO HUBO Ha
obnoxyBame — 3,6 L; 4,0L; 4,3 L u 4,7 L — ciopex HUBOTO Ha IMOTPOIICHATA CYCIICH3Hja 32 00JI0KYBamke

OBue HaOJpydyBama ja HarjllacyBaaT CIIOKEHOCTa HAa MOJICJIIOT M BaXXHOCTA Ha CHUTE IIECT
KOMIIOHEHTH BO OM(aKkameTo Ha PEICBAHTHHUTE CIEKTpaIHH KapakrtepucTuku. PLS-/OPLS-
MOJIEJIOT C€ OYeKyBa Ja Ouje MopoOyCTeH M MOTOYEH OTKOJKY JWPEKTHATa Kopenanuja co
koedurenture og PCA (PCA/MLR), npu mTo ce 04eKyBa OBUE METO/IU Jia TH MOTEHIMPAaT
caMo BayKHUTE CTIeKTpatHu Bapujaruu. 0t

1.3.3.2. OPLS-ananusa

OPLS 3a pasznuka ox PLS ja orctpanyBa Bapujanujata Bo X KOjallITO € OpTOroHainHa Ha Y U
ce odeKkyBa Ja ja omdaTH peleBaHTHAaTa Bapujanuja (pacToT Ha (QHIMOT) BO €IHA
MPUHIIMITHETHA KOMIIOHeHTa. HekopenupaHnara Bapujaiyja ce OTCTpaHyBa U ce 00jacHyBa co
OPTOTOHAJIHU  MPUHIMITUCITHH KOMITOHEHTH. KOHIEHTPHpameTO Ha NpPEIBUIUBUTE
uHpOpPMAIIMM BO elHAa KOMIIOHEHTa IO TOA00pyBa CTENEHOT HAa HWHTEpIpeTaluja Ha
moesor.80102

WNuutmjananor OPLS-moxen Gerie mpuMeHeT Ha HEOOpaOOTEeHU, HEMPOIIECUPaHH MTOAATOIN
0e3 cenekiMja Ha Bapujabu 3a Ja ce pazdepe BaXKHOCTA HA CIIEKTPAITHUTE CUTHAJIH 32 PacTOT
Ha ¢uiIMoOT M 3a a*. Pesynrarure Ha kBaHTHTaTMBHaTa OPLS-ananusza Ha HeoOpaboTeHUTE
CIIEKTpPH € MPeTCTaBeHa BO Tabena 4.

[TpuHIIMTNIETHUTE KOMITOHEHTH 0ea N30paHu KaKo BaYKHH JTIOKOJKY HUBHUTE HOPMAJIM3UPAHU
CBOJCTBEHH BpEIHOCTU Oea morosieMu o 2. Bo HAmMOT ceT o1 MoJaToy BakBaTa CeIeKIHja
pesynrupaimre co HajMar RMSEcv. Crnuka 12 ro miaycTpupa MpOIECOT Ha CeleKIdja Ha
JIATEHTHU Bapujaliu 3a HEoOpaOOTEHNUTE CIIEKTPH HA MOJIENIOT 3a JeOenHa Ha (PrIM.
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Tabena 4: Pesynmamu 00 OPLS-kanubpayujama na neoopabomenume u Ha
npemnpoyecupanume cnekmpu

ITapameTtap 3a kajnuOpanuja Ha MOJEJIOT R? RMSEE RMSEcv LV RMSEP
JeGesmHa HA GUIIM CO CYPOBH CHEKTPH 0,98 6,12 um 6,23 um 1+5+0 7,58 um
a* co cypoBH CHeKTpH 0,99 1,28 1,31 1+6+0 1,35
IIpernpouecupaHu CieKTPH KAJTHOPHPAHH

co 1edeTMHA HA UM 0,95 5,00 um 5,80 um 1+6+0 7,00 um
(1-MSC)

IIpernpouecupaHu cneKTpH co a*

(1-MSC) 0,99 0,90 0,92 1+6+0 1,20

[IpenBuBaTa KOMIIOHEHTA T'O JIEMOHCTPUPA MOTEHIUjAJIOT HA MOJEJOT Jla TH pPa3aeiu
pa3nMYHUTE HUBOA Ha JeOeIHa Ha PUIMOT CO KOPUCTEHE Ha JebenuHaTa U Ha a*. 3emajku ja
npenBun nedenunata Ha puiMot o 140 um u a* on 20, RMSEcv u RMSEP ce noBosiHo HUCKH
3a MOJEJNOT Ja TMpaBH pasjifKa NMOMelry HCIHTYBAaHWTE HUBOA Ha (MUIM-O0JI0KYBAHETO.
['padiKOHNTE KOUIITO TH COAPIKAT ONTOBAPYBambaTa M KOCPHUIIMEHTUTE HA KAITUOPAIIUCKUTE
MoOJIeTH 3a Jie0enrHa Ha riiM U 3a a* ce mpe3eHTupanu Ha cimka 13 v Ha ciuka 14. Ce riena
CEBKYITHA CIMYHOCT BO TPEHIOT Ha KOC(HUIIMEHTUTE 32 MOJICJIUTE KATUOPUPAHU CO JieOerHa
Ha QuIM W co a*, ImMTO ce MOKIOMMyBa CO OYCKyBamaTa OWICjKU JIBETE CE 3rojeMyBaar co
nporpecujata Ha GpuiIM-0010KyBambETO.

0,007 Hajman RMSEcv
0,006 ‘

0,005+

RMSEcv aebenunarta Ha hmunmoT (um)

KomnoHeHTn

Crnuka 12: EBonymuja Ha RMSEcv co OPLS-xommonenTr (Mojen 3a nedennHa Ha GUIMOT 01 HeoOpaboTeHH
CIIEKTPH): ONTUMAIHUOT Mozen € co | + 5 komnonentn (RMSEcv ce 3ronemysa o 1 + 5 KOMIIOHEHTH, IITO ce
coBMara co mparoT Ha CBOjCTBEHaTa BpeJHOCT (aHri. eigenvalue) ox 2)

Hujarpamor Ha KoeuuueHTH notBpayBa feka u OPLS ru kopuctu HajBakxHUTE OpaHOBU
JOJDKMHU KOWIITO Oea oapeneHu co pyHmaMmeHTamHaTa aHanm3a Ha crektpute u co PCA-
ananusata. Vimeno, nukosute Ha 7185 cm™, 5141 cm™ u ma 4324 cm™ ce mefy HajBaxuuTe
3emMajku ja mpenasun perpecuckata OPLS-aHanmm3a u ce penpe3eHTaTHBHH IOKa3aTeld Ha
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pacrot Ha puamoT. JlomoHUTENHO, ce 3a0eie)KyBa 3HaYacH MO3UTHBEH TPEIABHIUIUB BEKTOP
Ha Gpanosute gomxuuau ox 10 000 cm™ 1o 9000 cm™. I'pagukonuTe 3a onToBapyBame 3a
nebenuuaTa Ha GUIMOT U Ha a* ce CIMYHU M HalMKyBaaT Ha ¢uimMotr 6e3 TiO2, mTo ymre
€/IHaIll TO MOTBPAYBa (PAKTOT JeKa CUTE PEJICBAHTHU NMUKOBU 01 (pyHIaMEHTAIHATa aHAIN3a
ce KopucTar 3a npensuayBame Bo OPLS-mMonenoT. durypa 7a ru npukaxyBa NpeKIONEeHUTE
onroBapyBama oj kanmuOpanuckute NIR-monenu 3a nebenmnara Ha Guiamor u 3a a* Kako
pedepeHTHH MeTOIH, a hUrypa 76 ru mpruKaXKyBa MPEKJIONCHUOT criekTap Ha ¢puimot 6e3 TiO2
Y ONTOBapyBamara Ha MOJENOT KOJIITO KOPUCTHU JiebenrHa Ha (UM Kako pe)epeHTeH METO/.
3emajku TH TIPEABHUI pe3yaTaTuTe Ha Mojenor wusrpageH co OPLS-perpecwja Ha
HETPETNPOLIECUPAHUTE CIEKTPU, MOXKE Ja CE KaKe JIeKa MOJENIOT € e(EeKTHBEH A0 OJpeacH
CTEIEH M Ce CrpaByBa co ehekTuTe Ha pacejyBameTo. [lonaTamonrHaTa 00paboTka O MOXKEIO
J1a TM HOJ00PH KapaKTepUCTUKUTE Ha MOJIEJIOT, KaKo H JIa ja HaMaIu KoMriekcHocTa, %

0.n7rs

Laun

a0zE

0,00z

Mpowr3BonHA 2aMHHLIA

DS

10067 apta anon 000 G030 00T 000

EBpanoe Gpoj [1/cm]

MpowaeonHd earHKRLIA

—4

10000 Aoon 20040 PR GO0 3000 A0

Bpanoe Gpoj [1/om]

Cnuxka 13: a) [Ipeknonenu onrosapyBama Ha kanuOparmckute Moaeny Ha NIR 3a neGenunara Ha GuiIMOT 1 3a
a*, xako pedepenruu meroau (OPLS-momen, cypoBu criektpu). 6) [Ipexiiones nyujarpaM Ha CIIeKTapoT Ha
¢dumor 6e3 TiO, Ha 6a3a Ha PVA u qujarpam o/ onToBapyBamarta Ha MOJICJIOT KaluOpupaH co nebenuHara Ha
¢bumor (monua nuHMja — Gunmot 6e3 TiO2 Ha 6aza Ha PVA; ucnpekrHaTa IMHHja — ONTOBapyBambe Ha
KaJIMOPaIUCKUOT MOJIEN CO Je0earHaTa Ha (GHIMOT).
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[eBenuHa Ha chunm
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,1‘0‘

-1.5 T T 1 v T
10000 8000 8000 7000 6000 5000 4000

BpaHoB 6poj [1/cm]

Crnuka 14: IIpexioneHu KOSPHUIUECHTCKH IHjarpaMH Ha KaTHOPAIMCKUTE MOJACIH CO PeepeHTHU Mepemba:
nebenrHa Ha GUIMOT (TTIOpTOKaNoOBa uHUja) U mapametap a* Ha CIELAB (TemHOCHHA THHM]ja)

Bea npumeneru ips u3Box 1 MSCI® ma cyposuTe criekTpu 3a na ce kommensupa eGekToT Ha
pacejyBameTO Ha CBETJIMHATA, Jla ce MOoAoOpH KBaHTH(UKAIMjaTa W 3a Ja CE OTCTPaHU
MOMECTYBamkeTO Ha Oa3HaTa JIMHHja, KaKO W Jia Ce IOJ0OpH CIEeKTpajiHaTa pPe3oiyluja.
[Tpumenara Ha pBUOT U3BOJ, pocieneHa co MSC, ja HanpaBu BapHjaHcaTa MOOYMIIICHA U

jaCHO ' OACJIM HUBOATa Ha OGJ’IO)KYBaHSC BP3 OCHOBA Ha NPCTXOAHO YTBPACHUTEC PCIICBAHTHU
6paHOBI/I JOJIDKWUHHA.

JIOTIOJTHUTETHO, PA3TUYHUTE PETHOHHN Ha CIEKTPUTE 32 COOJABETHUTE HUBOA Ha 00JI0KYBAHE
CTaHyBaaT MOOYMIJIE[HU IO MPETHPOLECUPALETO OTKOJIKY Kaj HEoOpaOOTEHUTE CIIEKTPU
(cnmuka 15 — mpernporiecMpaHu CIEKTPU co TPpB u3BoaA U co MSC W CypoBH CHEKTpH).
CTaTuCTHUKUTE UHAUKATOPU HAa MOJICIIOT CE MPETCTaBeHH BO Tabena 4.

PC3YJ'ITE[TI/ITC IMOKaXXyBaaT JI€Ka Pa3JIMKUTC BO CIIOCOOHOCTA 3a npeaABuayBamEC HA MOACIIOT CC
3aHCMApPJIMBHU KOTr'a MOJAaTONUTC CC ITPETIPOLUECCUPAHU CO KOPUCTCHC ITPB U3BOJ U MSC. Cnuka
16 IMpUKaxxXyBa Fpa(bI/IKOHI/ITe Ha HU3MCPCHUTC HACIIPOTH MNPCABUACHHUTC BPCAHOCTU 3a
;[e6eJmHaTa Ha (I)I/IJ'IMOT " 3a a* u 3a JABaTa C€Ta OJ II0AaToIu, Kann6pau1/1c1<1/10T CET U
CKCTCPHUOT BaAJIMJAIIUCKH CCT.

PoGycHocTa Ha MOAENOT 3a TNpeaBUIyBamke Ha jaecOennHara Ha (GuiIMOT W Ha a* e
JIOTIOJTHUTETHO MOTBpJeHa co Aujarpamute Ha DModY u co Hopmanusupanute N-pesutyanu
Ha CETOT 3a eKCTepHa Baiuaanuja (ciuku 17 a, 6, B, ).
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Cnuxka 15: @) CypoBu (HempeTnpolLeCHpani) CIIeKTpH, 000eHH Criope peepeHTHO H3MEpeHaTa BPEIHOCT Ha a™*.
6) CypoBH (HETIPETIPOIIECUPAHH) CIIEKTPH, 000EHH CIopel pedepeHTHO u3MepeHara aebenHa Ha (GUIMOT. B)
CriekTpH TpeTnponecupan co npB nu3Boj + MSC (MyNTHIUTMKaTHBHA KOPEKIMja Ha PacejyBameTo), 000eHH
criopen peepeHTHO n3MepeHaTa BpeaHOCT Ha a*. 1) CreKTpu npeTnpoiecupanu co nps u3son + MSC, oboeHu
cnopen pedepeHTHO u3MepeHara edesinHa Ha (QUIMOT.

@ Noparou 3a kENKGpaLHEa @ fopatows 33 kanuBoaLmMa [
@ Noa3TOWA 38 BRETERHE BANUASYH]E : !, 013 @ [NofaToUs 33 BRCTEDRE BANWAGLMA ® L] ,’
16 ' i
°®
0,12
o .
H o
Tu g
=4 [
: =
% @ 0,11
Q12 =
a 124 ©
= c
0,10
°
101 o
0,094
4
i R NebenvHa Ha cunm
8 10 12 14 16 u,'og 0,10 0“11 0,12 0,13
MamepeHo 3mepeHo

Crnuka 16: M3MepeHH HACTIPOTH TPEABHICHHA BPEIHOCTH 32 MOJEIH co a* M co AeOennHaTa Ha (QHIMOT KaKo
pedepenTHH MeTo M (MOENH cO TIPB U3BOA 1 c0 MSC) — KannOpaIMCKH CeT U eKCTEPEH CET 3a BaIHUaalnja.

Hujarpamute Ha DModY ja miyctpupaaT HopMalu3upaHaTa Ipelika Ha IpeaBUIyBambeTO HU3
pasnuuHy oncepBanuu. Hema oTcramyBama WM jaCHU TPEHAOBH 3a JeOenuHara Ha (GUIMOT
WK 3a a* Kaje MmMTOo MOAENOT T MpELeHYBa WIM T MOTIEHYBa MPEABUICHUTE BPEIHOCTH.
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Pesunyanure ce npubIMKHO HOPMAJHO pAaclpelesieHH W HeMa 3HauajHu TMO3UTUBHU WIIU
HEraTUBHM OTCTAIlyBamba WA UCKIYYOIIH, IITO € MHAUKATUBHO 32 pOOYCHOCTA HA MOJIEJIOT.

JIuteparypaTa HaBeayBa Jieka MaKCUMaHara JiabounHa Ha npoaupame Ha NIR e 300 pm Bo
¢unmoBu co TiOz, MTO 0BO3MOXKYBa UCTOBPEMEHO COOMPAHE MOJMATONH OJ jaApOTO M O
(GuUIMOT, IWTO € O CYIITHHCKO 3HAa4eHke 3a pa3Boj Ha poOycHu mozaenu. Cemak, BakBU
mojarony He mocrojar 3a guiMoBu 6e3 TiO.. Hammre crynmum ykakyBaaT JeKa MOJICIOT
NPEIM3HO MPeBHIyBa 0e3 3HAUMTEIHO MOTLEHYBamkbe MU IMpELeHyBame, 0e3 pa3inka Ha
nebenuuara Ha GUIAMOT M HA HANPEIOKOT Ha mpomnecor.°*!

0,54

DModY Hopmanuaupano cropen Z-ougHaTa
DModY Hopmanmanpaso cnopea Z-oueHara

o 10 % W ] 50 60 70 e 2 0 20 30 L] 50 50 70 &0
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Bpoj Ha npumepok

®  Toww ka nonaTous

. 20
201 _—~ Pemegentia nive - .

~

HopmanHa eepojaTHoCT
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HopmanHa eepojaTHOCT
\

o
o

Cnuka 17: a) lujarpam DModY 3a pedepeHTHHOT OATrOBOp a* 3a CETOT 3a NMpeABUIyBambe (MOIEIH CO MPB
u3Bog + MSC). 6) Iujarpam DModY 3a nebenunara Ha GHIMOT 3a CETOT 32 NPEIBUIYBambe (MOIEIU CO MPB
u3Bog + MSC). B) N-rpadukon Ha pe3ujiyainu 3a CETOT 3a Ipe/IBUIyBatbe 3a a* (Mojemnu co nps u3Boj + MSC).
r) N-rpadukoH Ha pe3ujiyain 3a CETOT 3a NpeaBHIYyBambe 3a AedennHara Ha GUIMOT

(Mozen co mipB u3Box + MSC).

OBue Monenu ke OuJaT UCIUTYBAaHU U MOBEKEKPAaTHO KOPUCTEHH BO MPAKTUYHM YCJIOBU 3a
MOHATaMOIIIHa eBajlyallija Ha e(peKTOT Ha OTCTpaHyBame€ Ha MOMECTYBAaWmeTO Ha Oa3zHaTa

JTMHMja Bp3 0a3a Ha MpeABHUIMBATA CIOCOOHOCT M K€ ce HamlpaBu M300p HAa HajpOOYCHHOT
MOJIEJT CO 337J0BOJIUTENIHA TOUHOCT.

OnHocoT nomery nedenuHaTa Ha GUIMOT U IIPOMEHATa Ha KOJIOPUMETPUCKHUTE TapaMeTpH BO
(hapmarieBTCKaTa MHAYCTPHja HE € IIEJIOCHO HUCTpPa)XkeH. YmoTpedara Ha KOJIOPUMETPHUCKU
napaMmerap Kako pedepeHTHa TeXHUKa Tpeba Ja ce 6a3upa Ha jacHO pa3Oupame Ha OJHOCOT
nomery aebennHara Ha GUIMOT U TPOMEHHUTE BO O0jata. Co COOBETHO ONpaBIyBamke, OBOJ
MpHCTan HyJIW HEWHBAa3WBEH METOJ 3a KaauOpaluja Wid 3a peKalnOpalyja, mTo T'o MPaBH
MOTEHIINjaJTHO COOJIBETEH KaKo pedepeHTHA TexHUKa npu ynoTpebaTta Ha NIR.

JIonoJIHUTENHO, MOKHOCTA 3a puMeHaTa Ha NIR Bo mpucycTBo Ha pa3ianyHu 3amenu 3a Ti0:
KaKO CPeJICTBA 3a HEIIPOBUIHOCT HE € LIEJIOCHO UCTpaykeHa. MiqHuTe cTyuu Tpeda aa uctpaxar
MOIIMPOK CIIEKTap Ha Marepujanu 3a (uiaM-o0J0XkKyBame M 3a AeOCNMHU 3a IM0A00pO
pa3bupame Ha notenuujanot Ha NIR u 3a npumenara Ha CIELAB kako pedepenTHa TexHHKA
3a 06oeHH GuamoBH. [IpeKky MoHAaTaMOIIHM UCTPa)KyBamba MOXKE /1a € CTEKHAT CO3HaHHja 3a
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pa3BoOj Ha MOJEIM BO MPOU3BOJACTBEHATA JIMHKja (aHTJI. IN-liN€) U 3a HOBM KamMOpaIUCKH
METO/IH, ILITO MOTEHIINjaJIHO Ke 0 MOA00pU U pa3dupameTo Ha MPOIECOT.

1.3.4. 3aknyuox

Ogaa ctynuja nokaxysa aeka FT-NIR-cnekrpockomnujara € BUCOKOUYBCTBUTEIIHA U epUKACHA
aJlaTKa 3a OICEPBHpame Ha MpOoIecuTe Ha 00J0XKyBame co ¢uumoBu 0e3 TiO:» HagBop on
npousBojcTBeHara munuja (auri. off-line). Kopucrejku mepema Ha nebenunara Ha GUIMOT U
Ha rmapamerapot a*oa oboennor CIELAB-mipoctop kako peepeHTHH METOU, TPOMEHHTE 3a
BpEMe Ha HaIlPEOKOT Ha 00JI0KYBamkeTO Oea yCIenHo onumany u npeasuaeHu. PCA otkpu
CIIEKTPAJIHU KAPAKTCPUCTUKH IOBP3aHH CO HANpPEOKOT Ha OOJIOKYBAmETO Ha (UIMOT,
WIYCTPUPaHU TPEKy Bapujallid BO MOBEKE TJIaBHM KOMIOHEHTH. CHeKTpaliHaTa aHalu3a
0a3upaHa Ha aHAJIM3a Ha OCHOBA HA XEMHCKO 3HACHC WICHTH(PHKYBA HEKOJKY WHTCPECHU
JICHTH, KOUIITO Oea notBpacHu npeky OPLS-anann3ara Ha onToBapyBamaTa M Ha TUjarpaMuTe
Ha koepuuuentute. OPLS-ananuzata Ha NOpPETHPOLECUPAHUTE CIEKTPH, KOPUCTEjKU TPB
n3Boa u MSC, pe3ynTupaliie CoO HUCKH FPEIIKH Ha MPEIBUYBAKETO 3a IeOeTnHaTa Ha GUIMOT
(RMSEcv=5,80um; RMSEP=7,00pm) wu 3a mapamerapor a* (RMSEcv=0,92;
RMSEP = 1,20), mTo ykaxxyBa Ha podycHOcTa Ha Mozenute. OBUE HaOIU CyrepupaaT JeKa
FT-NIR-cnekTpockomnujaTa, BO KOMOWHAIMja CO MYJITHBAapHjaHTHA aHAINW3a, MOXE Ja ce
KOPHUCTH Kako Op3 M CUTypeH METOJ 3a NpeABHIYBale Ha MapaMEeTPHUTE 3a KBAIUTET Ha
00JIOKyBarme TaOJIETH BP3 OCHOBA HAa 00JEKTHBHU Mepemha Ha XEMHCKHTE CUTHAIH OJ CHTE
KOMITOHCHTH Ha (UIIMOT.

40



2. ACTPAXKYBAIBE 11

DoE-6azupano u PAT-nooopicano ucmpaixcysarse Ha npouecom Ha cyéa Zpanyiauuja co
poaep-komnakyuja npu pazeoj na maoaemu co memepopmun u HPMC, co NIR-mo0en 3a
npeosudysarbe Ha NOPO3HOCMA HA pUOOHUmME U Kaauopayucku mpancgep 00 at-line 6o in-
line mepema.
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2.1. BOBE/JI 1 IEJIM1 HA NCTPAKYBAIBETO 11
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[Ipu koMmakTHUpame co Bajjaly, ONTUMH3AIMjaTa Ha CBOjCTBAaTa Ha KOMIAKTUPAHUTE JICHTU
(rycTuHa, TOPO3HOCT, MUKPOCTPYKTYpa) € KPUTUYHA OUJICjKU OBHE MapaMeTpH AUPEKTHO TU
orpezenyBaarT IPOTOYHOCTA, MOpQoJorujata, KOMIOAKTHOCTA M HAcUIIHATa TyCTHHA Ha
rpaHyIaToT 100MEeH o MeJIeHhe Ha KOMIAKTHPAHUTE JICHTH, a CO TOa M CBOjCTBATa Ha KPajHUOT
npou3Bo. [Topo3HOCTa Ha KOMITAaKTHPAHUTE JIEHTH (Y4ecTo MW3pa3eHa Kako mBpcra (pakimja
WM KaKo penatuBHa ryctuHa; SF = 1 — ¢) nmpeTcraByBa KputndeH arpuOyT Ha kBaiuTeT (CQA)
Ha KOMIAKTUPAHUTE JICHTU JOOHEHH CO KOMIIAKTHpAmE CO Bayljalld OMAEJKH JUPEKTHO ce
MpEeHEeCyBa Ha CTPYKTYPHHUTE U Ha ()YHKIIMOHAJIHHUTE CBOjCTBA HA TPAHYJIATOT U Ha TabJETHTE.
Pesynratute Ha Xopacanu u copaboTHuImTe ™ MoKaxyBaar neka 3roleMyBameTo Ha CHIaTa
Ha komnakuuja (anrd. roll pressure — RP) nosemyBa 110 momasa mopo3HOCT Ha KOMITAKTUPAHUTE
JeHTH (TIOpaj MOMHTEH3UBHO 3TYCHYBAMbE O] MOBUCOK HOPMAJIEH MPUTHCOK). ['oeM 6poj
TPYAOBH 32 KOMITIAKTUPAE CO BAJjall TeHEPAITHO o uaeHTH(uKyBaat RP kako JOMUHaHTEH
MPOLIECEH JABUraTeN Ha MOPO3HOCTA/IBpCTaTa (Ppakiinja, HO Ha3HAUyBaar Jeka e(heKTOT MOKe
na Oume MoaudukyBaH o Op3uHara Ha Bamgjauute (anria. roll speed — RS) u on
ycioBuTe/Op3nuHaTa Ha XpaHEHheTo Ha T0BOAHUOT BUHT (aHri1. horizontal feed screw speed —
HFS). HFS, kako 1 Op3uHara Ha BajjalliTe IO ONpE/ICITyBaaT PeKUMOT Ha TOJHEHE, BPEMETO
Ha 3apXKyBamkbe Ha MPAIIOKOT MOMely BaljallUTe W KUHETHKAaTa Ha KOHCONUJaluja, HO
HUBHHOT €()eKT Bp3 MOPO3HOCTA BO PAMKHUTE Ha BOOOWYACHUOT MPOIIECEH OTICET € CEKYHIapeH
BO criopeda co MPUTUCOKOT rmomery Baijauute. YecTo ce mpuMeHyBaHU Balljalld cO pedpecTu
xieboBu (pebpecTy Baljan) OWJACJKM OBaa TeOMETpHja TO MOJ00pyBa 3adakameTo Ha
MPAIIOKOT ¥ MOXE Ja OBO3MOXH JOOMBAmkE KOMIAKTUPAHH JIGHTH CO MOPaMHOMEpHA IBPCTa
(dpakyja HU3 HUBHATA IIMPHUHA, UAKO TEPUOJIMYHHUOT peijed JIOKATHO MOXEe Ja CO3/aaje
BapHjalli BO IOPO3HOCTA U BO MUKPOCTPYKTypara. 1010

KommaktupameTo co Baijaiu npercTaByBa poOyCcTeH MpHUCTAl 3a CyBa rpaHyJialirja Koj MOXe
YCIIEIIHO Ja C€ KOPUCTHU 3a MPOU3BOJICTBO Ha TabJETH CO MPOIOJIKEHO AejCTBO Oa3upaHH Ha
XUAPO(UITHN MATPUKCH, KAaKO XUAPOKCUIIPOITHII METHII 1ieiyJo3a (anri. hydroxypropylmethyl
cellulose — HPMC). OBrie MaTpukcu MOKaT Ja OMIAT CKIOHH KOH HEKOH3UCTEHTHH MPOGHITH
Ha 0CJI000yBamke Mopaan HeyHH()HOPMHO HABIAKHYBAkE H (POpPMUPAE TBPIU arperaTv MpH
BIIQ)KHATa TpaHylalllja WU Topagu MpodlieMu co YHU(DOPMHOCT HA COJpKUHATA U CO
IPOTOYHOCTA BO ciydaj Ha aupektHa kKommpecnja.l%”1% U1 moxpaj Toa, penatusrO Man 6poj
CTYIUU CHCTEeMAaTCKH TO UCTpaxuie BIHJaHUETO Ha TMPOIECHUTE TMapaMeTpu TNpu
KOMITaKTUpame co Baijaiu Ha HPMC-maTpukcu 1 HUBHATa MOBP3aHOCT CO IIBpCTaTa (hpakiifja
Ha KOMITaKTHpaHaTa JIEHTa, apXUTEKTypaTa Ha TOPUTE U CO MOCIEI0BATEIHUOT KBAJIUTET Ha
tabnerute kako kpaeH mpomssom.r?1%110 TIpy Bucoka coapxwma Ha nek, ycmemHara
UMIUIEMEHTAallMja Ha KOMIIAKTHPAaWmETO CO Bajjalld € JOMOJHUTENIeH IMpeIu3BUK M Oapa
BHUMATEITHO JM3ajHUpaEe Ha MPOIECOT, M300p Ha MPOIECHUTE MapaMeTpH M Ha COCTaBOT Ha
dopmynanujara, 1113

Bo MaTpuKcH co poJOImKeHO 0cI000/1yBamke, Kora HUBOTo (coapkuHara) Ha HPMC e 6imzy
JI0 TParoT Ha TepKojanuja, Typyd U Majld MPOMEHH BO MPOILECHUTE MapaMeTpH MOXaT Ja
OBeaT 70 3HAYAjHM TIPOMEHH BO Op3MHATAa Ha Oclob6omyBame Ha nekor..’® Eexture Ha
KPUTHYHUTE MPOIIECHH MapaMeTpH, KaKo MPUTHUCOKOT Ha BajjaluTe, Op3MHATA HA JTOBOIHUOT
BUHT W Op3WHATa Ha BaljallUTe, BP3 MOPO3HOCTA HA KOMIIAKTUPAHHWTE JICHTH, LIBPCTaTa
bpakumja ¥ Bp3 pacmpeaendaTa Ha YSCTHUYKUTE cHopen roiemuHara (aHri. particle size
distribution — PSD) Ha rpanynaTot ce 0co0€HO Ba)KHH BO CUCTEMH KOMIITO C€ KOMOMHAIIMU Ha
MeT(opMUH (BHCKOEIIACTUYHA CYIICTAHIIM]a CO IOMUHAHTEH (PparMEeHTaIlUCKH MEXaHU3aM Ha
nepopmanuja) 1 HPMC (mmactuuna cyncranuuja). JlomuHanTHata ¢parMeHTamnuja Ha
MeT(OPMHUHOT U CKIIOHOCTA KOH TutacTudHa nedopmanrja Ha HPMC co3gaBaaT KOMILIEKCEH,
YeCTO HEJIMHEapeH OJArOBOP Ha CHCTEMOT IPU KOMIIAKTHPAame CO Baljalld, Kajue INTO
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IIPOMEHUTE BO MUKPOCTPYKTYpaTa Ha KOMIIAKTUPAHHTE JIeHTH (TOPO3HOCT, BPCTa (BpaKiuja,
MeXaHMuYKa IBPCTUHA) ce IIPEHECYBaaT Ha CBOjCTBaTa Ha IPaHyJaToT (pacmpenenda Ha
4eCTHUKUTE, MHTETPUTET HA TPaHyIIUTe) U, HA KPaj, Ha KpUTUYHKUTE aTpHOyTH Ha KBAJTUTET HA
TabaeTuTe, Mef'y KoM Op3MHATa Ha 0CI000IyBambe U IMHAMHUKATA Ha 6abpeme. 8114116 Opaa
TIOBP3aHOCT ja HarjgacyBa HoTpeb6aTa IPOLECOT BHHUMATENHO Ja Ceé ONTHMH3HpPA 33 Ja Ce
IIOCTUTHE PAMHOTEXA TOMery J06paTa HPOTOYHOCT M KOMIAKTHOCT, HMEHO 1a Ce 3ap:Ku
MOJKHOCTa 3a MOBTOpHa Kommpecuja (anri. re-workability), kako u 3a ga ce 00e30emu
COOZIBETEH MPOMHII HA MPOIOIKEHO 0cI0001yBame, 10114117121

Wmajku tM mpenBu] NpPeAM3BUIMTE IMOBP3aHU CO Pa3BOjoT Ha (popMylamuu CO BHCOKA
COApXHMHA Ha aKTUBHA CYICTaHIMja, Kako M moTpedara na ce obe30enaT KOH3UCTEHTHU
kapakrepucTuku Ha HPMC-maTtpukcoT, pu3unuTe HOBp3aHM CO IPOLECOT € MOTPeOHO
[IPOAKTUBHO [Ja C€ KOHTPOJMpaaT IMpeKy CleleHke Ha KOMIIAKTHPAmETO CO Bajljalld U Ha
kputnuHuTe atpulOytn Ha kKBanuteT (CQA) Ha KOMIIAKTUPAaHUTE JIGHTH, CO TNPUMEHa Ha
nporecHa aHaigutHuka TexHosoruja (PAT), 0coOeHO CHEKTPOCKOIHja BO  OJIMCKO
uHbpaupseno nojapadje (NIR) Bo koMOMHanMja cO MPEABUUTHBH (XEMOMETPUCKN) MOJICIIH.

NIR-cnekTpockonujaTa 3a IpeABHIAYBambE MOPO3HOCT BO MYJITHKOMIIOHEHTHU CHCTEMH CE
COOUyBa CO HEKOJKYy cnenupuyan npeam3Buny. [lopaay 3HAYUTEITHOTO MPEKJIONYBake Ha
aliCOPNIMCKUTE JIGHTH Ha IOCIUHEYHUTE KOMIIOHEHTH, €IHOCTaBHUTE YHHUBApUjaHTHU
KaJauOpaluy 4ecTo ce HEJOBOJIHH, IITO HAMETHYBa ynorpeda Ha MyITHBAPHjaHTHU METOAU
(PLS, PCR) xoummro kopuctarT uHHpOpMAIMH OJf LEIHOT crekrap. JlomoJHUTENHO,
KOMITAKTHPAHHUTE JICHTH J0OMEHU CO peOpecTH Bajjalli MMaaT NEPUOJUYHO IPOMEHIIHB
npodus Ha NOBpIIMHATA, IITO MPEIU3BUKYyBa BapujalliM BO pacTOjaHUETO TOMery
IIPIMEPOKOT ¥ ONTHKATA, KAKO M BO arojoT U BO MHTEH3UTETOT Ha pacejyBamero, 1>122-125
Osue edexTn ce MaHU(ecTHpaaT Kako BapHjabMIIHOCT BO Oa3HATa JIMHHUjA U Kako apTedakTu
Ha pacejyBameto Bo NIR-CIIEKTpUTE M MOpa COOIBETHO Aa ce Tpermpaar.'®126127 33104,
pa3BojoT Ha poOycHu NIR-Monenu 3a mpenBuayBame Ha MOPO3HOCTA HA KOMITAKTHPAHUTE
JIEHTH co pedpecT pernjed € MOTIOMOrHaT Ol MpPUMEHAaTa Ha TEXHUKU Ha IperoOpaboTka
KoHIITO ce (oKycupaar Ha OasHara JMHUja (OTCTpaHyBame TPEHI OJ HYNITH pen (aHri.
zero-order detrending — ZOD)), nuHeapHa Kopekija Ha Oa3HaTa JIMHUja BO JABE TOYKH (QHIL
two-point linear baseline correction — LBC), kopekiuja Ha 0a3HaTa JIMHHja CO ACHMETPHYHH
HajManu kBaapatu (aHri. assymetric least-squares baseline correction — AsLS)) u Ha
KanuOpalrja Ha MOJIeTuTe Bp3 0a3a Ha MMOAATOLM KOUIITO TO MOKPUBAAT LEINOT PeJIeBAaHTEH
OTICeT Ha MOPO3HOCT, CO e Ja ce ondaTar CUTE BapHjallii BO MEKPOCTPYKTypaTa.

3eMajku TIpeIBUA JEKa YCIOBHUTE NMPH KOMIAKTHpAmke CO Baljald ja ompeaenyBaat 3D-
MOPO3HOCTA W ApXUTEKTypaTa Ha TOPUTE Ha KOMIAKTUPAHWUTE JICHTH, KOM TMOHATaMy TH
yCJIOBYBaaT CTPYKTypaTa Ha TPaHyJIaTOT U KapaKTEPUCTUKUTE Ha TabneTute (HabaOpyBame u
npo¢u1 Ha 0ci000/1yBame), Kako U MoTpedara oJ] KOHTPOJIHA CTpaTerdja ITO OBO3MOXKYBa
HaBPEMEHO CIIeICHhe Ha KPUTUIHUTE CTPYKTYPHH aTpUOYTH, IIeTTa HAa OBAa UCTPAKYBAKE € /1a
ce pa3Bue crpareruja moaapkana on PAT 3a qu3ajH U 3a KOHTpOJa Ha IMPOIIECOT Ha CyBa
rpaHyjalyja co KOMIIAKTUPAmkEe CO Bajljalld 3a BHCOKOJIO3HA (hopmylanyja coO MATPUKC O
metpopmuH-HPMC co npogomkeHo ocinoboayBame. CTparerujara BKIydyBa HHTErpaluja Ha
D-ontumanen DOE, «kapaktepusamuja co MHUKpOKOMITjyTepcka Tomorpaduja (3a
kBaHTH(HKaIHMja Ha 3D-opo3HOCTa U HA MPOCTOPHATA XETEPOTEHOCT) U MPEABUAYBabE Ha
nopo3Hocta co NIR, BKIyunTenHo kaauOparucku TpaHncdep o1 MOKpaj MPOU3BOACTBEHATA
nuauja (aHria.  at-line) Bo mpoumsBoicTBeHara JswmHWja (aHDL  IN-line) co mupekTHA
crannapauzanuja. Co BakoB IpHCTall c€ OBO3MOXKYBa ONTHMM3AlMja Ha KBAJUTETOT Ha
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uHTepMenrjapure (KOMIAKTHPaHH JEHTH/TpaHyiaT) u ce 0be3beayBa poOycHa KOHTpOJIA Ha
KpUTHYHHTE aTpuOyTH Ha kBanuTeT Ha Tabnetute (CQAS).

Bo oBaa HAaCOKa, UCTPAXKYBAKBLECTO € HACOYCHO KOH:

e CHCTEMaTCKO HCIUTyBame 0azupaHo Ha DOE Ha BiIMjaHHETO Ha MPUTHCOKOT MOMEry
BajauuTe, Op3uHaTa Ha BajalliTe U HA Op3MHATA HA TIOBOAHUOT BUHT BP3 IIOPO3HOCTA,
MHUKpPOCTPYKTYpaTa M Bp3 XOMOI€HOCTa Ha KOMIIAaKTUPAHHWTE JIEHTH, KaKO M Bp3
pacnpezenbara Ha YECTUYKUTE CIIOPE]] TOJIEMUHATA U BP3 MHTETPUTETOT Ha TPAHyJIUTE;

e TIpUMEHAa Ha MHUKPOKOMIjyTepcka ToMmMorpaduja 3a OJpeayBame Ha IPOCTOpHATa
XETepOreHOCT Ha MOPO3HOCTA, ApXUTEKTypaTa Ha MopHUTe (ToJIeMHHA/pactpenenda) u
Ha OpUEHTAlMjaTa Ha CTPYKTypaTa Ha IIOPUTE;

e TIOBp3yBamke¢ HA MHUKPOCTPYKTYPHUTE TapaMeTpyd Ha KOMIAKTUPAHUTE JICHTH
(TOpO3HOCT, apXUTEKTypa Ha TIOPUTE) M HAa CBOjCTBATA HA TPAHYJIATOT CO KPUTHYHUTE
aTpuOyTH Ha KBAIHTET Ha Ta0yieTuTe (MEXaHWYKa IBPCTHHA, 0a0peme, mpoduia Ha
ocno0onyBame Ha MET(HOPMHUH);

e pa3Boj Ha xemoMeTpucku NIR-mozxenu mokpaj mpou3BOJCTBeHATa JUHHUja (aHri. at-
line) 3a mpenBumyBame Ha MOPO3HOCTA HA KOMITAKTHPAHUTE JICHTH, KOPHCTEKU
NoJaTolM ITO T0 ondakaaT IEJIOKYIHUOT OICer Ha TIOPO3HOCT W Ha
MHUKPOCTPYKTYpHU Bapujauuu neuuupann co DoE, co mnpernpouecupame
OpPHEHTHPAHO KOH 0Oa3HaTa JIMHHMja 3a 3roJIEeMEHa POOYCHOCT KOH BapHjaldd BO
MOBPIIMHCKUAOT PO ¥ KOH CIIEKTpalIHA XETEPOreHOCT;

e mpenoc Ha NIR-Mozenute oj mokpaj mpousBoiacTBeHara juHUja (anri. at-line) Bo
NPOU3BOJICTBEHATA JHHK]ja (aHTI. iN-line) co mpuMeHa Ha AUpPEKTHA CTaHIapaAU3alnja
(amrn. direct standardization — DS) u Ha olleHKa Ha CIIOCOOHOCTA 3a CJCICHE U 3a
KOHTpOJIa Ha TIOPO3HOCTAa HA KOMITAKTHPAHHUTE JICHTH BO MPOM3BOJCTBEHATA JIMHH]A
(anr. in-line) Bo paMkuTe HA TEPUHUPAHUOT MPOILIECEH MPOCTOP.
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2.2. EKCIIEPUMEHTAJIEH JAEJI
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2.2.1. Marepujajau u MeTOaH

2.2.1.1. Mamepujanu

3a ;ma ce omeHW M3BOAIMBOCTAa Ha pa3BojoT Ha NIR-momen mokpaj/Bo mpou3BOACTBEHATA
nunuja (anra. at-line/in-line) 3a mopo3HOCT Ha KOMIIAaKTHPAaHWUTE JICHTH CO Bayjak, Oelie
pasBueHa popmyianuja cocraBeHa o1 MmeTdopmuH xuapoxiopus (Harman Finochem Ltd.; d10
= 9,2 um; d50 = 58,2 um; d90 = 166 um), xuapokcumnponua mMeTua merynosa (Methocel
K100M, IFF Pharma; 99 % nomunysa Hu3 cuto 100 mesh = 149 um; 68,7 % momuHyBa HU3
cuto 230 mesh = 63 pm), komoBuaoH (Kollidon VA 64; BASF Pharma Solutions: BASF SE,
Jlyneurcxaden, I'epmannja), maraesuym creapat (FACI S.p.A. — Carascp GE — HUranuja) u
CHJIMIIMYM JIMOKCU, KojouseH 0e3BojeH (Aerosil 200; Evonik, ['epmanuja).

Cure martepujanu 6ea KOPUCTEHU BO cocToj0aTa Bo KojamTo Oea jmoduenu. OCBEH ako HE €
MOMHAKy HaBEJICHO, CUTE JIOTIOJIHUTEIIHU pearcHcu Oea co KBaIUTET criopen EBporckara
¢dapmakorieja (Ph. Eur.). Marepujanure Oea ckiamupanu u Oemie paKyBaHO CO HHB BO
KOHTpOJIMpaHu amOueHTanHu yciaosu (25 °C, 40 % RH).

2.2.1.2. Ilpou3600cmeo na KOMRAKMUPAHU 1eHMU, 2PAHYIU U HA MAd1emu

Cure excrunuentu Oea mpoceanu Hu3 cuto of 1000 um (1,00 mm) HemocpeaHo Tpen
Memramero Bo Diosna P6 (Dierks & Sohne GmbH, Ocnabpuk, ['epmanmja). Cute
eKCIIUIMEHTH, OCBEH JIM3radoT/myOpuKkaHToT, Oea Memanu co Op3uHa ox 280 rpm BO
BpeMeTpaewe o1 4 MuHyTH. CHIIMIINYM THOKCHJI, KOJIOUIEH O€3BO/ICH, U MarHE3WyM CTeapaT
(0,2 %) Gea nomazeHn U MemaHy BO JBe TocienoBarentu ¢asu Ha 200 rpm 3a 1 munyTa u 30
cekyHau. OcCTaTOKOT O] MarHe3myM cCTeapaTroT Oelie IO0AaJeH eKCTparpaHyjJapHO Ipe[
Ta0JIETUPAHETO U MEIIaH BO Melanka-oype (auri. drum hoop) ua 20 rpm.

CyBata rpanynanuja Oeme usBereHa Ha Chilsonator IR220 (The Fitzpatrick Company,
Enmxepcr, Mnnonuc, CAJI), onpemen co pedpectu Bamjaiu (aujamerap 20 cm, mpuHa 2 cm).
XuapaynuuHuotT nputucok Ha Baimjanute (RP), Op3unara Ha Bamjanute (RS) u Op3uHaTa Ha
XOPHU30HTATHUOT BUHT 3a noiHewe (HFS) 6ea menyBanu Bo ojHampen neuHUpPaH OICET,
7o7ieKa Op3uHaTa Ha BEPTUKAJTHUOT BUHT 3a NMPETKOMIIPECHja ce OJpKyBallle KOHCTaHTEH Ha
80 rpm. Illtom Oeme mocTUrHata KOHTHHyHpaHa cocToj0a Ha pabota, OGea coOpaHu
pernpe3eHTaTHBHU cerMeHTH oa 10 cm o cekoja MpoW3BeACHA CepHja 3a IMOCIIEI0BATCITHH
aHanmu3u: (1) MOPO3HOCT TMpeKy arcopmiMja Ha Macio, (i) jayMHa Ha HUCTETHYBambe
(3aTrerHyBavka IBPCTHHA) TPH CBHUTKYBalke BO TpU TOYKH, (iii) MHKPOKOMITjyTepcKa
tomorpaduja (microCT) u (iv) cnekTpockomnuja Bo 6mucko uHpparpsero noapadje (NIR). ITo
KOMITaKIMjaTa, KOMIIAKTHPAaHUTE JICHTH Oea WCHTHETH CO KOPHCTEHh¢ Ha HWHTETpHpaHaTa
menauna (Fitzmill) ma Chilsonator, onpemen co cuto on 1,25 mm npu ¢ukcau 500 rpm
(Op3uHa Ha MeHMIIATa). ['paHymaToT Oerre coOpaH 3a MOHATAMOIITHA KapaKTepu3aliuja.

I'panynure Gea komnpumupanu Ha portanucka npeca Korsch XL 100 (KORSCH AG, bepnun,
['epmanmja) KOpuUCTEjKHU anaT 3a TabJIeTHPAkE STUTICOBUIHN Ta0JIETH CO JOJDKHWHA 0 22 mm,
70 IlenHaTa TeXWHa Ha Tabnerata ox 1460 mg. Ilapamerpum Ha TabneTupame: cujia Ha
nperkommpecrja — 5 KN; cuma vHa kommpecuja: 25 — 35 KN; 6p3una Ha tabnetupambe: 20 rpm.
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2.2.1.3. /luzaju na excnepumenmu

Beme koHcTpynpan D-ontumanen mu3aju’?® co Tpu dakTopu (Ie0ceH KBagpaTeH MOIET) BO
paMKUTEe Ha OAHampen AepUHUPAHHOT H3BOJUIMB PA0OTEH MPOCTOpP €O Led Ja ce
KBaHTU(HUKYyBa BIMjaHUETO HAa MPUTUCOKOT Ha Baijanute (RP), Op3unara Ha Bamjanure (RS) u
Op3uHata Ha xopuzoHTamHUOT BUHT (HFS) Bp3 kputnuynurte atpubyTH Ha KOMIAKTHPAHUTE
JIEHTH W Ha IpaHyliaTuTe (MOPO3HOCT, jaudHa HAa UCTETHYBamhe Ha KOMIAKTUPAHUTE JICHTU U
METPUKUTE Ha pacipenendara Ha YeCTHUKUTE HA TPaHyJIaTtoT crnopes rogemMunara do.i, do.s,
do.s, hunu yectruku < 80 um, SPAN). [luzajuor Oemte renepupad Bo MODDE 10.1 (Umetrics
AB, VYwmeo, IlIBencka) on neUHUPAHO MHOXKECTBO EKCICPUMEHTAIHO W3BOJJIMBU
komOunanmu Ha RS/RP/HFS u ondatu 14 yHukatHu xomOuHaiuu Ha daktopu (tabena 1,
¢bakTopuTe ce Kogupanu co npumena Ha —1, 0 u Ha +1, Kako mTO € AePUHUPAHO BO JIETEHAATA).
Pacnipenenbara Ha periukure Mery OBME TOUKH Ha JAM33jHOT Oelle ONTUMH3UPAaHA CO OTJIe]
Ha MakCcHMMallHaTa BapujaHCa Ha NpeABHIyBame KOpUCTejkun (G-ONTHMajeH KPUTEPUYM, a
n30paHUTe TOYKM Ha JM33aJHOT Oea MEpeHH MOBEKemaTh co LeJ KapakTepuszaldja Ha
eKCIIepUMEHTaTHaTa BapujabirHoCT. OrpaHudeH Opoj AOMOIHUTEITHHN IPOIECHH YCIIOBH Oea
M3pabOTEeHN UCKIYYMBO 3a MOTBP/AHU LIETH U HE Oea BKIyUYeHU BO MPOLIEHKATa Ha MOJCIUTE.
3a npucnocoOyBame Ha IIeTOCHUTE KBaapaTHU Monenu Ha DoE-ogaronuTe Geme npuMeneTa
MyJITUIIHA TnHeapHa perpecuja (MLR).

Tabena 1: Touku na ouszajuom 3a D-onmumanen OU3ajH 3a KOMRAKMuUparse co 8aijayu

# RS RP HFS
1 0 0,231 0
2 1 0,231 1
3 -1 -0,385 1
4 0 -0,538 1
5 -1 1 -1
6 -1 0,231 0
7 -1 -1 0
8 -1 -0,385 -1
9 1 -0,846 1
10 1 0,231 0
11 -1 0,231 -1
12 0 -0,385 -1
13 0 -0,385 0
14 0 -0,538 0
Jlerenaa:

RS —min (-1) =3 rpm; max (1) = 7 rpm;
RP —min (-1) = 2,5 MPa (25 bar); max (1) = 9,0 MPa (90 bar);
HFS — min (-1) = 10 rpm; max (1) = 20 rpm.

2.2.1.4. Kapaxmepu3zayuja na Komnakmupanume neHmu
Ilopo3nocm npexy memoo Ha ancopnyuja Ha Macio

[Topo3nocta (g) Oemie MepeHa co O00pO BOCIOCTAaBEHHMOT METOJA Ha IMOTOIYyBamkEe BO
Mac0.129130 33 cexoe DoE-ucnntyBame, JBaHacCeT MPUMEPOLM HA KOMITAKTHPAHa JICHTa Oea
M3MEPEeHH (TSKUHCKH ), TOTONeHH BO apaduHcko macio (Ph. Eur.) u mocraBenu Bo mecukatop
noJ BakyyM (1 mBar) Bo Tpaemwe o 15 MUHYTH CO 11eTT OTCTpaHyBame Ha 3apOOCHUOT BO3/IYX.
[ToToa BakyymoOT Oelire MOCTENEeHO OCIO00IeH 0 aTMOC(EPCKH MPUTUCOK, & TPUMEPOIIUTE
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0ea OCTaBeHH BO MacJIOTO JIOTIOJHUTEJIHM 2 Yaca Ha aMOMEHTajHa TeMmIeparypa 3a Jia ce
OBO3MOXH amcCopIija BO BHATPCUIHUTE TMOPH HA KOMIAKTUpaHWTe JeHTH. [loToa,
puMepoIHTe Oca W3BaJCHU, BHUMATEIIHO TAalKaHW/U30pUIIaHU cO (UITEp-XapTHja CO el
OTCTpaHyBamE Ha BUIIOKOT Maclio M MIOBTOPHO mM3MepeHu. [lopo3Hocra Oemie mpecMeraHa co
KOPUCTEHE Ha CJIeIHATa PABEHKA:

Voil )
€ = |—=—])x100% 1)
ribbon (Voil+ vy
Bo paBenkara, Vil € BOTYMEHOT Ha aricOpOMPaHOTO MACTI0, 2 VP = m/ptrue; Ptrue OCIIIEC H3MEPEHA
co xenuyMmcka nukaomerpuja (AccuPyc 1330, Micromeritics).

Muxpoxomnjymepcka momoepaguja (anen. microCT)

bernre u3Beena MopQoionika v CTpyKTypHa KapaKTepHu3alirja Ha IPUMEPOIIUTE CO KOPUCTCHEC
KoMmIjyTepcka ToMorpaduja co Bucoka pesonyuuja (TESCAN UniTOM XL Spectral,
TESCAN, Yemka Peny6muka).’*! TIpumeponuTe 6ea cKeHMpaHH MPU HAMOH HA II€BKATa O]
100 kV u npu MOKHOCT Ha 11eBKata o 15 W, co pe3onylija Ha MUKCeN 0 3 |Um U CO BpeMme
Ha ekcrio3unmja o 175 ms. BkynHo 6ea moOuenu 2879 MPOEKIMCKU CIUKHU MPEKY poTaluja
Ha mpuMepokoT of 360°, co yekop Ha poranuja ox 0,125° co Bpeme Ha ckeHupame of 40
muHyTH. [lo pekoHcTpyknmjata Ha cinukute co codrBepor Panthera (TESCAN, Yemka
Peny6nuka), 3D-CT-cnukure Oca mpHKakaHW BO BOJYMEHCKH INPHKAa3 CO KOPUCTCHE Ha
HCTHUOT COPTBED.

Ckenupauka enexmponcka mukpockonuja (SEM)

[Ipumeporte mpen CHUMameTo Oea CKpIIEHM HAa Mald Mapydiba, MPULBPCTEHU Ha
AlyMMHUYMCKH Jip>kad 3a mpumeponu 3a SEM co cipoBosinBa 1BOCTpaHa JISHTa U 00JI0KEeHU
co Au (Quorum Q150R Plus, OK). Ilonaramy, moBpIIMHUTE HA KOMIAKTUPAHUTE JICHTH Oea
KapakTepusupanu co kopuctemwe Hitachi S-4700 FE-SEM (namon Ha 3a0p3yBame oa 10 kV;
emucuja 10500 nA; pabotHO pacrojanue ox 12 mm; OaBHa Op3WMHA Ha CKEHHPAKHE,
3rojieMyBam€ 10 MoTpeda; MpuMeHeTo Oelle caMo MPUCIOCO0YBalke HAa OCBETIEHOCTA U Ha
KOHTPACTOT).

Jauuna na ucmeenysarse (anen. tensile strength — TS)

JaunHaTa Ha UCTErHYyBame HA JICHTUTE O€Ile MEpEeHa CO KOPUCTEHE JOJATOK 32 CBUTKYBAE
Bo TpH Touku (TA-TPB), co ceunnio TA7, Ha aHanu3arop Ha Tekctypa Brookfield CT3, co
pacrioH Ha notriopa o7 20 mm u 6T Gerie mpecMeTaHa co KOPUCTEHE Ha ciienHaTa Gpopmyia:

)

Bo ¢opmynara, o7 e jaunHaTa Ha UCTeTHYBamwe, F e cunara Ha kpuewme, L e pacnoHoT Ha
notnopata (20 mm), W e mupuHaTa Ha JieHTaTa, a t e nebenuHara Ha JeHTaTta. JJuMeH3uuTe
Ha JICHTUTE 0ea U3MEPEHU CO KOPUCTEHE AUTUTAJICH LIyOIep.

3FL
ol =
2Wt2
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2.2.1.5. Kapakmepu3zayuja na zpanyiamume

Tonemuna na yvecmuukume u HusHa pacnpedenrba cnopeo 2onemunama (anen. particle
size distribution — PSD)

l'onemunara Ha 4ecTUYKUTE U paciipenendara Ha dyecTuukute criopen rojemuna (PSD) Ha
MeJICHUTE TpaHyJiu 0ea u3MEepeHu co jacepcka audpakiuja co kopucteme Mastersizer 2000,
ONpPEMEH CO CIMHUIIA 3a JMCIep3uja Ha cyB mpamrok Scirocco 2000 (Malvern Instruments,
Bycrepmmp, OK). [Ipumeponute 6ea aucnep3upanu npu Bo3aylueH nputucok ox 2,0 bar, co
Op3WHa Ha TIOJHEHE MPUCTIOCOOCHA 3a Ja ce MOCTUrHe HamamyBame oa 5 — 15 %. Cexkoj
npuMepok Oemre uaMepeH Tpunatu. CopTBEpOT HA WHCTPYMEHTOT aBTOMATCKU TH JlaBallle
Bpennoctute d0.1, d0.5 u d0.9, ,,punure dvecTnuku™ Oea nehuHHpaHu a Priori kako
BOJIYMEHCKHU porieHT Ha yectndku < 80 pum. SPAN-BpenHocTa Oeme npecmerana kako (d90
—d10)/d50.

Hamankana cycmuHa, Hacunha cycmuHa, npomovHocm, Moquwzoeuja Ha cpanyiu

beme xopucren Erweka GTB 3a ucnuryBame Ha MPOTOKOT Ha TPaHyJaTH W HA TPAIIOIH
(Erweka GmbH, Xaysenmrram, ['epmannja) u 3a 1a ce OApean arojoT Ha IPOTEKyBambe, 10/1eKa
Erweka SVM, onpemen co crakinenu muauaapu oa 100 mL, Oerre ynorpeOeH 3a Mepeme Ha
HacumnHara (anrd. in bulk) ryctuna u Ha rycTMHaTa 1o Tankame, BO CoriacHoOCT co EBpornickara
dapmaxoreja (Ph. Eur. 2.9.36 u 2.9.34, coonBeTHO).

[Tonaramy, 6emie kKoprcTeH onTHYKH MUKpockot (Stemi 305; Zeiss, ['epmanuja; copTBep Zeiss
Zen 3.8) 3a cnukame Ha rpanynute. Opakuujara mog 80 wm Oere mpoceaHa npej CIUKABETO.

2.2.1.6. Kapaxmepu3zayuja na maonemume

Llepcmuna na mabremume

Cunara Ha kpiewe Ha Tabnerute Oeme mepeHa co Erweka TBH 425 (Erweka GmbH).

Odpedysarve Ha coOpiHcUHaAmMa U Ha YHUGOPMHOCMA HA O03UPaAHUmMe eOUHUYU

OnpenyBameTo Ha coip>KMHATa Oelie u3BeieHo cropea MoHorpagujaTa Ha Papmakonejara Ha
CA/l 3a Tabnetu co NpoJOIKEHO 0CI000yBamke cO METHOPMHUH XUIPOXIOPHL, KOja KOPUCTH
RP-HPLC-meton co joncku map Ha kosiona L1 (C18) (L1, 3,9 mm x 30 cm, 10 um). MoGwiHa
¢aza: aneronutpwir: mydep (1 : 9), kage mwro mydepor coapxeme 0,5 g/L Harpuym 1-
xentancyidonar u 0,5 g/L NaCl, npucniocoben na pH 3,85 co 0,06 M docdopHa kucenuna;
HPLC-cucrem Waters Alliance (Waters Corporation, Mundopza, MA, CAl) onpemen co UV-
nerekTop nocraseH Ha 218 nm; 1,0 mL/min; 30 °C. YaudopmHocTa Ha JO3UPAHUTE €TUHHUIIN
6emre onpeneHa Bo cornmacHoct co Ph. Eur. 2.9.40.

bp3una na ocnobodysarwe, ouconyyuja

HcnutyBameTo Ha TUcONynyjaTa Oemle n3BeAeHO CO KOPUCTEHhE Ha METOAOT CO JIONATKU IPU
100 rpm Bo 1000 mL ¢ocdaren mydepcku pactBop co pH 6,8, oapxkysan Ha 37 + 0,5 °C.
[Tpumeponre Oea 3eMaHM BO OJHANpE] OAPEIACHW HWHTEPBAIHM, CO KOPUCTCHE Ypen 3a
aBTOMATCKO 3eMarbe mpumeporn (Sotax ATS XtendTM Double Offline), Bo nmepuon 1o 14 gaca
3a eBajyalija Ha mpo(mIoT Ha 0CcI000yBamke M 0ea aHAM3UPaHH CO CIIeKTpodoTomeTpHja
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UV-Vis (L = 232 nm, Lambda 35; PerkinElmer, Boaram, MA, CAJ]) mo cooxaBeTHa
duntpanmja U paspeaypame. [Ipodunure Ha nucomynuja 6ea w3pa3eHW KakO MPOIEHT Ha
0CJI000/ICH JIEK BO OJHOC Ha BpemeTo. OcI0001yBameTo Ha JIGKOT OeIlIe OMHUIIIAHO CO MOJCIIOT
Ha Kopcmajep-Tlemac®®?

M = ggn 3)

[Tpu mito, k € KHHETHYKATa KOHCTAHTA, a N € eKCIIOHEHTOT Ha ocliobonyBame (Pukosa
mudysuja ako n < 0,45, anomarnen tpancnopt ako 0,45 < n < 0,89, ciyuaj Il Tpancropt ako n
= 0,89 u cynepcayuaj II Tpancmopt ako n > 0,89).

Cmenen na seycnysame (anen. degree of densification — DoD) u yspcma ¢pparxyuja

(anen. solid fraction — SF)
DoD 6eme npecmeran ciopen KnajueOyne u CDpajmr”’3 KaKo OJIHOC Ha MPUBUIHATA I'YCTHHA
Ha Ta0yieTaTa M HaTalKaHaTa ryCTHHA Ha MaTepHjajoT 3a TabneTupame. Macara Ha TabneraTa
(Mtablet) Oerie opeieHa co KOPUCTEHE aHATMTHYKA Bara (Sartorius Secura 124). /lumeH3unte
Ha TabyieTuTe Oea U3MEPEHU CO JUTHUTAICH MUKpomeTap. [IpuBuaHaTa ryctuHa Ha TabiietaTa
nortoa Oemie 70OMEHa O COOAHOCOT Ha MacaTa Ha TabJieTaTa u Hej3MHUOT BoryMeH. LBpcTara
¢dpakuja Ha TabieTuTe OerIe MpecMeTana Kako:

Papparent ( 4)

Ptrue

SFiaptet =

ITpu 10TO, papparent € TPUBHAHATA T'YCTHHA Ha TaOJeTaTa, pPtue€ BHUCTHHCKATa T'YCTHHA,
OJIpeJICHa CO KOPUCTEHe XennyMcka nmukHometpHja (AccuPyc 1330, Micromeritics).

bp3una u kunemuka na babperve na mabaremume

Co 1en 1a ce MOTBPIM OTCYCTBOTO Ha MaKpPOCKOIICKA €po3Hja 3a BpeMe Ha HabaOpyBameTo,
TabyneruTe Oea ONTUYKHU CIEIEHH BO COTJIACHOCT CO METOOJorHjaTa onuiiana oj bepapau u
copabotauimTe™**. Beme cHuMeHa cyBa Tabmera mpu t = 0 0OJ TOpPHA MEpPCIEKTHBA CO
kopuctewe USB-Mukpockon co ¢pukcHa BucuHa Haj Oemna 3aaHuHcKa ceetnuHa LED, mo mto
6eme noxaneH 300 mL dbocdaten mydep co pH 6,8 (Meauym 3a HabaOpyBame) U CIUKUTE Oea
CHUMaHH Ha cekou 10 MHUHYTH BO TeKk Ha 6 4yaca (n = 3).

Bp3uHaTa M KHHETHKAaTa Ha alCOpIIMjaTa Ha BOJAA OelIe OJpe/eHa TPABUMETPHCKH CO
npuMeHa Ha MojenoT Ha Bepmo>®1% (papenka 5), Bp3 ocHOBa Ha pe3ynTaTHTE O] IPOMEHATA
Ha Macara pu 6adperme Bo TEKOT Ha BpeMeTo Bo docharen mydep co pH 6,8 Ha Temneparypa
on 37 °C. ExcriepuMeHTOT Ha Gabpeme Germe m3BeneH crnopen Coyca u copaboraummre. 3’
Mozenot criopes Bepmo MosKe /1a ce IPeTCTaBU CO CIeHATA PAaBEHKA:

M =k, t" (5)

[Tpu mro, M e ancopmujara Ha TeYHOCT BO Bpeme t, k,, € KoHcTaHTa Ha Oabpeme, a N ro
O3HAaYyBa MEXaHMU3MOT Ha 6abpeme: N < 0,5 — nudy3ucku koHTpoIHMpaH, N = 1 — npesemame
CO KOHCTaHTHa Op3uHa, 0,45 < n < 1 — aHOMaJieH MeXaHu3aM.

2.2.1.7. NIR-cnexmpockonuja u ananusza na nooamouu

NIR-cniektpute 6ea caumenu co npumena Ha microNIR 1700 ES (Viavi Solutions Inc.; Bpeme
Ha uHTerpamuja 10 ms; mpocek ox 20 ckeHupama; HomuHaneH omcer 908 — 1676 nm;
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pesonymMja 6 nm) MOKpaj U BO MPOU3BOJACTBeHaTa juHuja (ari. at-line u in-line). Cure
crekTpu 6ea coOpaHu co KOpUcTeme Ha codTBepoT 3a criekrpomerap microNIR Pro Bep3uja
2.1 (Viavi Solutions Inc.). PedepentHoTo Mepeme (Oena/upHa pedepeniinja) oemie n3BeaeHo
15 MUHYTH IO IPBUYHOTO BKIIy4yBame Ha JamOuTe u Ha cekou 30 MuHyTH notoa. Cnekrpure
MOKpaj MpOM3BOJICTBeHAaTa JuHUja (aHrI. at-line) Gea cHuMeHH Ha (PUKCHO pacTtojaHue on 3
mm IpeKy capupHO MPO30pUe J0/ICKa JICHTaTa Ce IBMXKEIIEe CO ~ 3 cm'S ™!, MTO oAroBapa Ha
YCIIOBOT Ha HajHHCKa Op3WHA Ha BAjallUTe, 3a JIa C€ T0OHMe MPOCTOPEH MPOCEK U JIa CE HaMaJIH
BJIMjaHUETO Ha BapHjallMMTe BO PACTOjaHHETO O MOBPIIMHATA HA COHJATa, IPEAU3BUKAHH O
pebpaTa Ha KOMITAKTHPaHaTa JICHTa, KaKO U Ha XETEPOreHOCTa MPH 3eMabeTO IPUMEPOIH. 3a
akcujaaHo wu30pasneHu (,,pedpecTtu’) Baljany, JUHAMHYKATa aKBH3WIIHMja, KaKO IITO €
ommmana oj Kyer m copabotauuure!®®, ru y6maxysa ¢nykryanumte Bo edeKTHBHATA
MOBPIIMHA Ha 3EMameTO MPUMEPOIM W BO JIOJDKMHATA HA ONTHYKUOT maT. JleHTuTe on
MIPOLIECOT HAa KOMITAKIIHja co Basjaiy 0apaa 3D-ucnevareH KOHTPOJICH KOMIUIET BO (hoopMa Ha
nnka (PLA-nnactuka; cinvka 1) 3a ga ce crabunusupa U HacO4M HUBHOTO JBMkewme KOoH NIR-
COHJIaTa BO MPOM3BOJCTBeHarta ymHKUja (anri. in-line). beme kopucren Eigenvector Solo 3a
uctpaxxyBauka PCA-ananm3a u 3a pa3Boj Ha MYJATHBAPHjaHTHU KAIUOPAIIICKH MOJEIH CO
kopuctewme OPLS-perpecuja u tpancdep Ha kanubpauuja. Cure mojenu 6ea U3rpazeHu co
KopucTewe criekTpu o 932 nm 1o 1676 nm.

Permmment

Pedpecrn pasjam

| €CTO 32 MOHTHPAILE
Kommaxrupana Ha 3D-cetor
1enra Mecro 3a MOHTHpaB:€

na NIR cuexrpoverapoy

S
= Mecro 3a KOJIeKIIja Ha
CHERTPH

Cnuxka 1: [TocraByBame MicroNIR-conna n 3D-ncneuyaren HacodyBad 3a MPETCTaBYBambe Ha KOMITAKTUPAHUOT
MarepHjall co peOpecTH Bajjaly 3a CHUMabe BO MPOU3BOACTBEHATA IMHHKja (aHII. in-line) (cnuka A u
unycrpaiuja b)

52



2.3. PE3YJIITATH U JIMCKYCHJA
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2.3.1. /luzaju na excnepumenmu

[Ipu KoMmakTHpame CO BaIjalluTe, CUJIaTa BO 30HAaTa Ha KOMITaKknMjarta (cnenuduyHa cuia Ha
KOMIIaKIMja) JOBEAyBa JO MNPHUOMIKYBamkbe Ha YECTUYKUTE W OBO3MOXYBa e€(UKACHO
npepacnopeayBame, (pparmenranvja u aedopmanuja, mpu MmMTO ce M00MBa KOMIIAKTHUPAaHA
JICHTa CO Ofipe/ieHa MOPO3HOCT. Bo Bamjanu 3a KonMakTHpame 0€3 MOKHOCT 3a MOCTaByBakbe
(UKCEH IPOCTOp MOMery BalljalluTe, IPUTUCOKOT C€ OJIP)KyBa KOHCTAHTEH, IIPOCTOPOT IMTOMETY
BaJIjallUTE CE KOHTPOJIHMPA MPEKY PEeryaTop, 10/IeKa BAHTOBUTE (XOPU30HTAJICH JIOBOJICH BUHT
— HFS; Beprukanen BHHT 3a mperkomipecuja — VPS) u Bamjarure paboTar co 3a1aJeHUTE
6p3unn.t'® 3a 1a ce oApKH KOHTHHYHPAH U cTAOUIIEH TIPOTOK/IOBO/ HA MATEPHUjall, HEOIIXOIHO
€ ycoriacyBame Ha Op3WHaTa Ha BajjalluTe cO Op3WHATa Ha JOBOJHUTEC BHHTOBH (JOBOJ HA
MaTepHjall, XpaHEeHe), CO LI Ja ce U30erHe MPEKYMEPHO MM HEJOBOJIHO BHECYBAE MPAIIOK
1 1a ce 00e30e/1M ONTUMAITHO BpeMe Ha 3a/Ip)KyBarhe¢ Ha MATEPHjaJIOT BO 30HATA HAa KOMITAKIIH]ja
(aurm. dwell time). CrokeHata WHTEpaKildja Ha MPOILECHUTE IapaMeTPH ja Harjacysa
norpebaTa oJ] CTPYKTypHpaH HpucTar 3acHoBaH Ha DoE 3a koHTpoJia 1 3a onTuMU3aiuja Ha
CBOjCTBaTa Ha KOMIIAKTHPAHUTE JICHTH, KAaKO M 3a IOCTUTHYBamke HA IOCAKYBaHUTE
KapaKTePUCTUKH Ha TAOJIETHTE KAaKO KPaeH IMPOU3BO/I.

Wurepakuujata Ha TPOIECHUTE MapaMeTPH € OCOOCHO KPUTHYHA Kaj CMECH CO BHCOKA
CONpXHMHA Ha JIeK, KaK0 Ha TpPHMEpP, MENIABUHA Ha MET(GOPMHUH XHAPOXIOPHI
(kpuutuB/hparMeHTapeH o acmeKT Ha KOMIIaKIWja; JOMHHHpa (QparMeHTanuja mpu
nedopmariija, KOH3UCTEHTHO CO BUCOK XEKeJIOB IpaHuyeH npuTrcok (anri. yield pressure)) u
HPMC (koja npetexHo ce nedhopMupa IacTHYHO). 3a Ja ce OAPKH CIIOCOOHOCTA 32 TOBTOPHA
KOMIIpecHja, a ce u30erHe mpekyMmepHa (parMeHTanuja U 1a ce 3adyBa CIOCOOHOCTA 3a
TabyeTupame, BO MPOIIECOT Ha CyBa IpaHyJalija co KOMIAKTHPAKkEe CO Bajjal Tpeba a ce
MOCTUTHE COO/IBETHA MIOPO3HOCT Ha KOMIIAKTUPAHHUTE JICHTH U J[a Ce MPOM3BEIAT IPAHYIIH CO
TecHa pacrpenenda Ha decTHUKuTe criopen roaemuna (PSD) u co coonBeTeH/KOHTPOIHPaH
yaen Ha duma bpakipja,108:114119120,138,139

[TpumenetnoT D-onTuMmalieH au3ajH BO OBaa CTy/AMja OBO3MOXKH CHCTEMAaTCKa eBalyalnja Ha
KPUTHYHHUTE TIPOIECHH TIPOMEHJIMBH ¥ HAa HUBHUTE WHTEPAKIWH, JETEKIHja Ha
BapHrjaOUITHOCTA 3a BpeMe Ha MPOIEecoT 1 00e30enu pazdupame Ha eheKToT Ha (aKTOPUTE Ha
nporecoT u Ha (opMyranujara Bp3 3TyCHYBamaTa M Bp3 KBAIUTETHTE HA KOMITAKTUPAHUTE
JeHTH. Bo paHToT Ha TpOIECHUTE MapaMeTpH, KOJjIITO Oerie MCTpakeH, 3TOJIEMEHHOT
MPUTUCOK TOMEry BaljalluTe pe3yiTHpalle coO KOH3WCTEHTHO HaMalyBamke Ha
MMOPO3HOCTA/3roJieMyBalkbe Ha  3TyCHyBamaTa, OCOOCHO Kora TMPUTHUCOKOT Oere
cUHXpoHU3UpaH co ontumanHa HFS (ymepeHo HeratuBHOo Biujanume) u RS (ymepeHo
MO3UTHUBHO BIIMjaHKE), co MITO Oerre o0e30e/ieHa paMHOTEka MOMery ONITUMAIHOTO XPAaHEHeE,
BPEMETO Ha 3a/Ip)KyBarhe Ha MPAIIOKOT BO 30HaTa Ha KOMMAKIMja U CHJIaTa Ha KOMITpecHja.

[Topo3HoCTa KOjaIIToO ja KOPUCTUME KaKO MHIUKATOP 332 KBAIUTET HA KOMIAKTUPAHUTE JICHTH
ce JBIKemie BO paHror momery 9,65 — 18,73 %, mpu ImTO PErpecUCKUOT MOJCH Ce
kapakTepusupame co R? = 0,937; R? Adj. = 0,932; Q2 = 0,922; pammmuoct = 0,941 u
penpoaykmuja = 0,926. KommakTupaHuTe JCHTH CO HajHUCKA MOPO3HOCT Oea JOOUEHU TIpH
XHMIpayJIndeH MPUTUCOK momery Bamjanute o1 9,0 MPa (18,9 kN/cm) u nipu ogHOCOT Op3uHa
Ha BUHTOT 3a XpaHemwe/Op3una Ha Bamjarure ox 10/3 (10 rpm — Gp3uHa Ha TOBOJCH BUHT; 3
rpm — Op3uHa Ha Bajjaly), A0JeKa KOMIAKTHPAHUTE JICHTH CO HajBHCOKa MOPO3HOCT Oea
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MPOM3BEACHN CO XuapayiauueH mputucok ox 2,5 MPa (5,2 KN/cm) u et ogHOC 10BOACH
BUHT/Op3WHA Ha BaJTjally.

RP nmoxaxa nmozutusen edekt Bp3 TS, npu mro edexToT Oeme HajuzpaseH mnpu HUcka RS u
npu nosucoka HFS (ciuka 2a). HFS mokaxa ymepen mo3utuBeH edekt Bp3 TS, mTo e Bo
COTJIACHOCT €O MO00PEHOTO XpaHewe co MarepujanoT. OBHeE pe3yiTaTH ce BO COTIIACHOCT CO
IIpeTX0NHUTe MyOIMKyBaHH HCTPAKyBama 3a KOMMakTHpame co Bamjamu. %0 Hacmporu
HFS, sronemyBameTo Ha RS umanie neratusen edekt Bp3 TS (crnuka 2a),115140-142

DoE-ananu3ara ykaxyBa Jieka IpuMeHaTa Ha MPUTHCOK TTomery Bajijjanute Bo panr 4,0 — 5,5
MPa (cnennduuna cuia Ha KommakTupame (anri. specific compaction force) — SCF: 8,40 —
11,55 kN/cm), Bo koMOuMHaIMja CO yMEpeHa /10 BUCOKAa Op3WHA Ha JTIOBOJHHOT BUHT U CO
MOHKCKa Op3WHA Ha BaJjallUTe, MOXE Jia TIOMOTHE BO HaMajlyBalme Ha YJAEJIOT Ha CUTHATa
dbpakija 1 BO CTECHYBAmbETO HA pacipezendaTa Ha yecTHUkuTe cropen rosemunata (PSD),
Kako M BO 100MBame moroseMu rpanyiu (mosucok d50; ciuka 20; uHTEpakiyja: Op3uHa Ha
Bajaly X Op3uHa Ha 0BOJieH BUHT Bp3 SPAN).

[Ipu mpuMeHa Ha MHOTY HHCKH HPUTHCOIM TIOMEly BaljalluTe JOOMEHU Ce IpaHyJIH KOHUIITO
HEMaaT JOBOJIEH MEXaHWYKH HWHTErPUTET MOpPaJd TOa IUTO CE CKJIOHM KOH KpPIIEHE U KOH
MOTEHIIMjaliHa Je3WHTerpalrja BO MPUMApHU YECTUYKU 32 BpEeME Ha I[MOHATAMOLIHOTO
pakyBame 1 KoMIpecHja (CMka 5, BUCoKa mopo3Hoct). [Ipu mpuMeHa Ha IPEMHOTY TOJIEMU
MIPUTHUCOIM TIOMely BaljjalluTe ce 100MBaaT rpaHyJd cO BUCOKA TYCTHHA OJf KOMIAKTUPAHUTE
JIEHTH cO MaJia mopo3HocT. Cenak, IpeKyMepHO KOMITAKTUPAHUTE JIEHTH UMaatT TeHACHIIM]a J1a
ce KpuIaT U Ja MOKaXyBaar cj1a0 KBaJIMTET Ha rpaHyJaTUTe, IITO MOTEHIIM]aJHO J0BEAyBa 10
MOLIMpPOKa pacmpesenda Ha rojeMHHaTa Ha TPaHYJIUTE, BO COIJIACHOCT CO HAOAMUTE OJ

nuTeparypara,43-14°

JIOTIOJIHUTENHO, HAIIUTE Pe3yTaTh MOKaKyBaaT JieKa MOBUCOKUTE MPUTHUCOIM HA BajljalluTe
MMaaT TeHJEHIIMja Aa TU 3rojemar (¢opmanyjata Ha GUHM YECTUUYKU MpPEeKy HEyHHU(POpMHa
KOMITpECH]ja U MPOTEKYBAKETO HAa MAaTepUjalIOT MOKpaj BamjaruTe. BeymHoct, edektor Ha RP
Bp3 IPOLEHTOT Ha (PMHUTE YECTUUKH € CUITHO MoayiupaH ox 6anancor HFS/RS (oaHoc BUHT—
Op3HHa Ha BajallUTe), IPU IITO HUCKUTE OJHOCU PE3YITHPAaT CO MOBUCOK MPOLIEHT HAa (GUHU
YECTUYKH.

JljameTpuTe Ha YECTUYKUTE U3MEPEHH CO Jacepcka audpakiuja ce apmxkea ox 7,50 mo 28,36
um3adl0, 01 71,48 10 383,21 um3ad50 01 396,62 um mo 1438,58 um 3a d90. Perpecuckute
moaenu 3a d10, d50, d90 u % Ha ¢unu yectnuku gamoa R? Bpennoctu oz 0,881, 0,933, 0,843
u ox 0,899, coonBerHo, kako u Q? Bpeanoctu ox 0,858, 0,902, 0,779 u ox 0,840, cooaBeTHO.
SPAN (R? = 0,900; Q2 = 0,832) Gemie MoaeIrpaH Kako MoceOeH OATrOBOP U € MPUKaKaH KaKo
¢bysakumja on Bapujanmure Ha HFS m Ha RS mpu cpeneH mpuTHCOK, MpH mTO ce ondaTeHn
eeKTUTEe Ha XETePOreHOTO WJIM Ha HEIECNIOCHOTO 3TYCHYBAame KOCIITO C€ CIydyBa IpHU
MOBUCOKY Op3MHHU Ha BaJjalluTe, IPH IITO 1oara u 10 3roiemyBame Ha SPAN (ciuka 20).

BpeanoctuTe 011 Mpou3BeICHUTE CEPUH BO PaAMKHUTE Ha TM33JHOT, KAaKO U KOS(hUIIMEHTUTE Ha
MOJIETIUTE, Ce MPUKaKaHU BO Tabena 2, ciuka 3.
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Crnmka 2: MHTepaknyja Ha Op3uHaTa Ha BajjanuTe X Op3MHATa Ha JOBOJHHOT BHHT U e(hekT Bp3 TS u Bp3
SPAN

2a) IIpu BuCOKM Op3MHM Ha TIOBOJHUOT BUHT, Op3MHATA HA BaJIjallUTe UMa CaMO YMEPEHO BIIMjaHUE
Bp3 TS. IIpu HUCKa Op3uHa HA TOBOAHUOT BUHT, HEAOBOJIHHUOT JOBOJI CTAHYBA OIPaHUYYBAUYKH
(hakTOp, Ma HAMATYBakETO Ha 1S MpeAN3BUKAHO 011 Op3WHATA HA BATjallUTe € MTOM3Pa3eHO.

26) I1pu Hucka Op3uHa Ha Bayjanute, SPAN He € 1ox BivjaHue Ha Op3uHATa Ha JIOBOJHUOT BUHT
Ouejku 0JroTO0 BpeMe Ha 3a/IP:KyBarbeé Ha MPAIIOKOT BO MPEeTKOMIAKIMCKATA 30HA
OBO3MOJKYBa PEIaTUBHO paMHOMEPHA KOMIIaKLKja. 3rojeMyBame Ha Op3uHaTa Ha JOBOJHUOT BUHT I'O
sronemyBa SPAN mopanu xereporeHara KOMIAKIMja U OpaJy KPaTKOTO BpeMe Ha 3aJ[pyKyBambe BO
nmpeTkoMIakiuckara 3oHa. [Ipu Bucoka 6p3una Ha 1oBoHHOT BUHT, SPAN ocTaHyBa rmokadeH co
MopacToT Ha Op3nMHaTa Ha JOBOJHHOT BUHT, JOAEKA IPU HUCKA Op3MHA HAa JOBOJHHOT BUHT TOj HArjIo
orara co 3rojieMyBame Ha Op3MHaTa Ha BaJjjalluTe, IOpaly HEAOBOJIEH JOBOJ BO
NMPEeTKOMITIAKIIMCKATA 30Ha [TPH HU30K OJTHOC Ha Op3WHATa HA JJOBOJHHOT BUHT CO BaJ[jallUTe, IITO
BOJIHU J10 €J1a0H, BUCOKOIOPO3HH KOMIIAKTUPAHH JICHTH KOH IIPH MEJICHE PE3YITHpaaT co
MIPOM3BOJCTBO Ha YHU(OPMHO MaJIM U (YPArkiIHA YECTHUKH.

2.3.2. Mukpoxomnjymepcka momozpaghuja u cCKeHupauka ei1eKmpoHcKa MUKpPOCKOnuja

MukpokoMmITjyTepckaTa aHaian3a, KojamTo Oelie MpruMeHeTa 3a UCITUTYBamkhe Ha TTOPO3HOCTA U
3a Manupame Ha Hej3uHaTa MPOCTOpHA pacnpeaenda, ru moTBpau Haoaute o1 DOE u 06e36enu
MEXaHUCTUYKHA YBHJ BO 3abenexanute eextu. BomymeTpuckure mMamm Ha TOPO3HOCTA U
MpoGUINTE 1O PEIOBH OTKPHja MPOCTOPHA XETEPOTCHOCT Ha IMOPO3HOCTA 10 JTOJDKMHATA Ha
KOMITaKTUpaHaTa JICHTa Ipu Cy6OHTI/IMaJ'IHI/I OOIHOCH Ha 6p31/IHI/ITe Ha BHUHTOT CO BanjaunTe.
OBue ycnoBH HajBEpOjaTHO BOJAT O HEAOBOJHO TOJHEHE HA 30HATA HAa KOMIMAKIHja U JI0
(dhopmMupame CIOEBH CO BHCOKA MOPO3HOCT. Bo cipoTHBHO, TIpH 3a7a7ieH IPUTHUCOK TTOMETryY
BaJjallUTe 3a KOMITAKIIMja, OJP)KYBAmETO JOBOJHO BHCOKA Op3WHA HAa JOBOJHHOT BHHT
JOBEyBa JI0 TMOMPOCTOPHO YHUGDOPMHH pacmpenenOn Ha TMOpPO3HOCTa CO HaMaleHa
XETEePOTreHOCT. PETHOHNTE CO MOBHCOKA MTOPO3HOCT IO TOJDKMHATA Ha KOMITAKTHpaHAaTa JICHTa
MOXKaT Jia JellyBaaT Kako mpedepeHIHjaHd pPAMHUHA Ha KpIIEHkE, KOHWIITO MOXKAT
HEMPOITOPITMOHAITHO J1a BIMjaaT Ha TS. HexoMoreHocTa Bivjac Ha MEXaHUIKHOT HHTETPHTET
Ha KOMIIAKTUPAHUTC JICHTU WU Ha HHUBHOTO OJHCCYBAKLC IMPU NOHATAMOIIHUTC IMPOLCCHU HA
0o0paboTKa, IITO MOXE Ja pe3yiATHpa CO TOBUCOK NPOIEHT HAa (UHU YECTHYKH 10
MenemeTo, 00146
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Tabena 2: DOE-mampuya u usmepenu ooeosopu 3a cexoja cepuja noo2omeena 60 pamxKume

Ha OU3ajHOmM Ha eKCcnepumMeHmu

RS RP | HFS | Hoposnocr (HpoTcqua d10 ds0 d9o SPAN qe‘f:::::m

(rpm) | (bar) | (rpm) (%) + SD) (um £ SD) | (um =SD) | (um £ SD) +SD (% + SD)
. o 15 14,004 2,229 12,558 136,778 | 1191,087 | 8667 | 31,749
+ 0,487 +0,215 +1,819 +10252 | +84495 | +0,948 | +1,627
. o 20 13,972 2,088 12,795 132,348 | 1052480 | 7,921 | 31,619
+ 0,854 +0,078 +0,393 +14230 | +92244 | 0730 | +2,973
3 45 20 13,691 2,129 21,940 383,210 | 1203913 | 3,084 | 20,731
+0,723 +0,061 + 2,382 +57,113 | +236,202 | 0,620 | +1,460
. 20 20 15,822 1,882 23,261 241,382 | 1111,340 | 4511 25,298
+ 0,850 +0,102 +1,319 +16,954 | +187,769 | +1,028 | +0,453
3 90 10 9,650 3,171 7,500 126,203 | 1130,354 | 8,929 | 32,227
+1,235 +0,092 +1,205 +12,060 | +107,988 | +1,118 | +1,747
3 o 15 11,875 2,425 14,124 207,113 | 1438580 | 6,878 | 28671
+0,634 +0,111 +1,441 +19026 | +36931 | +0,840 | +0,884
3 - 15 17,510 0,927 28,360 206,939 | 672,033 | 3,132 23,525
+0,219 +0,084 +0,408 +10,344 | +16,882 | +0,130 | +0,669
3 45 10 16,105 1,462 14,507 160,635 | 660,593 | 4,092 29,143
+0,199 +0,114 +1,247 +10,935 | +80,053 | £0,223 | +2,129
. 30 20 18,730 0,780 27,496 120,152 | 656,386 | 5234 | 30,098
+0,672 +0,187 +2,232 +17,302 | +123417 | +1,795 | +1,865
. - 15 16,317 1,319 10,497 71,480 396,620 | 5402 | 51,500
+ 0,500 +0,026 +1,111 +14615 | +57,173 | 0478 | +4,173
3 o 10 13,481 2,211 13,905 129,363 | 782,430 | 5941 | 33,137
+ 0,150 +0,236 +0,213 +13934 | +65434 | £1,002 | +2,029
. 45 10 17,825 0,678 + 15,936 125,849 | 748854 | 5824 | 32388
+ 0,655 0,279 +2,822 +4443 | +63504 | +0,668 | +1,388
. 45 15 16,968 1,783 + 16,871 138,204 | 991,919 | 7,051 | 31,607
+ 0,500 0,102 +1,466 +9050 | +81,884 | +0,123 | +1,548
. 40 15 17,256 1,231 19,189 142,102 | 953,884 | 6578 | 30,027
+ 0,286 +0,090 +1,395 +4645 | +36427 | 0,065 | +0,986
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Bes TpaHcdhopmauunja  Bes TpaHcdopmaymja  Log: 10Log(Y)

MaTpuya Ha KoepULNEHTHU

(bpoeBun = KOEMUUUEHTH; * = MHTEPBAnOT Ha LOBEPNUBOCT He BKNy4yyBa 0)

Log: 10Log(Y)

IluHeapha: Y

Log: 10Log(Y)

RS 4 1,633* -0,0305*
RP -0,04588*
HFS A -1,388* 0,5994* 0,04591*
RS*RS 4 -0,3343* -0,0706*
RP*RP
HFS*HFS A 0,06061*
RS*RP 4
RS*HFS A 0,2503*
RP*HFS 4 -0,08578*
o e 6 o0 N
0‘3‘6 6‘?‘6 e@w 6'\ o 6@
Qo® O et
0’\
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Cruka 3: Perpecucku koeduiuent Ha DOE 3a oroBopute Ha KOMIAKTUPAaHUTE JICHTH U Ha TPAHYJINTE
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Kako wunycrpatuBHa cropenda, YZ-mpecenmuTe Ha MHUKPOKOMIIjyTepckaTa Tomorpadguja u
COOJIBETHUTE MPOQHIM Ha TMOPO3HOCT (CimKka 4) TMOKaXyBaaT JeKa KOMIIAKTHpaHaTa JICHTa
npousBeneHa npu RS = 5 rpm, RP = 6,5 MPa u npu HFS = 10 rpm nokaxyBa mnouspazeHu
JoKaNU3MpaHu (PIyKTyaluy Ha MOPO3HOCTA MO PEIOBU HU3 JOJDKHMHATA Ha jeHTarta (% Ha ¢huHu
yectruku 40,591), mogeka koMakTupanara jeHTa npousseaeH npu RS =3 rpm, RP =4,5 MPa u
npu HFS = 10 rpm npukakyBa peiaruBHo noyaudopmen mpodu (% Ha punn uectruku 29,143).
Co moHataMOIIHO 3rojieMyBame Ha Op3uHaTa Ha Bajjanure, Ha np., RS =7 rpm, RP = 6,5 MPa u
HFS = 15 rpm, ¢pakuujara Ha puHu yecTHuky e ymire noroiema (% Ha dunu yectuuku 51,500).
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Ciuka 4: A) MukpokomIjyTepcka ToMmorpad)cka KapakTepHu3alyja Ha IPOCTOPHATa XeTePOreHOCT Ha TOPO3HOCTA
Kaj KOMIIAKTUPaHH JICHTH JIOOMEHH CO KOMITAKTHPae CO Baljalu: a) Penpe3eHTaTHBHU MUKPOKOMII]yTEPCKU
ToMorpadcku YZ-Tpecely Ha KOMIIAKTHPaHU JeHTH npousBeneHu npu (A) RS =5 rpm, RP = 6,5 MPa, HFS = 10
rpm u npu (B) RS = 3 rpm, RP = 4,5 MPa, HFS = 10 rpm. B) IIpodunu Ha HOpO3HOCT AOIK KOMIIAKTUPAHATA JICHTA
3a RS =5 rpm, RP = 6,5 MPa, HFS = 10 rpm (nosiHa cuna nunuja) u 3a RS = 3 rpm, RP = 4,5 MPa, HFS = 10 rpm
(ucmipexknHaTa 3eneHa nuHAja). [Ipodumnmre ce HopMaTU3UpPaHU BO IPOU3BOIHH €AWHUIM 3a BU3yelHa criopenoda.

bea npumenetn mukpokomijyrepcka Tomorpaduja (anra. MicroCT) u ckeHupadka eleKTPOHCKa
mukpockonuja (SEM) 3a kapakrepusanuja Ha CTpyKTypaTa Ha IOPUTE BO PEKUM Ha COO/BETEH
JIOBOJ] HAa MaTepHjall 3a KOMITAKTUPALE ¥ TP MEHYBakhe Ha XUAPAyIMIHUOT nputucok. MicroCT
MOKaXXyBa JIeKa KOMITAKTUPAHUTE JIEHTH CO BHCOKa MOPO3HOCT C€ KapaKTepPH3UpaaT cO CIOCHH
OTBOpPEHHU MOpH BO (opMa Ha KaHaAIU KOM Ce MpoTeraar HU3 jJeOenuHaTa Ha KOMIAKTHpaHaTa
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JICHTa, CO3/1aBajku cyHIepecta Mpexa (ciuka 5, B, Bucoka €). CnporusHo, MicroCT mokaxyBa
Jieka KOMIIAKTHPAHUTE JICHTH CO HUCKA TMOPO3HOCT MMaar cjabo pacrnpoCTpaHeTa JICHTOBH/IHA
Mpeka Ha TIOpPU CO OrpaHnYeHa KOHEKTUBHOCT (CITUKa 5, A, HUCKA €).

Cruka 5: Mukpokommjytepcku Tomorpadeku (anri. microCT) npecenu (A — B; ropeH pen) U COOABETHH
JjarpamMu Bo opMa Ha ,,p0o3a‘‘ 3a IPETCTaByBalbe HAa OPUEHTALIMjaTa Ha IOpUTE (TIPECINKAaHU OKOITY
XOpU30HTaJIHATa OCKa 3a M0Jj00peHa Bu3yain3anyja) Bo pamanHara YZ (A — B ; noseH pen) 3a KOMIakTHpaHH
nenTr npousBenenu nmpu RS = 3 rpm u ipu HFS = 10 rpm, nipu mputrcorm Ha Bamjarute ox 9,0 MPa (A, Hucka €),
4,5 MPa (b, cpenna €) u ox 2,5 MPa (B, Bucoka g).

AmnHanu3ara Ha OpHEHTalMjaTa Ha MOpHUTE BO paMHUHATAa YZ (CliMKa 5) yKakyBa Ha MEHYBambe Ha
HacoKaTa Ha MOPUTE BO 3aBUCHOCT of MpUTUCOKOT. IIpn RP = 9,0 MPa mukpoctpykrypara e
rycTa, a MpekaTa Ha IOpUTE € MHOIY JAMCKOHTHHYHMpaHa CcO H3pa3eHa MNpedepeHIrjaaHa
OpHMEeHTaIfja Ha IOPHUTE JA0JK ockaTta Ha komnakuuja. [Ipu RP = 4,5 MPa coap:xunata Ha mopuTte
ce 3rojieMyBa M ce 3a0eNexyBaaT JUCKPETHU PETMOHU CO MOrojieMa MOpPO3HOCT M €O mociada
BepTUKAJHA MpedepeHiinja, co JOKaTu3upaHu OTCTalyBamba Bo HacoueHocTa. [Ipu RP = 2,5 MPa
Mpexara Ha MopuTe OOMBAa BUCOK CTEMEH Ha MOBP3aHOCT, CO KOHTUHYMPAHU KaHAJIM KOH Ce
npoTeraatr HU3 Ae0enuHaTa Ha JeHTaTa U CO MOBEKeKpaTHH MUKOBU HAa OPHEHTAIH]ja, ILTO € BO
COTJIACHOCT CO Pa3IMKUTE BO OPHUEHTAIMjaTa HU3 MONPEYHUOT MIPECEK.

SEM 00e30e1yBa KOMIUIEMEHTApHHM JIOKa3W 3a CTPYKTypaTa Ha KOMITAaKTHpaHaTa JICHTa: Ha
MOBPIIMHATA CO BHCOKAa TOPO3HOCT JIOMHHHMpAAT Cia00 KOHCOJHIWPAHU arioMepaTH Of
MPUMapHU YECTUYKH CO OTpaHHYeHa Jedopmaliija, MTo YKaKyBa JIeKa IpepacrnopeyBameTo Ha
YECTHYKHUTE OCTaHyBa BaKEH MEXaHHM3aM Ha KOMIakidja (ciauka 6, Bucoka €). O apyra cTpana,
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microCT nokaxyBa Jieka KOMIIAKTUPAHUTE JICHTH CO HUCKA MOPO3HOCT C€ KapaKTepH3Hpaar co
TEHKa, ICHTOBH/JHA MPEKa Ha IOPH CO OTPaHUUEHA MOBP3aHOCT (ciiuKa 6, Hucka €). [loBpuIMHuTE
Ha KOMITAKTUPAHUTE JICHTH CO TIOHUCKA TOPO3HOCT, BU3yanu3upanu co SEM, ce ma3Hu u
KOXE3UBHH, CO OTCYCTBO Ha MOBPIIMHCKH MOPH.

BMCOKA € cpeaHa €

HUCKa €

2.0mm x30 SE(M)

10.0kV 12.0mm x100 SE(M)

Crnuka 6: Mopdosiorija Ha IOBPIIMHATA HA KOMIIAKTUPAHUTE JICHTU CO Pa3IHMYHH MPUTUCOIU U CO PA3JIUYHA
MTOPO3HOCT

Bucoxka ¢: [ToBpumiHa Bo K0jamTo A€ 0/ YeCTHYKHUTE HaJTHKyBaaT Ha clab0 KOHCOJIHIUPAHH arloMepaTy.

Cpenna &: Kmactepu on Bp3aHd U (pparMEHTHPAHH YECTHYKH, CO JCIYMHO MPEMO3HATIMBH T'PAHHUIU MOMEry
YEeCTUYKHTE, HO CO HaMalleHa Tororpadcka Bapujammja.

Hucka g: Ma3Hu, KOHTUHYHPAHHU MOBPIIMHU CO MUHUMAITHA TIOBPIINHCKA TOPO3HOCT (BU3YAIN3UPAHU TOPH KOUIIITO
M3NIeTyBaaT KOH MOBPIIMHATA).

*Bucokara, cpeJiHaTa U HUCKATa € OJroBapaaT Ha KOMIIAKTHPAHHUTE JeHTH npou3BeaeHu npu RS ox 3 rpm, HFS ox
10 rpm u RP ox 2,5; 4,5 n o 9,0 MPa, coonsetHo.

[Tpu uKcHU yCIIOBU Ha MENCHE, MUKPOCTPYKTypaTa Ha KOMITAKTHPaHAaTa JICHTa Ce MPEHeCyBa
MpeKy MaKyBameTO Ha IpaHy/IMTe BO IBpcTaTa (hpakiipja Ha TabieTara M BO apXMTEKTypaTa Ha
MOPHUTE, KOMIITO BJIMjaaT BP3 KPUTHUHUTE aTpuOYyTH Ha Tabaerara, Mery Kou (hOpMUPABETO Te-
CJI0j, KHHETHKATa Ha XUApaTainja u 0ciI000yBamkETO Ha JICKOT.

KommaktipanuTe JeHTH cO BHcoka mopo3HocT (¢ = 18,50 %; TS = 0,96 MPa) nangoa kpuuiuBu
rpaHysIM KOHMILTO MPEKyMEPHO ce pacnaraar A0 NPUMapHU YECTUYKH IIPU paKyBambe CO HUB U NPH
tabsetupame (cauka 7, Bucoka g). Jloouenure Tabnetu ce kapakrepusupaatr co DoD = 2,19 u co
SF Ha Tabnera = 0,920. HacnpoTu TOa, KOMIAKTUPAKETO NMPH BUCOK MPUTHCOK JaBa T'YCTH H
arjecTd rpaHynu (ciaMkKa 7, HUCKA €), KOMIUTO IOKaXyBaaT OrPAaHHYEHO JIOTIOJIHUTEIHO
3rycHyBame npu tabnerupame u DoD = 1,89 co Bucoka nBpcra ¢pakuuja Ha tabnera (SFua
tabmera = 0,945), mpuMapHO MHOpajd MHOTY TyCTHTe TpaHyinu. [paHyiaute IOOHEHH Of
KOMIIAKTUPAHUTE JICHTH O cpenHa nopo3noct (€ = 15,78 %; TS = 1,591 MPa) mokaxaa morecHa
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PSD (monuzox SPAN u D90, nmosucok D50) u 3a061aeHa mopdooruja Ha rpaHy/uTe (Cauka 7,
cpeiHa €), 1o/1eKa TabJIeTHTe MPOU3BEICHHU O/ OBUE I'paHy M mokaxaa ymeper DoD = 2,04 u SFua
tabnera = 0,936. Cure Tabnetu Oea TabieTUpaHU 10 IIeJTHATA IBPCTHHA.

Bo cormacHOCT co CTpYKTYpHUTE pa3iuKy, Kaj TabJIETUTE MPOU3BEACHH O/ KOMIIAKTUPAHH JICHTH
CO BHCOKa ITOPO3HOCT JAUMHHHUpAIIe ociobomyBame co qudysuja (Kkp = 33,02 h™; n = 0,3960) u
Op3a xuaparanuja/uadadpysame (Kw = 21,5 %-h'; n = 0,5719). On apyra crpana, TabneTuTe
MIPOU3BEICHN O] KOMIAKTHPAHH JIGHTH CO HAjHHCKA MOPO3HOCT ce Xuapupaa HajoaBHO (Kw =
15,87 %-h™'; n = 0,706) u ce kapakTepu3upaa co Tu(Py3UCKH KOHTPOJIUPAHO OCI000yBamkE BO
panara ¢asza (Kopcmajep-Ilemac Kkp = 31,87 h™; n = 0,39), BO COIIaCHOCT CO MOKPYIIHHTE
MHTEPIrpaHyJIapHH MIOPU M CO HaMaJIeHaTa peajiHa KOHTAKTHA MIOBPIIMHA KOUIITO ja OTPaHUYyBaaT
penakcanujata Ha MatpukcoT. CpeaHaTa MOPO3HOCT MOKaxka ymepeHo Oabpeme (Kw = 19,45
%-h™';n=0,6322) u noyaudopmuo 6adpeme , m06aBHO 0CI000IyBakbe, KOCIITO € 0anaHc momery
nudysujara u penakcaijara (Kopemajep-Ilenac: Kkp = 24,90 h™; n = 0,5583), Bo cortacHOCT cO
MPETXOJAHUTE JIUTEPATypHHU mnoAaronu. [1okpaj oBUe MpHKakaHU MPUMEPOIH, JPYTH YCIOBU Ha
JOBOJI/IPUTHCOK BO JAM3aJHOT, UCTO Taka, naBaaT nonucku Kkp, mery uus RS = 3 rpm; RP = 4,5
MPa; HFS =20 rpm u RS = 5; RP = 6,5 MPa; HFS =15 rpm, co Kkp = 19 h™u co Kkp =21 h™,
COOJIBETHO.
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Cruka 7: I'paHynn KOMIITO c€ MPOM3BEIEHH 0J1 KOMIIAKTHPAHHU JIEHTH CO BUCOKA, CpPEHA M CO HUCKA &,
BH3YQJIN3UPAHU O ONTUYKH MUKPOCKOTI.

Bucoka €: enmuncoBnaHM, HETIPaBUIIHY, KPIUIMBY Tela CO YMEPEHO rpy0a MOBpIIMHA, KOH JIECHO C€ KpIIAT U IPH
HEKHO pakyBame. CpesiHa €: 3a00J1eHH I'paHyJIi CO CIMYHA TOJIEMHHA, CO HEKOJIKY TpyOn paboBH M CO paMHH JIMIIA.
Hucka €: arnecTy U HENpaBUIHU TPaHyJIH, CO PAMHH IJIOYECTH (POPMHU U CO OCTPH PabOBH.

bunejku Oemte yTBpAEHO 3HAYajHO BIHMjaHME Ha NMPOLIECHUTE MapaMeTpy M Ha CBOjCTBAaTa Ha
KOMIIaKTHUpaHUTE JICHTU BpP3 paHOTO 0abpeme U AUCOYLMja, KOHTPOJIaTa Ha HHTepMeInjapHUTe
kputnyHu atpubytn Ha kBanmuteT (CQA) Ha KOMIAKTHpaHUTE JICHTH € KIy4YHa 3a J00pH
KapakTepUCTUKU Ha Tabierutre Koum ce cocrojar ox wmerdpopmuH-HPMC. Hammor DoE
uAeHTUUKYBalle KOMOMHAIMK Ha (akTOpu KOMIITO 00e30e1yBaaT KOH3UCTEHTEH KBAJIUTET Ha
KOMITAKTHUpPAHUTE JICHTU U T'M pa3jaCHyBa HUBHUTE BPCKU CO KpajHUTE aTpUOYTH HA KBAJIUTET HA
tabnerute. buiejku mopozHocta Ha KOMIIAKTUPAHUTE JIEHTH UCTOBPEMEHO T'M IUKTHPA CBOjCTBATa
Ha rpa”yiure W Ha noHatamommHute CQA Ha Tabnerute, Oemie pa3BueHa MyJITHBAapHUjaHTHA
TexHrKa 3acHoBaHa Ha NIR 3a npenBuayBame Ha MOPO3HOCTA HA KOMIAKTHPAHUTE JICHTH CO TIEI
eexTrBHA KOHTpoJa Ha uHTepMeaujapaute CQA Bp3 KapaKTEpPUCTUKUTE HA TaOJIETHTE.
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2.3.3. Keanumamuena ananuza na nooamouyume

Bo namero wucrpaxysame Ha NIR-cniekTpuTe 01 KOMIAKTHpPAHHTE JICHTH CO Baljalll CoO
MetpopmuH-HPMC koumiro Gea coOpanHu 3a clieficikheé Ha IMOPO3HOCTA, CIIOPEIUBME UYCTHUPH
METOJIM 3a MPETHpPOILIECHpae: OTCTPAaHyBaWkEe Ha TPEHAOT O HyITH pen (aHri. zero-order
detrending — ZOD), nuHeapHa KopekIija Ha Oa3Hara JuHUja Bo aBe Touku (anri. linear baseline
correction — LBC), kopekiuja Ha Ga3Hara JIMHHja CO aCHMETPUYHM HajMaad KBaapaTd (aHIJL.
Asymmetric Least Squares — AsLS) u kopekidja CO MOMOII Ha CTaHIapAHA HOpPMaJlHA
pacrpenenba (anra. Standard Normal Variate — SNV), Bo pamkuTe Ha aHajau3aTa Ha TJABHHUTE
komnoneHTu (auri. Principal Component Analysis — PCA) (ciuka 8). PCA ja ynorpeOusme 3a
KBaJIUTATUBHO J1a CIIOPEIMME KaKO CeKOja TeXHUKA ' HaMallyBa HeCaKaHUTe apTe(akTu, a mpuToa
TH 3a4yByBa KIIYYHHTE MOTPEOHM CIEKTPAIHU KapakTepucTuku. LleneBme na oneHuME Koja
TEXHHUKA 32 MPETHPOIIECUPAE HAj1o0po I'M H30IHMpa HHPOpMaIMUTe MOBP3aHU CO TOPO3HOCTA U
KOj MeTon Oum OWJ KOpHCEH 3a IOHATaMOIIHO Mojenupame. bea 3aapkaHu MET TIaBHU
komroHeHTu (PCs) 3a mpukaxyBame Ouaejku omndakaa npubmkao 99 % on objacuerara X-
BapujaHca Kaj CUTE IIPUMEHETH METOIU Ha mpenoopadoTka (tadena 3).

WNuunmjanno 6emre npumenera PCA Ha criekTpuTe 00paboTeHH cO OTCTpaHyBambe Ha TPEHIOT Off
HyJITH pen (anrd. zero-order detrending) u eHTpUpaHU CO MPOCSYHU BPESTHOCTH IO KOJIOHH (QHTIL.
mean-centered). 3aapxanu Oea MeT rIaBHH KOMIIOHEHTH BP3 OCHOBA Ha MPABHJIOTO 3a CHUICH-
BpenHocTta > 2. llennot criekTpasneH omncer Oenie HCKOPUCTEH 3a J1a ce ONpeesd HacoKaTa Ha
Haj3HayajHATa CIeKTpaaHa BapujaHca. Bekropure Ha ontoBapyBame (anri. PCA loadings) mosxe
71a ce MHTePIPETUpaaT Kako KOMOMHAIH]a 0] (GPU3WIKHU TPUAOHECH U 0J1 XEMHUCKH KapaKTePUCTHKH
IITO IPOM3JIEryBaaT o] hopMyJanujata u o]l IPOIeCcOT U MOTEHIIMjaTHO OBO3MOXKYBaatT e(huKacHo
pas/BojyBame Ha mpuMeporuTe. 4

3a MHUIMjaJTHO TIpoydYyBamke Ha nogarorute, PCA Oeme nmpuMmenera Ha npenoodpadorern ZOD-
CIIEKTPH CO KOPUCTEHE MET IVIABHU KOMIIOHEHTH BO CHEKTPAIHUOT omcer 932 — 1676 nm, npu
IITO BEKTOPUTE Ha ONTOBAapyBame Oea HMHTEPIPETHpPaHH KaKo KOMOWMHAIMU 0 (U3NYKU
(pacejyBame) M 01 XeMUCKH MPUI0HECH 0] hopMyranujata u o nporecot.*” ZOD pesyntuparue
co onrtoBapyBame Ha PCl Bo koe nomuHHMpaar ¢u3ndku epexTd Oujaejkum HeroBara (opma
MOKa)XyBa M M3pa3eH HAKJIOH Ha Oa3HaTa JIMHUja U CIUYHOCT CO CPEJHHOT CIEKTap, IITO €
KapaKTepHCTHYHO 3a edektnTe Ha pacejyame.’**® PC3 mokaxysa m3paseHO IO3HTHBHO
onroBapyBame okony 1450 nm (npB OH-HaTTOH) M HEraTUBHO ONTOBapyBamwe okoly 1520 nm
(IpB HAaTTOH Ha CEKyHJapHAaTa aMUHOTpyIla Ha MET(GOPMHH), KOU MPETCTaByBaaT alCOPIIUCKU
JEHTH TIOBp3aHM CO TyCTHHaTa Ha MHTEPMOJIEKYJIApHOTO BOJOPOAHO Bp3yBamke Ha
Mery4eCTHYHUTE TOBPIIMHUA M, WHAMPEKTHO, CO jaunHarta Ha wucTerHyBameto (TS) u co
noposHocta, 0914915 Cyre Mepema Gea n3BeeHN MO KOHTPOIMpPAHA TEMIIEPATYPa U PelaTHBHA
BJIAXXHOCT, a HCIHUTYBameTO Ha 3arybarta mpu cymeme (LOD) moTBpam neka He mMocTojaT
CTaTUCTHYKU 3Ha4YajHU pa3IMKH BO COJIp)KMHATA Ha Biiara Mer'y cepunte. Cenak, peruoHot Ha OH-
HaTTOHOT OKoJIy 1450 nm e MHXEepEeHTHO YyBCTBUTENEH Ha BJlara, a 3aToa He MOXKe LEJTOCHO J1a
C€ MCKJIy4aT IPeOCTaHaTUTE MIPUIOHECH NTOBP3aHu co Biarara. PCS npukakyBa KapaKTepUCTUKU
Bo omceror 950 — 1000 nm u Ha oxomy 1200 nm, kajae WmWITO clabu XEMHCKH crenupuIHH
aficopIiMM C€ HaTIpeBapyBaaT co e(QEeKTUTe Ha CBETIOCHOTO pacejyBame, KOHIITO
MpoM3JIeryBaaT oOJl IMPOMEHUTE BO CTPYKTypa Ha TOpPUTE M BO KAapaKTEPUCTUKUTE Ha
nospimunata. 1% Jlerannure HasHauyBama Ha CHEKTpaTHUTE JIEHTH Ce JajeHH Bo Tabena 3.
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JlujarpaMoT Ha OLICHUTE U Ha ONTOBapyBamaTa Ha INIABHUTE KOMIIOHEHTH KOMIITO MOKaKyBaaT
HajjacHa Bu3yenHa pasiuka cropen noposnoct (PC1, PC3, PC5; Bu3yenHo npeTcTaByBame Ha
pasiukara co 00eme Ha MPUMEPOIIMTE CIIOPE] MOPO3HOCT) Ce MPUKAXKAHU HA CliuKa 9.

Z0OD LBC (1211,62 n 1396,45 nm)
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Crnuka 8: Edekr Ha ciekrpaHOTO mIpetporecupame Bp3 NIR-ciekTpute mokpaj mpon3BoAcTBEHATA JIMHIja (aHTL.
at-line) na xomnakrupanure neHt co merpopmua-HPMC

beme mpumenera nmHeapHa Kopekuuja Ha OasHata nuHHja (LBC) co xopucTeme ABE TOYKH
(1211,6 u 1397,5 nm; u30paHu co BU3yeITHA IPOBEPKA, IPH LITO OKOJIHUTE TOUKU Oea UCITUTYBaHH
3a 7a ce MOTBpau poOycHocTa Ha m30OpanutTe Touku 3a LBC; 3a BpeMe Ha KBaHTUTATHBHOTO
MoJieNIupame Oellle UCIUTYBaH ceT o OpaHOBH MOJKMHM + 10 nm) BO peruoH cO MUHUMAaJIHA
cnektpanina Bapujanca (ciuka 10). PCA ma mpenobpaborennte LBC-criektpu mokaxa aeka
BapHjaHcaTa MOBp3aHa co Mopo3HocTa € koHueHTpupaHa Bo PC1 u Bo PC4, mro ykaxyBa Ha
MOTEHIIHjaJTHO 3a4yBaH CIEKTPaJeH HAKJIOH U Ha HamMalleHW apTedakTu oj 6a3nara ymmHuja. PCl
o0jacau 78,9 % on BkynHaTa X-BapHjaHCa W HaJIMKyBalle Ha HAKJIOH M 00jaCHU NMPOMEHH Ha
ATICOPIIIMCKUTE JIEHTH TTOBP3aHU CO TOPO3HOCTA, CO U3pa3eHa MO3UTHUBHA 00J1acT o okoiry 1520
nm U co octap npeMuH Hu3 Hyja. PC4 uzonupaiie nocynTuiHa KpUBUHA U JIOKAJTHH allCOPIIIUCKH

KapaKTEepUCTUKH, BKIIydyBajku ro npBuoT OH-HaTTOH 0f okomy 1450 nm u CH-HaTtTOHOT Of
oxomy 1200 nm, %0157

AcHuMeTpudHaTa KOpeKIMja Ha OasHaTa IMHMja co HajmManu kBagpaTu (AsLS)™® xopucrtu
nmapameTap Ha acuMeTpHja (aHrj. aSymmetry parameter) 3a HamaayBambe Ha yA€I0T Ha MUKOBUTE
W rapamerap Ha W3MasHyBame (aHria. Smoothness parameter) 3a HamMeTHyBame PUTHIHOCT Ha
0azHara JHWHHWja, TPU INTO C€ BKIOIMYyBa ,W3Ma3HETa™ KpHWBA Ha CEKOj CIEKTap CO el
OTCTpaHyBame IIUPOKH IOMECTYBamba W HEIMHEApHU JBIKCHA KOWIITO IMPOU3JIEryBaaT O
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Mopdoorujata u of pacejyamero.®® PCA na npeno6paborennte AsLS-criektpu (A= 10%u p =
107") pesynrupame co PC1 kojamro ja omndaru Hajronemara pesumyanna X-Bapujanca (R?X =
0,85). HcroBpemeHo, pasnukara cropea Hopo3Hoct ce mpedpiaun koH PC2 u kon PC3, a
ONTOBAapyBamkaTa MPUKAKAA AICOPMIIIUCKUA KapaKTEPUCTUKU HA okoiy 1450 u 1520 nm.

CranpapaHarta HopMmaiHa pacripeaenda (SNV), ucro taka, 6elie eBayrpaHa, HO pe3yJITHpaIie co
HEITO mociaba pa3imka crope Mopo3HocT. CUTHAJIOT Ha MOPO3HOCTA BO HAIIMTE IMOAATOIH, KOj
o ZOD 6emie ondaren Bo PC3 u Bo PC5, ciopen SNV ce npedpsiu Bo PC2 u Bo PC4, mTo noseze
710 HaMaJIeHa cerapalyja HU3 CHTE TJIaBHH KOMIIOHEHTH U JI0 Ty0emhe Ha pa3IMKyBaykaTa MOK Ha
PC1. IlotucHyBamero Ha MHQOpMalMjaTa MOBpP3aHa CO MOPO3HOCTA CE€ KapakTepusupa U Co
HamasieH R?X 3a PC1 u co mociiaba cenaparigja A0k Taa OCKa, 0JIeKa BapHjaHcaTa IoBp3aHa co
XEMHCKHUTE CUTHAIIM € PEIaTUBHO 3rojieMeHa. Pacnipenenbara Ha o0jacHeTara Bapujanca (R?X) 3a
MIPBUTE TIET TJIABHU KOMIIOHEHTH IPU CEKOj METOJ Ha mpeaodpabdoTKa € cyMHupaHa Bo Tabena 4.

Tabena 3: Haznauyeare na obpabomenume nukosu

HasnauyBame Metdpopmun’®>  HPMCH?°
HaTToHOBHU Ha peXXUMHTE HA 1666 nm
CH-pacrernyBame

[IpB HATTOH Ha CEKyHIapHa
aMHHOTPYyIIa
HatronoBu/xoMOMHaIMU Ha
OH-pacrternyBame

1522 nm

1450 nm

JlenTa, xoMOVHaLMja Ha

CHs-pacternysame u nedopmanuja 1390 nm

C-H-narron

CHs-, CH,-, CH-BubOparmu
CekyHIapeH HATTOH Ha CEeKyH/apHa
aMHHOTpYyIIa

1200 nm

1042 nm

Tabena 4: Objacnema sapujanca (R’X) 00 npeume nem 2nasnu komnonenmu (PCs) 0obuenu co
PCA na NIR-cnexmpume cnopeo paziuyHu memoou Ha npedoopabomra: 1uHeapHa KoOpeKyuja
Ha 6asnama nnuja (LBC), cmandapona nopmanna pacnpedenoa (SNV), omempanysarse na
mpenoom 00 nyamu ped (ZOD) u acumempuunu Hajmanu xeaopamu (AsLS)

PC LBC SNV Z0D AsLS

PC1 0,78900 0,68000 0,92500  0,85400
PC2 0,12900 0,22600 0,04730  0,09550
PC3 0,06220 0,05920 0,02030  0,02210
PC4 0,01210 0,01350 0,00457  0,01300
PC5 0,00328 0,00885 0,00115  0,00738
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Crnuka 10: Bapujanca ciopen 6paHoBaTa qopKHHA Ha KanuOpammckute NIR-cieKTpu co 0TcTpaHeTO IOMECTyBambe
u co mnycrpupanu Touku 32 LBC (LBC He e mpumMeHeTa)

2.3.4. Keanmumamughno mooenuparbe

Tomorpadckure Bapujaruu kaj OpaHOBUIHATE KOMITAKTUPAHU JICHTH | JIOKAJTHUTE BapHjalliy HA
nebenuHaTa ja MeHyBaaT e(eKTHBHATa JODKMHA HAa ONTHYKATa Mareka W pe3ylTupaar co
MYJITUIUIMKATUBHO/aIMTUBHO pacejyBambe, IITO cO3/laBa AUCTOp3Uja Ha HaruOOT U JAOBeayBa 10
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MOTEHIIHjaJTHO HapyIIyBamke Ha TOYHOCTA Ha MPEIBUYBamkETO Ha mopo3Hocta. OPLS-mpucranor,
KOJIITO HCTOBPEMEHO TO KOPUCTH PACEjyBAmHETO MOBP3aHO CO T€OMETpUjaTa U HHPOPMATHBHUTE
ariCOPIIIIMCKYU JICHTH, HATTOHOBU Ha X—H BpckuTte, Moke momo0po na nane o0jacHyBame IMpH
3apKyBaE-e HICKA IPEIKa Ha IIpeBHTyBambe, 00160:161

OPLS-monenute Oea u3rpajaeHu co MpUMeHa Ha TEXHUKUTE 3a mpernponecupame (ZOD, LBC,
AsLS, SNV), kouriro 6ea mpeTX0IHO MPETCTaBEHH BO AEJIOT 3a KBaJMTATHBHA aHAJIKM3a, CO L
PHUTOPO3HO Jia Ce OJPEN HUBHATA CIIOCOOHOCT J1a M OJPKAT MPEABUIIMBUTE KAPAKTCPUCTUKU U
poOycHOCTa Ha rOJIEMH HAJIBOPEIIHU BATUIANMCKY CETOBH U J]a C€ OBO3MOXKH MHTEPIIPETAaIlfja Ha
CIEKTPAIIHUTE KApaKTEPUCTHKH, OJHOCHO Ha PAacejyBalbe€TO M HA HATTOHOBUTE, KOHUIITO CE
Haj3HAYajHU 3a MPEIBUIIMBOCTA HA TOPO3HOCTA Kaj KOMIAKTHPAHHWTE JICHTH CO Baljalu. 3a
usrpanba Ha Mmojaenute 6ea ynorpedenu 300 penpe3eHTatuBHE criekTpu (14 cepun).

Cure Mozenu Oea orpaHMYEHU Ha HAJMHOTY 7 KOMIIOHEHTH CO IIeJ JIa C€ MOCTUTHE COOJBETHA
paMHOTEXa roMery mpeaBuayBadykaTa MOK U poOycHocTa Ha MojienioT. McTo Taka, mpuaoOuBKUTE
3a RMSEcv (kBaapaTeH KOpeH 0] Cpe/iHaTa KBapaTHa Ipelika 0]l BKpCTeHaTa Banuiaidja) oea
MapruHAJHA 32 CHUTE MOJENHM [0 BKIyYyBame IMOBEKe oA 7 naTeHTHH Bapujadbmu (LVs).
Bkpcrenara Bamumaiuja Oerire CrpoBeieHa cO METOAOT Ha mcmyinrame eana rpymna (LOGOcv)
(mox Tpyma ce cMeraie cepuja u3padoTeHa CO MCTH MPOILECHH MapaMeTPu U CO MCTa MPOCEYHA
nopo3noct). EkcrepHara Banuaiija Oere cipoBeieHa Bp3 MOBEKe HABOPEIIHN CEPUH, KOHIITO
BKyIHO onidaruja 2700 criekTpu co cuTe HUBOA Ha MOpo3HOCT (9 — 21 %). OnTUMATHUOT MOJIEI
Oerre n30paH Bp3 OCHOBA HA HETOBUTE MPEIBU/UINBH KapaKTEPUCTUKU Kora Oellle UCTIUTYBaH Ha
EKCTEPHHUOT BAJIHJIAIIUCKH CET.

Texnukara 3a npernpouecupame ZOD + MC Gemre npBa pasrienana. OBa mpeTHpoIEeCUPARHE
JaJie 3aI0BOJINTEIHN KapakTepucTHkH 1 32 RMSECV 1 3a RMSEP (kBanparen kopeH o1 cpeHara
KBaJ[paTHa Ipelka o npeaBuIyBameTo) (tademna 5). [pubamkuo 58 % o Bapujancara Bo OPLS-
MojenoT Oemie omdareHa co mnpeaBummBata kommnonenta (LV1; cmuka 11). LV1 ce
KapakTepu3upa cO MU3pa3eH HAJOJCH TPEHJ, HCIPEKUHAT CO TPH H3PA3CHH OJJIUKH. TTO3UTHBHH
JeHTu co MakcuMmyMH Ha 1200 nm u Ha 1450 nm u ocTpo HeraTuBHO OTCTamyBame npu 1520 nm.
OBue KapaKTePUCTUKH OJIrOBapaar co BapHjallMuTe Ha 0a3HATa JIMHU]a TPETEKHO OMPEICIICHH 01
edeKTUTe Ha pacejyBameTO, MOIyJIMPAHH O] IOPO3HOCTA, MPH IITO HCTOBPEMEHO CE MPUCYTHU U
jaCHO M3pa3eHH XeMUCKH aTlCOPIIUCKH JieHTH. %2

[ToTBpmarta 3a mpaBuwiieH M300p HAa TOYKUTE, NMPUMEHETH 3a JIMHEapHa KOpeKlMja Ha Oa3HaTa
nunrja (LBC), Geme HanpaBeHa co BKIIOMyBambe MpaBa HU3 JABETE KaHAUAATCKA TOUYkH Ha 1211
nm u Ha 1397 nm. Kopenanujara Haru6—mopo3Hoct Oeiie MHOTY HucKa (r = 0,065), mro ykaxysa
JIeKa OBOj JIOKAJICH PErHOH COPKU MAJIKy WH(OpPMAIINY PEIEBaHTHH 3a MOpo3HOcTa. [1o mpuMena
Ha LBC u no onzemameTo Ha inHeapHaTa 6a3Ha muHuja noMerly 1211 nm u 1397 nm, rnobGannata
KOpeJaiuja Haruo—Topo3HOCT (MCIIUTAHO CO MOBJIEKYyBamke JMHUja ToMel'y ITpBaTa U MocjieaHara
TOYKa M CO OJpelyBame Ha HakJIoHOT) ce 3rosemu ox r = 0,50 nHa r = 0,81. OBa u3pazeHo
nogoOpyBame o0e30emyBa qomoaHUTe HA ToTBpaa Aeka 1211 nm u 1397 nm ce ontumaiHu
OpaHOBU JIOJDKMHM 32 KOpPEKIMja Ha 0a3HaTa JMHMja U MOJKE J1a T'M MOTeHUUPaaT HHPOPMALUUTE
pesieBaHTHHU 3a TIOPO3HOCTA.
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OPLS-monenor wmsrpageH co mnpernponecupanutre LBC-crektpu mokaxka ciamyen RMSEcv
(LOGOcv) 1 RMSEP kako u apyrute ucrnuTaHd TexHuku (Tabema 5). OnroBapyBameTo Ha
IpeBU/INBATa KOMIIOHEHTa HAIMKyBaIe Ha oHa kaj ZOD (He e npukaxkaHo), Ho R?X ce Hamam
on 58 % na 42 %, nomeka Q* m RMSEP ocranHaa mctu, ImITO yKaXKyBa JIeKa € OTCTPAHETO
HenH(POPMaTUBHOTO pacejyBame. [Ipeasummeuot VIP-nujarpam e npukaxad Ha cimka 12.

3a mpernpouecupamero Ha ASLS, mapamerpuTe 3a MpeTHpoIecCHpame Ha OBOj METoa Oea
onTumusupanu Bo oncerot A = 10— 108 u p = 103 — 10!, IIpeGapyBameTo Ha ONTHMATHUTE
napamerpr (MpEXHO npebapyBame) naeHTHdHKyBamre ontuMyM npu A = 10% co p = 10 !: oBaa
KpyTa, 6J1aro acCHMETpUYHO 3aKpUBEHA 0a3Ha JIMHUja IO 3a/Ip’KyBa CUTHAJIOT OJ] IPBHOT HATTOH Ha
NH na 1520 nm. R%X Ha npeasuymBaTa OPLS-kommonenta ce Hamanu ox 58 % Bo ZOD-
cunektpure Ha 45 % Bo kopurupanutre AsSLS-cnektpu, noneka RMSEcv u RMSEP Gea nucku
cuuHO Kako mperxomuute Meromu.'®® Mcro Taka Geme pasrmenama SNV kako Meron 3a
MPETIPOIIECUPAhE U HEj3MHATA POOYCHOCT Oellie eBaynpaHa.
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Crnmka 11: LV1 sa OPLS-MomenoT no0ueHa crope] MpeTpoIecupame CO OTCTPAaHyBamke Ha TPEHIOT O HYJITH pel
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Cnuxka 12: Ilpensummsute VIP-xoepunuent Ha kammopanucknor OPLS-mozen usrpaznen co tpancdopmupanu
LBC-cniextpu

ITpu OPLS-monenupameTo Ha mopo3HocTa co uHTepHUOT ceT o1 NIR-cniektpu, SNV, AsLS, ZOD
u LBC nmamoa cnopemmBu LOGOcv-Bpeanoctu (tabena 5), crnopemiuBu mo roiemuHa R2X-
BpenHocTH 32 LVI1 u cnuunu ti-cemapanuu. Mefyroa, camo RMSEP kaj SNV 3nauntenso ce
sronemu (tabema 5) mpM HCOUTYBame €KCTEPEH CET IMOKPaj IMPOW3BOJACTBEHATA JIMHU]A.
Ilopo3nocta Bo rojmema Mepa ce Kapakrepusupa Bo NIR-curnamor kako Qusnukwy,
MYJITUIUIMKaTHBEH e(peKT Ha 0a3HaTa JIMHM]a/HAKIOHOT, MPEIU3BUKAH O]l MOKPATKH ONTHYKU
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NaTHINTa U OJl TIOCHJIHO TU(Y3HO pacejyBame CO 3rojeMyBame Ha BOJYMEHOT Ha IOPHUTE.
[IpenoOpaboTKkuTe OpHUEHTUPAHU KOH Oa3HaTa JMHWja ja 3a4yByBaaT OBaa HUCKO(PEKBEHTHA
KOHTHHYHpaHa KOMIIOHEHTA, IITO TIOTSHIIMjaTHO My OBO3MOXKYBa Ha MOJIEJIOT MOe(UKaCHO Ja ja
,apounta* moposHocra. SNV, mak, ro cranmapmmsupa’®™ cekoj cmexrap muamBHIyanmHO co
OJl3eMame Ha COICTBEHATa CpEJAHAa BPEAHOCT M CO JICJICHE CO COICTBEHATa CTaHIapiHa
JIeBHUjaIyja, MITO BO HAIIIMTE MOJATOIM MOTEHIIM]AIHO IO MpeHacouyBa POKYCOT Ha MOJETOT KOH
nocaabu pU3MYKK ¥ XEMUCKHU Pa3JIMKH, CO IITO CE HAPYITyBa NMPEABHIIMBATA TOYHOCT HAIBOP O]
kanuopamuckuor cer.™

Tabena 5: Cmamucmuuxkume xapaxmepucmuxu Ha OPLS-uooerume noxpaj npouzeoocmeenama
JIUHUJA PA36UEHU CO NPUMEHA HA PA3IUYHU MEeXHUKU Ha NPemnpoyecuparse

IMpernpouecupame #LV RMSEcv (%) RMSEP (%) R2X,LV1 R?
Z0D 1+5+0 0,58 0,59 58 % 0,9671
LBC 1+6+0 0,54 0,54 42 % 0,9694
AsLS 1+6+0 0,52 0,58 45 % 0,9747
SNV 1+6+0 0,54 0,81 40 % 0,9790

MonenupameTo Ha TOPO3HOCTA Kaj peOpecTH KOMIIAaKTUPAHU JICHTU IOOUEHU CO KOMIAKTUPAHkE
co Bastjaiu co kopucreme NIR-criekTpockonuja nokpaj mporu3BoACTBEHATA JTMHH]ja Oellie yCIenHo
U MOJXKE J1a C€ OLIEHHM KaKO M3BOJUIMBO CO UCIMUTAHUTE TEXHHUKH 3a KOPEKIMja HA TOMECTYBAHETO
1 Ha Oa3zHara nUHHUja. MoJenupameTo caMO Ha HAKJIOHOT pe3yJTHpalle cO Morojema Ipelka,
BEPOjaTHO MOPaIX HEIeIOCHO Om(akame Ha KOMIUICKCHUTE TOMOTPaCKH KapaKTePUCTUKU U HA
apTeaKTUTE O]l IBWKCHETO MPHUCYTHH BO MOJATOLUTE MOOMEHHM TOKpaj MPOU3BOICTBEHATA
nuHuja. beme mocturnarta mogodpeHa TouHOCT co kopuctewe OPLS, mpu mto nHTEpIpeTalyjata
octaHa npudatiiiBa U U3BOJINBA.

2.3.5. Ananusza na komounupanu NIR-cnekmpu nokpaj npouszeodcmeenama nunujaléo
npouzeoocmeenama aunuja co nomout na PCA

CIHeKTpOCKOIICKUTE Mepema €O MOJEN IOKpaj NMPOU3BOJCTBEHATa JMHHMja MMAaaT 3HAuYajHU
MIPETHOCTH BO OJTHOC HA TPAIUIIMOHATHUTE METO/IU 32 MEPEHH-E MTOPO3HOCT BO TOTJIE Ha Op3uHATa
Ha Mepemara, HeJECTPYKTUBHOCTA U Ha JI0OMBAKETO MOJATOLH 3a MTOPO3HOCT PEYHCH BO PEATHO
Bpeme. I'pasieeTo HOB MO/JIeN BO MPOU3BOJACTBEHATA JJUHUja Oapa reHepupame HOB pedepeHTeH
ceT OJ MOAATOLM MpeKy AECTPYKTHBHA aHajiM3a, MPOLEC IITO TPOIIM 3HAYajHU KOJIUYMHU
MIPOM3BOJICTBEH MaTEePHjall M HAJIOXKyBa ceorndarHa Bajuaayja Ha HOBHOT Mojies. Hacipotu Toa,
TpancdepoT Ha kanuOpanuja (ip., DS, PDS, kopekuuja Ha HAKIIOHOT 1 Ha ToMecTyBameTo, OSC)
ce TMOTIHpa Ha BeKe IIOCTOCH, BaJIMIUPaH MOJEN W TPETCTaByBa ePUKACeH HA4YMH 3a
MUHUMH3HpakhE Ha JECTPYKTUBHOTO 3€Mame IPUMEPOLIM U ja IOEAHOCTaBYBa IOC/IeA0BaTeIHATA
Baynanuja. OBHEe METOAM MaTeMaTHYKH T'M yCOTJIacyBaaT CHEKTPATHHUTE IUCTOP3UH KOHWIITO
MOJKaT Jla HaCTaHaT BO NMPOU3BOJICTBEHATA JIMHU]a, BKIIYUUTEIIHO U BapHjalluuTe BO Op3uHATa Ha
JBIDKEHHETO Ha KOMITAKTHPAHUTE JICHTH CO BaJ[jalld M BUOpAIMUTE TPU KOMITAKTHPAKETO CO
BaJjalld, OBO3MOXYBajKH cTporo Banuaupanrnotr OPLS-Mozen mokpaj mpon3BoACTBEHATA JIMHHU]jaA
Ja ce TpUMEHU TupeKkTHO 3a mpenu3Ho NIR-cieneme Ha MOpo3HOCTAa BO peayiHO Bpeme, 0e3
nesnocHa pexanuGparuja, 816
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JlupextHata cranmapmmsanumja (DS) e Texmmkal®’ 3a Tpamchep Ha kanmbpanmja Kojamnto

MpUMeHyBa JHHeapHa TpaHchopmanuja (Tpanchep-maTpuiia) 3a Ja TM yCOIVIACH CHEKTPHUTE
M3MEPEHH CO Pa3MUHK MHCTPYMEHTH MM co MepHH pexumu®®, Ha Toj HaumH ce kopurupaar
CHCTEMAaTCKH M KOMIUIEKCHH CIEKTPAIHU Pa3JIMK{ IITO HE MOXKAT LEJIOCHO Ja ce omdarar co
€IHOCTAaBHYU, YHUBAPHjaHTHU KOPEKIIMW Ha Oa3HaTa JIMHHWja, KaKO IOMECTYBambe M HAKJIOH. 3a
pas3nuka oj1 nmpucTanute 0a3upaHu Ha OPTOrOHANIHA Ipoeknuja, DS ru Tpancopmupa criekTpure
HamecTo Ja oTdpiia BapujaHca, CO IITO, BO MPHUHIIMII, TOJO0PO CE 3a4yByBaaT PEJICBAHTHUTE
XEMHUCKU U PU3UYKH HH(OPMAIIMH B CE HAMATyBa PHU3UKOT O] TyOeHme KOPUCEH CHUrHall. MeToI0T,
IPBUYHO TIpeokeH o1 Baur n copaboTanmmTe!®’, ja nponenysa tpanchopmanmjaTa Bp3 OCHOBA
Ha MapoOBH — CIEKTPH ,,rocroaap/pod™ (00MYHO MO MPETXOIHO HIEHTPUPAHHE), CO IE CIHCKTPUTE
O]l CEKyHJIAPHUOT CUCTEM JIa CTAaHAT CIIOPEITUBH CO MPUMApHHUOT. Ha 0BOj HauMH ce mogo0pyBaar
MIPEHOCIMBOCTA HAa KATMOPALMCKUOT MOJEN M HEroBaTa NMPUMEHJIMBOCT BP3 HOBH MEpEHa BO
YCJIOBM HA MHCTPYMEHTAIHH U Ha MepHH Bapujarum. %

[IpekionyBameTo Ha MPOCEYHUTE CIIEKTPH 3a CEKOj PEXKUM Ha Meperbe (IIOKPaj IPOU3BOICTBEHATA
JUHUja HACTIPOTH BO MPOW3BOJICTBEHATA JIMHU]A) TTOKAXYBa JIEKa THE CE€ PEUYNCH WICHTUIHH W
100p0o KOpenupaaT HU3 LEIUOT crekTpaieH omcer (ciamka 13), mTo ykaxyBa Ha OTCYCTBO Ha
OUUTJICAHH JIOKATHH, crenupuuHd OpaHOBU pa3jMKd MeIy CIIEKTPUTE COOpaHHM TpU J(BaTa
pexuma. Cenak, PCA Moxe nma TM pa3fgBoM PEKUMHTE JOKOJKY OIICTOjyBaaT CHUCTEMATCKH
pasnuku Bo edexkTuTe Ha Oa3HATa NTUHUja/ONTUYKATa JOJHKMHA Ha MATOT (pacejyBambe) WK BO
CTPYKTypaTa Ha BapHjaHcaTa—KOBapHjaHcaTa, TypH U KOTa CPEJIHUTE CIIEKTPH CE MPEKIIOMyBaaT.

CriexTpuTe BO MPOM3BOJICTBEHATA JIMHUjA U TTOKPAj TPOU3BOICTBEHATA JIMHHjA CO CIIMYHU HUBOA
Ha TIOPO3HOCT Oea JOIMOIHUTEIIHO UCITUTAaHU CO KOpUcTewe npeaoodpadborka Ha PCA u na ZOD,
IpU LITO OINTOBapyBamara Oea mnpukaxaHu crnopen ZOD Oupejku wHTEpHperanujata e
€/IHOCTaBHa, CO OIJIE/] Ha TOa JIeKa € OTCTPaHEeTO caMo oMecTyBameTo. OnToBapyBameTo Ha PC1
ce KapakTepu3upa Bapvjalny Ha 0a3HaTa JIMHU]a/HAaKJIOHOT CO HUCKA ()PEKBEHITH]ja, IIITO OJIrOBapa
Ha MpeocTaHaTuTe ePEeKTH MOBP3aHU CO PacejyBambeTO HU3 LIEHOT CIIEKTpaseH orcer (ciauka 14).
OnToBapyBamara Ha PC2, kako u Ha PC3, ru cienar riaaBHUTE ariCOPILUCKHA KapaKTEPUCTHKU HA
IIPOCEYHHUOT CHEKTap U €€ BO COMMIACHOCT CO PE3UAYATHOTO MYJITHUIIJIMKATUBHO PacejyBambe U CO
BapHjalMKTe Ha 0a3HaTa JIMHK]a KOUIITO TPe10o0padoTKaTa He MOKeNa eJTOCHO Ja TH eTMMUHUPA
(cmuxka 14). HacnipoTu T0a, ontoBapyBatmeTo Ha PC4 e oarosapa Ha 3aeiHUUKaTa CTPYKTYpa Mery
JBaTa peXHMMHM Ha MEPEHmE U OoJlpa3yBa CHUTHaAJ IOBp3aH CO IOPO3HOCTAa M CO 3aeJHUYKATa
BapHjaHca.

[Tonaramy, ontoBapyBameto Ha PC4 (ciuka 14) npukakyBa cIM4YHU MUKOBHU Kako u PC3 (ciuka
8) on PCA-MoenoT mokpaj mpou3BOACTBEHATA JIMHHU]a, KOJIITO, HCTO Taka, Oere mpeaoopaboTeH
CO OTCTpaHyBame€ TpeHJ o] HylTu pel. OBaa ciauyHOCT ykaxyBa naeka PC4 ja Hocu ucraTta
MOPO3HOCT — pEJIeBaHTHA CIeKTpaimHa wuHpopManuja, mpu mTo PC3 BO Momenor mokpaj
MIPOM3BO/ICTBEHATA JIMHHUja Oellle elHa 0J] KOMIIOHEHTUTE IITO e(hUKACHO MpaBelle pa3IuKa Mery
MIPUMEPOIINTE CO pazaudHa nopo3HocT. Cenapanujara e Bugusa A0k PC1, PC2 u nomx PC3 (ne
€ MPUKaXaH JMjarpaMoT Ha OLIEHU) U yKa)KyBa Ha Toa JieKa [IoMecTyBamara Ha 0a3HaTa JIMHUja U
MYJITHIUTMKATUBHOTO pacejyBame ja ABMIKAT JOMHUHAHTHATA BapHjaHCa MEry CIEKTPHUTE TOKPa]
MIPOM3BO/ICTBEHATA JIMHU]a U BO MIPOU3BOJICTBEHATA JINHU]a.
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Ciuka 13: TIpekioneHn MpocevH: CIIEKTPH BO MPOU3BOJICTBEHATA JIMHHjA HACIIpeMa ITOKPaj IPOM3BOJICTBCHATA
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Ciuka 14: Jlujarpam Ha ONTOBapyBamke Ha CETOBHUTE OJ] HOJATOLM MOKPaj IPOM3BOJCTBEHATA JIMHIja/BO
MIPOU3BOJICTBeHATA THHM]ja Tipenoopadorenu co ZOD (PC1 — cuna nmuanja, PC2 — noprokanosa muaAja, PC3 —
3eneHa yimHUja, PC4 — npBeHa nuHMja)

JIuneapHaTta kopekuuja Ha 6a3Hara nuHuja (LBC) ucro taka Oelne eBasiynpaHa BO OJHOC Ha
Hej3uHaTa €(PUKACHOCT 3a OTCTpaHyBame Ha CHUCTEMATCKUTE PA3IMKH Mery CETOBHUTE IOKpaj
IIPOM3BO/ICTBEHATA JIMHUja U BO IIPOM3BOJICTBeHAaTa MuHMja. JlomruHanTHara ocka (PC1) oxpa3ysa
KoMOuHanMja oJ1 Gu3nIKku €eKTH Ha pace]yBambeTO MPEKIONEHN CO XEMHUCKH arCOPMIUU U BO
rojieMa Mepa HalMKyBa Ha MpPeIBUAIMBOTO onToBapyBame Ha OPLS-mMonenor mokpaj
npousBojcTBeHaTa suHUja (LBC um ZOD; ciuka 15). Homomnutenno, PC1 u PC2 ce
KapKTepu3upaaT co TMOMaJIO OJBOjyBam€ Ha CIEKTPUTE CHUMEHHU IOKpaj MPOU3BOJICTBEHATA
JUHUja U BO IMPOW3BOJICTBEHATa JMHHja (CIMKaTa He € MmpukaxaHa). OBa ykaxyBa JieKa HaKo
JMHEeapHaTa Kopekuuja Ha Oa3Harta nuHHja Bo naBe Touku (LBC) rm yOmaxyBa nem of
CHCTEMATCKHUTE ITOMECTYBama, MPEOCTAaHATHTE PA3IMKH MEl'y BPEIHOCTHTE Ha OLEHUTE IOKPaj
MIPOM3BO/ICTBEHATA JIMHU]jA U BO IPOM3BOJICTBEHATA JIMHHUja CE YIITE OICTOjyBaaT, IITO Cyrepupa
neka Tpancdep Ha KamuOpanujara € U moHaramy HeonxojeH. [Ipegoopadorennte ASLS-criekTpu
MOKpaj MPOU3BOJCTBEHATa JIMHMja/BO MPOM3BOJCTBEHATa JMHHUjA, HCTO Taka, Harjacuja
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cucTeMaTcka pasnuka 10k nmpoctopot PC1 — PC2, mTto 1onogHUATETHO ja MOTBpAYBa morpedara
o Tparcdep Ha kanuOpaiujaTa (ciuka 16).
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Crnmka 15: lujarpam Ha ontoBapyBame (PC1, PC2, PC4) Ha koMOMHHpaHUTE CETOBH O] TIOAATOLN TOKPa]

MIPOU3BOJICTBCHATA JIMHKja ¥ BO MPOM3BOICTBEHATA JIMHHU]a 110 TPe00padoTKa co inHeapHa KOpeKirja Ha Oa3Hara
mayja (LBC)
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T 0,02

- 0,00

Ouenw Ha PC3

T-0,02

0,04
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Cinuka 16: Tujarpam Ha ouenn (PC1, PC2, PC3) Ha KOMOMHUpAHUTE CETOBH OJ1 IIOJIATOLM HOKPa]
IIPOM3BOJICTBEHATA JIMHKja (CHHA 00ja) M BO MPOM3BOACTBEHATA JIMHH]ja (LipBeHa 00ja) 1o npenodpadoTka co AsLS

3abenexaHaTa cernapalyja 3aBUCHa O] peXUMOT Bo 3aeqHuukuTe PCA-1ujarpaMu Ha OLICHUTE U
Ha OTMITOBAPYBaKETO YKAXyBa JIeKa U 10 peo0padoTkaTa OncTojyBaaT pe3uayaiHi CIEKTPaTHI
BapHjalliy MPETEKHO MOBP3aHU cOo epeKTUTe Ha Oa3HaTa JHHUjAa U cO NU(Y3HOTO pacejyBambe
Mery CIIeKTpUTE MOKpaj MPOU3BOACTBEHATA JIMHUja U BO MMPOU3BOJICTBEHATA JIMHM]jA. 3aToa Oerie
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npUMeHeT TpaHchep Ha KanuOpaluja Kako 4YEeKOp 3a YCOorjlacyBarme Ha CHEKTPUTE BO

MIPOM3BOJICTBEHATA JIMHHjA CO KaTHOPAIIMCKUOT IPOCTOP MOKPaj MPOU3BOJCTBEHATA JIMHHjA U 32
OBO3MOXKYBambe MPEHOC Ha MOJICIIOT.

2.3.6. Ilpeosuonueu mooeau 6o npouzeoocmeeHama 1uHuja

ITonatamy, Oeme pa3Buen perpecucku OPLS-momen kopuctejku  NIR-cexktpu  BoO
MPOM3BOJICTBEHATA JIMHUja JAOOMEHHM BO pekuM Ha audysHa peduekcuja (932 — 1676 nm;
MPUKaKaHU BO allCOPIIIUCKHU eIUHMIIN ), TpenoopadoTenu co AsLS, LBC wmm co ZOD. Co oBa ce
3aJpKa MCTara JIOTHMKA Ha npenoOpadoTka Kako BO pabOTHHOT TEK IMOKpaj MPOU3BOJCTBEHATA
TUHHja, CO TEeJT 1a ce 00jacHaT KapaKTepUCTUKUTE Ha TpaHchepoT Ha kKanubparujata. Bkpcrenara
BaIWAAIMja CO WCIyIITamke efaHa rpyna (anri. leave-one-group-out) mane 3aJ0BOJMTEIHU
BpenHoctd Ha RMSEcv mpu ocyMm nareHTHH Bapujabiau 3a CHTE MOJEIH. 3rojieMeHaTa
KOMIUIEKCHOCT Ha MOJEIHWTE NpPU MPEMHUHOT KOH CHHUMAame BO IPOM3BOJCTBEHATA JIMHUja
HAjBEPOjaTHO € MOCIIeANIa Ha JOTIOHUTEIHA BapHjaHca CO3/a/IeHa OJ1 ABIDKEHH-ETO Ha JICHTATa,
BUOpAIMHTE U O] BAPHjallMUTE HACTAaHATH MPU KOHTAKTOT HA COHJIATA CO IMOBPIIMHATA HA JICHTATa
3a BpeMe Ha MEPEHETO.

[Io mpenobpaborka co ZOD, onroBapyBamara BO TNPOM3BOJCTBEHATa JIMHUja M TIOKPaj
MPOU3BOJICTBEHATA JIMHMja MOKAKYBAaaT M3pa3eH HAKJIOH M jaCHU NMPEMHUHU HU3 HyJa, HO CO
pa3NIMYHU PENaTUBHU aMIUTUTYAM Ha MHUKOBUTE, INTO yKa)XyBa Ha pe3HuIyadHH e(eKkTu on
OIITUYKATa JJOJDKUHA HA MATOT U OJ1 PSKUMOT Ha CIielu(pUIHOTO pacejyBame. HacripoTu Toa, AsLS
U JMHEapHaTa Kopeknyja Ha 0a3Hara nuHMja Bo nBe Touku (LBC) pesynrupaar co LV 1-06mumm
KOMIIITO CE CIIOPEJIUBY CO CIIEKTPATHUTE JICHTH IIOKPaj IPOU3BOJICTBEHATA JIMHHU]A U 10 TIO3UIIHja
U 10 penatuBeH nHTeH3uTeT. Criopendata Ha ONTOBApYBamkaTa BO MPOU3BOACTBEHATA JIHHU]jA U
MOKpaj MPOU3BOJICTBEHATA JIMHM]jA € IPUKakaHa Ha ciuka 17.

ZOD LBC AsLS
024 — Mokpaj nponasoacTBeHaTa NuHWja
! =— B0 Npov3BoACTBEHATA NWUHW|A

MpouasonHu eauHALM Ha LV1

1000 1200 1400 1600 1000 1200 1400 1600 1000 1200 1400 1600
BpaHoBa fomkuHa (nm) bparosa gomkumHa (nm) bparoBa pnomkuHa (nm)
Crnuka 17: LV1-onroBapyBama Ha OPLS-MozenuTe Ha cieKTpuTe MOKpaj IPOU3BOACTBEHATA JIMHU]A HACIIPOTH BO

MIPOU3BOJICTBEHATA JIMHH]ja TI0 KOpeKIrja Ha O0a3HaTa muaUja co ZOD, LBC u co AsLS

2.3.7. Tpancegep na kanubpayuja

CrHeKTpOCKOIICKUTE MEpEemha CO KOPUCTEHE MOJIEI MOKpaj IPOM3BOJICTBEHATA JIMHUja Beke HyAaT
3HAYajHU TMPEAHOCTH BO OJHOC HAa TPAJAULMOHAIHUTE METOAM 33 MEpPEHe Ha MOPO3HOCTA,
BKIIYYHUTCIIHO U ITIOT0JIEMA 6p31/1Ha Ha MEPCHE, HEACCTPYKTUBHO 3€EMAKLEC IMTPUMEPOIIN U )IO6I/IBaH>e
MI0/IaTOIIM 3a IOPO3HOCTA BO PEUMCH peasiHo BpeMme. Pa3BojoT Ha HOB MO/ieN BO TPOM3BOICTBEHATA
TMHW]ja, MaK, 0apa reHepupame o0eMeH pedepeHTeH CeT OJ MOAATOIU MPEKYy JAECTPYKTUBHHU
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aHaM3W, INTO IMOJApa30upa 3HAYUTENHA IOTPOIIYyBayKa Ha IPOU3BOJCTBEH MaTepHjasl u
CIIpOBENyBame ceoldarHa Baluianuja Ha HOBHOT Mojuen. Hacmportu Toa, Tpancdepor Ha
kanmoOpanyja (Ha ip., DS, PDS, kopeknuja Ha HakJI0HOT ¥ Ha oMecTyBambeTo, OSC) 0BO3MOXKYBa
HCKOPHUCTYBAmkhE BEKe TIOCTOCH U BAIMMPAH MOET U MPETCTaByBa PECYPCHO €PUKACEH MPHUCTAI
KOJjIITO ja HamalyBa IMOTpedara O IECTPYKTHBHO 3E€Mambe NPUMEPOIM M TO MUHHMH3UPA
JOTOJTHUTEITHUOT BATMAAMCKU Harop. OBOj PUCTAIl MATEMAaTHYKH T'H yCOTIIacyBa CIICKTPAITHUTE
JMCTOP3UM IITO MOKAT Ja Ouaar co3gaieHu o]l TMHAMHUYHATa CpeIuHa BO IMPOM3BOJICTBEHATA
JIMHU]a, BKIIYYUTEIHO U OJ] BapHjaluuTe BO Op3MHATa HA ABIKEH-¢ HA KOMIIAKTUPAHUTE JIEHTH CO
BaJjalld U O]l BUOpAIMHTE 32 BpeME Ha KOMIAKTHPAHETO CO Baljalld, CO IITO CE OBO3MOXYBa
IpUMEHa Ha BaIMIUPAHUOT MOJEN IOKpaj IMPOU3BOJACTBEHATa JIMHHja BpP3 CHEKTPUTE BO
NPOM3BOJICTBEHATA JIMHMja, TOJ YCIOB HA COOJBETHA BamMjanuja Ha TpaHcdepor. o216
HupektHata  crapmapausaungja  (DS;  mpumenera  DS-PC-Bapuwjanta)  mpuMenyBa
TpaHC(hHOpPMAIIMCKH MAaTPUIM 332 KOpPEKIHja Ha KOMIUIEKCHH HHCTPYMEHTAJIHH M PEKUMCKU
cnenu()UYHN TUCTOP3UH BO CIIEKTPHUTE, KOU HE C€ LEIOCHO OondaTeHu cO €AHOCTABHU TOCT XOK
KOPEKIMH, KaKO HAKJIOH/TIIPUCTPACHOCT (KOM Ce NMPUMEHYBaaT Bp3 INpEIBHyBamara, a HE Bp3
cnekrpute). Co Toa mTO TU TpaHcPOpMHUpa CIEKTPUTE, HAMECTO Ja OTCTPaHyBa BapHjaHCa MPEKY
opToroHajiHa npoeknuja, DS Bo mpuHIMI MOmoOpo ja 3adyByBa peJieBaHTHATa XEMHCKA U
du3Huka nEGOPMAIIja ¥ TO HAMATyBa PU3NKOT 0J] Tybeme KopuceH curaan. %

Martemaruukara TpaHcdopmaliija Ha ClIeKTPOCKOIICKUTE MOJATOLM UM OBO3MOKYBa Ha MOJIEJIUTE
Jla T ycorjacaT pa3jHKUTe Mery pa3jM4yHd MEpHU ycloBU. M3BopuTe Ha HEKOpelupaHaTa
BapHjaHca, IITO MOpa Ja Ce 3eMaT IpPEeABH]l, BKIydyBaaT 3r0JIEMyBame HAa OTCTAITyBAmETO Ha
OJIrOBOPOT HA WMHCTPYMEHTOT CO TEKOT Ha BPEMETO, BJIHMjaHWE HA YCJIOBHUTE HA CpEIHMHATA,
IIPOMEHH BO PACTOjaHUETO 10 ACTEKTOPOT M JpPYyru peneBaHTHH ¢aktopu. bea ompeneneHu
Me/IeceT MPUMEPOIN KaKo CeT 3a CTaHAapAu3anvja U 0ea MOBpP3aHU CO COOABETHU CHEKTPH BO
MPOM3BOJICTBEHATA JHHMja, MO MmTOo DS Oemre mpecMeraHa mo mnpeaobpadoTkara (MOKpaj
MPOU3BOJICTBEHATA JIMHHU]a KaKO ,,[OCTIOIap* — BO MPOU3BOJICTBEHATA JIMHU]A KaKo ,,po0°). [Ipexn
npuMeHara Ha DS Oea eBamyupanu nBe TexHukH Ha mnpenoOpadborka (LBC u AsLS).
Tpancdepupanure Moxaenn moToa Oea BaTWAWPAHH CO KOPUCTECHE HA TpErnopadyaHHTe
CTATHCTHUKU TeCTOBH 3a TpaHcdep Ha NIR-kamubpanmja, kako mro e omumano ox Cwmut.l’™
JononuutenHo, TpanchepoT Ha kKanuOparujata Oemie BanuaupaH U Ha ceT ox 700 ekcTepHH
CHEKTPH BO IIPOU3BOJICTBEHATA JIMHU]A CO pe)epeHTHU BPEAHOCTH 3a MOPO3HOCT. PeneBanTHUTE
KpUTEpUYMHU 3a BajHjalldja ce MpHUKakaHu Bo Tabena 6. Cure peleBaHTHH KPUTEPUYMH 3a
napaMeTapoT MOPO3HOCT Oea MCIONMHETH, IITO YKaKyBa Ha YCIEIeH TpaHcdep Mely pa3nuyHuTe
HAYMHM Ha CHHMame€ IOKpaj IPOU3BOJCTBEHATa JIMHHWja W BO TMPOM3BOJICTBEHATa IUHH]A.
Tpanchepupannor Mojaen MOKpaj MPOW3BOACTBEHATa JMHUja HE TMOKaka BPEAHOCTH IITO
orcramyBaar BO DMODx-aujarpamMor, a TOpUMEpOLUTE OFf EKCTePHHUTE CETOBU IIOKPa]
MIPOM3BOJICTBEHATA JIMHUja W BO TPOU3BOACTBEHATa JMHH]a CE€ TPyNUpaa KOMIIAKTHO OKOIY
JMHHjaTa Ha U3MEPCHHU HACIIPOTH MPEIBUACHU BpenHocTH (cnuka 18). MonenoT J0mosTHUTETHO
ke ce eBallyHpa BO TEKOT Ha HETOBHOT JKMBOTEH ILIUKIIYC, CO IIe1 J]a C€ YTBPAM KOja TeXHUKA Ha
npenodpaboTka e HajpoOycHa.
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Ciuka 18: Jlujarpam Ha U3MEpEHH HACTIPOTH TIPEIBHICHH BPEIHOCTH 32 BAJHAAIMCKUOT CET OKPa]
MIPOU3BOICTBCHATA JIWHK]ja (JICBO, CHHA 00ja) U 3a TpaHC(HEPUPAHUOT CET BO MPOU3BOICTBCHATA JINHI]ja

Tabena 6: Pe3ume Ha Kapakmepucmuxume Ha NPeHOCOm HA Kaiubpayujama 00 nokpaj
npouszeoocmeeHama Juruja Kox 6o npoussoocmeenama nunuja va NIR-uooenom 3a
npeosudy8arbe NOPO3HOCM.

Exctepnn nogaroun Excrepaun
TpaHnchepupan MoKpaj MOJATOIH BO
Kpurepuym lxla)oz[e.g) (EBIEZ) Ouena npomnonleJaeHaTa MPOU3BOICTBEHATA
JINHHja JINHHja
R2 0,9704 OK 0,969405 0,9724
RMSEP 0,41 OK 0,54 0,53
t-TecT BO OTHOC HA
pedepeHTHHUTE P =0,95 OK / /
BPEIHOCTH
HaxkJjon ?;' ; (0),’223)1 OK / /
Ortceuka I(Dp_=00,,744654§ OK / /
Bias = -0,0066
Mpucrpacuocr bias, max = OK / /
0,2211
JluneapHoct p = 0,405 OK / /
IloBp3an t-Tect
NpeaBUIYBAKHATA 10 P =0,908 oK / /
NPOU3BOACTBEHATA
JIMHHja
CoBnarame Ha AN.OVA p=1
pesyaTaTiTe Aintp =1, OK / /
Aslopep =1
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2.3.8. 3aknyuok

Bo paMku Ha MpOyYEHHOT ONEpaTUBEH MPOCTOp, MOPO3HOCTA HA KOMIIAKTUpPAaHATa JIGHTA O]
metpopmua-HPMC e rnaBHO moj BivjaHHE Ha XUAPAYIHMUYHUOT MIPUTUCOK, JT0JIeKa Op3uHaTa Ha
BuHTOT (HFS) u 6p3unara na Bamjarute (RS) ja Mmomynupaar yHupopMHOCTa HA TIOTHEHETO U HA
TPaJUCHTHTE HA TYCTHHATa. D-OnTUMaNHHUOT nu3ajH TM ondaTtd U TM KBaHTU(HKYBAIlle OBHE
edeKTH, TOKaKyBajKkH JIeKa MOBUCOKHOT MPUTUCOK ja HaMalyBa MOPO3HOCTA HA KOMIIAKTUpaHAaTa
JIEHTa U ja 3rojieMyBa Hej3uHarta 3arerHyBauka uspctuHa (TS), mopeka morojemara Op3uHa Ha
Bayjanute (npu ¢UKCHa Op3WHAa Ha JOBOJHHMOT BHUHT) IOTTUKHYBA HEIOBOJHO IIOJIHEHE,
HEXOMOT€HO 3TyCHYBalk€ W TOLIMpOKa pacipeneinda Ha YECTHUKHUTE CIOpel TrojieMUHaTa
(1SPAN). VYmepenara Op3wHa Ha BUHTOT, IaK, IOCJIEIHO ja cTtecHyBa PSD um ja HamaiyBa
COJIp’)KMHATA Ha (PUHU YECTHUKH.

MicroCT-manute u npoduinTe Ha MOPO3HOCT T'M MOTBpaUja pesynratutre oa DoE-ananuzara,
OTKpHBajKU OpHCHTAllMja Ha TMOPHUTE CHeMupUYHA 332 YCIOBUTE HA IMPOLECUPAmE, KAKO U
MIEPUOJINYHA XETEPOTEHOCT Ha MOPO3HOCTA JIOJDK KOMIAKTHpaHaTa JICHTA TOPaay HEONTUMAITHH
YCIIOBH Ha IOJIHEH-E, CO LITO JUPEKTHO CE IMTOBP3YyBaaT MPOLIECHUTE MTAPaMETPH CO 3aTErHyBauKaTa
IBPCTMHA W CO CBOjCTBaTa Ha TrpaHyjlarute. bea 3alenekaHW 3HAa4YajHU BIIMjaHUja HA
uatepmenujapaute CQAs Ha KOMITaKTHpaHaTa JICHTA U HA TPAHYJIMTE BP3 PAHOTO 0abpeme U Bp3
TMCONTyIIMja HA Ta0JIETUTE, IITO ja HAMETHYBa morpedara o pa3Boj Ha myntuBapujanTHa NIR-
TEXHHUKa 32 MPEJIBUAYBakE Ha MOPO3HOCTA HA KOMIIAKTHUPAHATa JIGHTA, KaKo anaTka 3a e(heKTHBHA
KoHTposa Ha uHTepMeaujapuute CQAS.

W3Bpienn Oea u uctpaxypauka PCA-ananuza u kBantutatuBHa OPLS-ananu3a Ha cHUMEHHUTE
NIR-ciektpu. Ha oBOj cer on momaTonu CHUMEH MOKpaj MPOM3BOJACTBEHATa JUHHUja Oere
MOCTUTHATO POOYCHO TpEeABUAYBalke Ha TMOPO3HOCTa CO TMPeAoOpadOTKa Ha CIEKTPHUTE
OpHeHTHpaHa KOH Oa3Hata ymHUja U KOoH OPLS-monmemmpamero. OPLS-monenute co LBC
(1211/1397 nm) mnokakaa HajHUCKAa TpelIKa TMPU HAABOpPEIIHA Baimujanuja (MOKpaj
npousBocTBeHara mHuja, RMSEP = 0,54; RMSEcv = 0,54 %). AsLS, npucniocobena co A = 10*
u co p = 0,1, mocturaa cmuara Togdoct (RMSEcv = 0,52 %; RMSEP = 0,58 %) u renepuparnie
cTaOuiaHU U uHTEepnperanucku LV1-onroBapyBama co KapaKTEpUCTUUHU CHEKTPATHU (PyHKIHUU
okoxry 1450 u oxomy 1520 nm. HacnipoTtu Toa, SNV mokaka moBHCOKa Tpelika Ipyu HaJIBOpEIIHa
Bamnaanja (RMSEP = 0,81) u mokpaj cropeaanBata BKPCTEHA Bajujaallfja Ha OBOj CET O
nogatouu. upextHara crangapausaiuja (DS) oBo3moxu Tpancdep Ha kanubpanujata Ha LBC-
/ASLS-monenuTe KOH COHjaaTa BO NMPOM3BOJCTBEHATA JIMHHja Oe3 3aryda Ha TOYHOCT, INTO ja
MOJIPKyBa HUBHATA MIPUMEHA 32 CIIE/ICHhe Ha TOPO3HOCTA BO PEATHO BPEME.

LBC unu ymepeno kpyta AsLS-nocraBenoct (A = 104, p = 0,1) Bo komOunanmja co OPLS (<7
LVs) ce mokakaa Kako COOJBETHH 3a pPa3BOj Ha MOJENU MOKpPaj MPOU3BOACTBEHATA JIMHU]A, TI0
TO cienyBa npumeHa Ha DS 3a HuBHa edekTHBHA ymoTpeda BO peXHM BO MPOU3BOJCTBEHATA
TUHH]A.
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3. 3HAYEIE U IPUMEHJINBOCT HA HCTPAKYBABETO U 3AKJIYYOK
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OBaa 1oKTOpCKa CTyAHja cucTeMaTcku o0paboTyBa koHTposiHa PAT-cTpareruja 3a 18e e AMHESYHH
OIEepalMy KOMIITO BO HMHIYCTPUCKATa NpPAaKTUKa YECTO CE€ YNpaByBaaT MPEKYy WHIAUPEKTHH
MPOIIECHU MHIUKATOPH, CO OTPaHWYCHA TUPEKTHA KOHTpoJa Ha urmepmeoujaprume CQOAs mro
peasHo ja HocaT BapHjaOMIIHOCTA 10 KPajHHOT NMPOM3BOJ. Bo pamkuTe Ha Aucepranmjata ce
npejuiara npakTuyHo npumenansa QbD-/PAT-pamka 3a:

e (dapmanentcko ¢uiM-oonoxyBame 0e3 TiO: (McrpaxyBame I) — BocmocraByBame
PETPOITYKTUBHOCT U MEPIUBOCT 0€3 IECTPYKIHja Ha MPOLECOT Ha (PUIM-00I0KyBame 03
TUTAHUYM JIMOKCH]I TIPEKY CUCTEMATCKO pa3Oupame Ha MPOLECOT U HAa MaTepHjalIuTe, CO
nepuHUpame Ha KOHTpoJiHAa crparerrja co mnpumena Ha NIR-cmekTpockomnuja co
XEMOMETpHja.

Bo unaycrpuckara npakTika, KOHTpoJaTa Ha KBaJUTETOT Ha (puinm-o0iorara 4ecTo ce moTnupa
Ha JECTPYKTUBHU, OaBHU U AUCKPETHH peepeHTHH Mepema (Ha Ip., MUKPOCKOIIH]a 3a 1e0enHa),
WHIUKATOPCKU MapaMeTpH INTO He ceKoraml ce aupektHo Bp3anu co CQAS (ua mp., camo %
nobueHa maca 0e3 J0Ka3 3a CTPYKTYPHO/ONTHYKO OJIHECYyBamke Ha (MIMOT), a Ce CO3/aBa
JIOTIOJIHUTEHA KOMIUIEKCHOCT Kora TiO: ce enumuHuUpa/3amMeHyBa OHAEJKM ce MeHyBaatr
ONITUYKUTE CBOjCTBA Ha (hUIM-00JIOTaTa U CE 3r0JIEMyBa PU3UKOT OJ1 BAPUjAOMIIHOCT HA U3LIICIOT
1 Ha QYHKIIMOHATHOCTA Ha (DPUIIMOT.

Kiy4unuot uctpaxyBauku ja3 mro ce 00paboTyBa U IITO CE peraBa BO OBOj JIeJ €. HeJOCTHT Ha
poOycreH, Op3 u HemecTpykTuBeH PAT-mpucran 3a cieneme Ha fAeOenmHaTa Ha (GUIMOT M Ha
00jaTa/ONTUYKUOT aTpuUOyT Kaj cucTeMH Oe3 TUTAHUYM JIMOKCHJ, CO jaCHU KpUTEPUYMH 3a
BaIMJAIM]ja U 32 MHTEPIIPETAIFja Ha MOEIIOT.

CymTHHCKM TpujoHec — pa3BueH e npaktuueH PAT-npuon 3a ¢unm-o6mnorn 6e3 TiO: (co
KOMIIOHEHTH Ha ¢uiamoT kako PVA/PEG/ranx/xkene3o oxcuau), kage mrto FT-NIR +
XxeMoMmeTpHukara o06e30emyBaaT kBaHTH(UKanuja Ha CQAs M HOJJpIIKa Ha KOHTpOJara Ha
PHU3UKOT U HA PETIPOAYKTUBHOCTA.

[IpuToa, mpensoxkeHa € He caMo JIECTPYKTUBHA METPOJIOTHja (BOOOMYaeH MUKPOCKOTICKH METO/T)
TYKY ¥ HOB IIPUCTAIl CO HEAECTPYKTUBHA peepeHTHAa METPOJIOTHja, KOJIOPUMETPUCKH ITapamMeTap
a*, 3a Tpazieme MO/IeT ITO UMa roJieMO PAaKTUYHO 3HAueHe. 3a HCTpaKyBaukaTa aHanmmsa, PCA
€ IpUMEeHeTa 3a MJIeHTU(UKalKja Ha BapujabMIIHOCTa MOBp3aHa co pacToT Ha ¢puimot, a OPLS —
3a KBaHTUTATWBHO TpeNBUIYyBame. 3a nedenuHara Ha ¢uimor, OPLS-MonmennTe mokaxyBaaT
Bucoka kopenanuja (R* = 0,95 — 0,98) co rpemxu ox penor Ha RMSEcv ~ 5,8 — 6,2 pm u Ha
RMSEP ~ 7,0 — 7,6 wm, 3aBUCHO 0J1 TOA JJaJI C€ KOPUCTAT CyPOBH HITH TIPETIPOIIECUPAHU CIIEKTPH
(mpB u3Box + MSC). 3a mapamerapot a* Ha CIELAB nokaxanu ce 1o0pu KapakTepUCTUKU Ha
mozermute (R? = 0,99) co RMSEP ~ 1,2 — 1,35 (mogo0pyBame o MPETIPOIICCHPAILE ).

HctpaxyBamara mMaarT rojeMa MPHMEHJIMBOCT 3a pa3Boj M 3a TEXHOJIOMIKH TpaHchep —
metononorujata (pedgepentaun Texuuku + FT-NIR-mozenu) e nupekTHo ymoTpeOiuBa BO
pa3BoOjHU J1a0OpaTOPUU U MPU CKAJUPAmkE 3a Ja Ce HaMaju BapujaOMIIHOCTa M Jla C€ BOBENE
KOHTpOJIa Ha MpOIecOT Oa3upaHa Ha pU3MK. VICTOBpEMEHO IMPENo3HATIUBO € 3HAUYEHETO U Ha
nonero Ha PAT-uctpaxyBamara Ouejku naBa 0p3 HenecTpykTuBeH yBu Bo CQAs (nebennHa,
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a*) kaj ¢unMoBHM 0€3 TUTAaHMYM AMOKCHI — MPOOJEeM IITO C€ 3rojieMyBa CO IOTOJIEMHOT
WHYCTPUCKU MPEeMUH KOH anTepHaTuBy Ha TiO:.

OrpannyyBama Ha KOUIITO c¢ ymTe Tpeba na ce pabotu — nmpoduBame Ha NIR, 3aBUCHOCT 0of
KOMIIO3HUIIMjaTa/IMIMEHTOT, OJJP)KyBarhe Ha MOJIEIIOT 32 BpeMe Ha )KUBOTHUOT BEK Ha MPEMapaToT
U [IPOLIUPYBAKkE HA JOMEHOT Ha BaXKHOCT.

o Kommnaktupamwe co Bamjauu (Mcrpaxysame 1) — MEXaHHCTHYKO M MYJITHBApUjaHTHO
yIpaByBambe CO MUKPOCTPYKTYpaTa Ha KOMITAKTHPaHaTa JICHTa (IOPO3HOCT/XETEPOreHOCT)
KaKo HOCHTEJ Ha OCOOMHHTE Ha KBAIUTET HAa IPaHyJIaToT/Tabierara MpeKky NpuMeHa Ha
DoE, He3aBucHa ctpykrypHa Bepudukamnuja (MicroCT/SEM) u Ha koTponHa cTpaTeruja
co NIR-anarka u co norennujan 3a cieneme Ha nHTepMenujapaute CQAS BO BUCTUHCKO
BpeMe CO ITprUeMHa Ha KalnuOpaucku TpaHcdep.

KiyyHHoT HcTpakyBayKky ja3 KojIITo ce 00paboTyBa U ce pellaBa € HeJOCTUIOT Ha CUCTeMaTCKa
kBaHTH(uKaiMja O6asupana Ha DOE na Bimjanuetro Ha RP/RS/HFS Bp3 mukpocTpykrypara
(TTOpPO3HOCT M XETEPOreHOCT) Ha KOMITAKTHpaHATa JIGHTa M KAaKO Taa MHKPOCTPYKTypa ce
IIPEHECYBa BO KApaKTEPUCTUKHUTE HA IPaHyJaTOT U BO ofHecyBameTo Ha HPMC-marpukcure co
BHCOKa COJpP)KMHA Ha aKTUBHA cyncraHnmja. Mcro Taka, Bo nureparypara Hemocturaat PAT-
INIR-Mozenu 3a peOpecTH KOMIAKTUPAHU JICHTH, OCOOCHO 3a OICepBHPAEe HA MOPO3HOCTA BO
peaHo BpeMe, OTpaHUYeHO OPaay MYJITHKOMIIOHEHTHOTO CIIEKTPATHO IPEKJIONyBakbe U IOPaIn
Tonorpa)cku MHAyLUpaHuTe apTredakTu Ha pacejyBamero. llopagu oBa, mnoTpebHM ce
BHUMATEITHO W30paHU TPETIpOLecUupaa OPHEHTUPAHH KOH Oa3HaTa JHMHHMja W POOYCHH
MYJITHBApUjaHTHU MOJENIM IITO OCTaHyBaaT CTaOWIHM IpU IPEMUH OJ Mepeme IO0Kpaj
MIPOM3BOJICTBEHATA JIMHMja KOH MEpEHe BO IMPOM3BOACTBEHATa JMHHUja. llocToM mpakTHyHa
Ipa3HuHa noMery naboparopucku kanubpupanu NIR-Monenu nokpaj npou3BoJICTBEHATa JIMHUja
YW HHMBHaTa WHIYCTpUCKa (BO MPOM3BOJCTBEHA JIMHHUjA) ymoTpeda; a BamuaupaH TpaHcdep Ha
KanuOpanuja (Ha mp., JMpeKTHa cTaHAapIu3alyja) € KiIyueH 3a J1a ce HaMajM notpedara o HOBH
JECTPYKTUBHU KAJIMOpAIMK U JIa C€ OBO3MOXKM KOHTHHYHpaHa PAT-koHTpona.

OBa ucTpaxxyBame UMa rojeMa MPUMEHINBOCT BO KOHTHHYUPAHW/TIOTYKOHTUHYUPAHU JIMHUH —
MOJIEJIOT 3a MOPO3HOCT € pa3BHeH npeky DoE (mmpok 1oMeH Ha HOPO3HOCT) M [T0TOA € HalpaBeH
TpaHchep KOH pekHM BO MPOM3BOICTBEHA JIMHHUjA, ITO TOKMY TO IIPETCTaByBa AEJOT KOjIITO ja
OTeXXHyBa MHAYCTPUCKATa IPUMEHA Ha pa3BUEHUTE MO/JIENIH, OJTHOCHO — CKaIla HOBa Kanuoparyja.
Tpancdepor 6a3upan Ha DS ja HamanmyBa moTpebdarta 01 HOBU JECTPYKTHBHU pePEPEHTHH CETOBU
3a MO/ieJI BO IIPOM3BOJICTBEHATA JIMHHU]A, IITO € KPUTUYHO Kaj BUCOKO/I03HHU, MAaTEPU]jATHO ,,CKATTH
WIH pa3BOjHO orpaHmueHu (popmynanuu. KoHTponara Bo peaslHo BpeMe Ha WHTEpMEIHjapHUTE
CQAs (kommakTupaHa JieHTa — TpaHylaT — Ta0leTa) MMa IMOTEHIMjal Ja ja HaMalu
BapvjaOMUIIHOCTA W Ja TO CTAOWIM3Wpa MPOIECOT BO HapemHuTe ¢asu, ma c€ 0 KOHEUHHTE
KapaKTepUCTUKU HAa MaTpUKC-TabJeTUTe, IITO € O OIPOMHO 3Haueme 3a e(ukacHocTa U 3a
CUTYPHOCTA Ha JIo3upaHara ¢opma.

Bo ucniuranuor npoctop Ha paborta, XuapaymuaHUoT nputucok (RP)/mputrncokot Ha Bamjanute e
JOMUHAHTHUOT YIPaByBau Ha MOPO3HOCTA (M MEXaHMYKATa jayMHa) Ha KOMIIAKTHpaHaTa JICHTA,
noneka omxHocor HFS/RS ja Momynupa emHooOpasHOCTa Ha TMOJHEHETO, IMa OTTyKa U
XETepOoreHocTa Ha T'yCTMHATa/IOpPO3HOCTa MO JODKMHATA U 0 MIMPHHATA Ha KOMITAKTHpaHaTa
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JICHTa, IITO JUPEKTHO ce MpEeHecyBa BO paclpesendara Ha YeCTHYKHUTE CIIOpe] TOJEMHHA 10
meneweTo (PSD), % na ¢unu dpakiuu. MicroCT mexanuctiuuku ru notBpaysa DoE-Haomute
MPEeKy Mamupame Ha MPOCTOpHATa MOPO3HOCT W HA OpPUEHTAIMjaTa/TIOBP3aHOCTa HA TIOPHTE,
o0jacHyBajKu 30IITO CyOONTHMAITHOTO XpaHEHE CO3/1aBa JIOKAIHU BHCOKOTOPO3HH PETHOHU
(npedepeHnujaiHl TUHUU Ha (pakTypa) W 30IITO MOCTOM MPOCTOP BO TU3AJHOT Kajie IITO CE
OajaHcupaaT HWHTETPUTETOT HA TPaHyJIUTe, KOMIIAKTHOCTA W KOHTPOJIUPAHOTO PAHO
ocinobonyBame/HababpyBambe kaj HPMC-matpukcor co MoauduIMpaHO OCIO00TyBambe
MeT(GOPMUH XUAPOXJIOpUA. Ha mMpakTHYHO HUBO ce IEMOHCTPUPA JIeKa CIEICHETO Ha MOPO3HOCTA
6asupano Ha NIR co mpernponecupama opueHTUpaHu KoH 0a3HaTa auHuja (ZOD/LBC/AsSLS) u
koH OPLS 006e306exyBa poOycHO mpeAaBUaAyBamke HHU3 1€ ONCer Ha MOPO3HOCTA, a TUPEKTHATA
crangapauzamnyja (DS) oBo3moxkyBa edekTuBeH TpaHcdep o1 TOKpaj MPOU3BOJCTBEHATA JIMHH]A
KOH BO TMPOM3BOJCTBEHATa JIMHUja 0e3 moTpeda OJ IEIOCHO HOBa KamuOpaiuja BO
MIPOU3BOJICTBEHATA JIMHM]a, CO IITO CE HAMATyBaaT MaTePHjaTHUTE TPOLIOIHU U JECTPYKTUBHUTE
pedepentan mepemwa. Komounupamero Ha DoE + microCT + NIR-PAT oBo3moxyBa usrpanda
Ha EMIIUPUCKU MOJIEIIH, HO M MEXaHUCTUYKA OTPABIAHOCT NPH JIehUHUPAHE OTIEPATUBEH ,,JTM3ajH
Ha TPOCTOPOT™ 3a KOMITAKTHUpPAmkE CO Baijalu Ha cucreMu co merdpopmuH-HPMC, kaxe mro
MOPO3HOCTA Ha KOMIIAKTHpaHaTa JeHTa QyHKIIMOHMpa Kako KpuTndeH naTepmeanjape CQA miro
MOJXKE JIa C€ KOHTpOJIHpa BO (KBa3W-) pealHO BpeMe 3a Ja ce CTaOMIM3upaar rpaHyianujara u
KapakTepucTukuTe Ha Tabnerute. [Iputoa, TpancdepoT Ha kanubpanuja ja nmpeTBopa gobOpata
pa3BojHa KamuOparuja (TIOKpaj MPOM3BOJICTBEHATA JIMHUjAa) BO MPAaKTHYHO u3BOmIMBa PAT-
UMIUIEMEHTAIMja BO IPOU3BOJICTBEHATA JIMHK]a CO BATMIUPAHU KPUTEPUYMHU.
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This study leverages Fourier Transform Near-Infrared (FT-NIR) spectroscopy to monitor the coating process of
pharmaceutical tablets using PVA-based TiOo-free films, with talc and iron oxides as opacifiers. By employing a
combination of multivariate analytical techniques, the correlation between film coating progression and film
thickness was evaluated. Assessment of coating thickness for different coating levels was performed by optical
microscopy. Additionally, using colorimetric analysis by scanner method, the color progression for different
coating levels was evaluated and expressed as the a* value from CIELAB color space. The coordinate value a*
showed predictable changes with the progression of the coating process and film thickness values, indicating its
utility as a robust reference method for quality control and process optimization. The predictive capability of the
OPLS models, validated against measured film thickness and the a* value, demonstrated low prediction errors
and confirmed the models’ effectiveness in distinguishing coating levels and accurately predicting film coating
progression. The OPLS model used knowledge-based peaks of interest, which were further confirmed by loading
and coefficient plots. The study demonstrated that film thickness, as a destructive, and a* value from CIELAB
color space, as a non-destructive reference method for coating progression could be used during a controlled
pharmaceutical coating process for product quality assessment and pharmaceutical process endpoint
determination.

of different pharmaceutical products, the European Medicines Agency
(EMA) has issued several guides on real-time testing and requirements

1. Introduction

In pharmaceutical manufacturing, coatings are widely employed to
enhance organoleptic properties, improve the physical and chemical
stability of solid dosage forms, and potentially modify dissolution pro-
files (Zaid, 2020). Even with immediate-release coatings, the impact on
dissolution becomes more pronounced as the thickness increases.
Thicker coatings reduce liquid ingress initially, affecting the overall
dissolution rate, a critical quality attribute (CQA) for these dosage
forms. This highlights the necessity of developing process analytical
technology (PAT) tools that would enable accurate coating process and
product control (Dong et al., 2023). A tablet coating process should
result in a constant thickness of the coating layer and uniform and
visually identical coating of all tablets. To ensure the quality and safety

for using various spectroscopic techniques during new submissions and
variations (European Medicines Agency, 2014). Titanium dioxide (TiO5)
is currently widely used as an opacifier in tablet film coatings to enhance
the appearance and stability of pharmaceutical products and is effective
in relatively thin films and at low concentrations. Recently, the Euro-
pean Food Safety Authority (EFSA) modified its stance on titanium di-
oxide, previously deemed safe as a food additive, by questioning its
safety based on new studies and the particles’ potential to accumulate in
the body despite their low absorption rate. Commission Regulation (EU)
2022/63 bans the use of TiO5 in food and urges the pharmaceutical
industry to expedite research and development efforts to replace tita-
nium dioxide in both new and existing products (Blundell et al., 2022).
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The multifunctional attributes of TiO, make it challenging to replace
with one or a combination of excipients like calcium carbonate (CaCOs3),
talc, iron oxides, zinc oxide (ZnO), calcium carbonate/calcium hydrogen
phosphate (CaCO3/CaHPO4) (Radtke et al., 2021). Titanium
dioxide-free films, which exhibit lower opacity, lower contrast ratio, and
reduced capability to protect from photodegradation and moisture,
typically require a weight gain of 5 to 8 % and a thicker film to match the
performance of TiO2. This could potentially lead to increased dissolution
time and a need for more precise film coating process monitoring and
quality control (Gallo et al., 2023; Palugan et al., 2022).

Several parameters are used to monitor the coating process and
assess the quality of the film coating, with a primary focus on coating
thickness and the amount of polymer applied to tablet cores (Gendre
et al., 2011). Noninvasive and simple reference measurements, such as
conventional weight gain measurements, correlate poorly with film
coating thickness and require the averaging of a large number of tablets
to overcome inaccuracies due to weight variation (Alves-Lima et al.,
2020; Moltgen et al., 2012; Romer et al., 2008; Wahl et al., 2019). Op-
tical microscopy, while expected to yield better results as a calibration
reference method, also has limitations: film-thickness measurements are
invasive, time-consuming, and susceptible to operator error and per-
sonal bias. These issues arise from core-film interactions and the absence
of perfectly linear core/coating interfaces. To mitigate these challenges,
measurements are often taken by multiple independent analysts (Romer
et al., 2008; Wahl et al., 2019). In addition, the coating layer exhibits
inherent thickness variability due to unavoidable inter- and intra-tablet
coating inconsistencies. This variability is reflected in film coating
thickness measurements regardless of the method used and should not
be mistaken for measurement error (Wahl et al., 2019). To improve the
objectivity of film coating process analyses, more advanced instru-
mental methods with high repeatability are used. These include optical
coherence tomography (OCT) for films from 10 to 60 pm (Li et al., 2014;
Markl et al., 2015), dynamic image analysis (Czajkowska et al., 2015),
terahertz pulse imaging (TPI) for films of 40 pm and thicker (Brock et al.,
2012; Haaser et al., 2013), and FT-NIR diffuse reflectance spectroscopy
(Hattori et al., 2018). Optical microscopy, a well-established method for
measuring film thickness through direct visual inspection, is often used
as a reference to validate advanced techniques like FT-NIR, OCT, and
TPI, given its strong correlation with these methods (Farkas et al., 2021;
Wolfgang et al., 2019). In addition to optical microscopy, various image
analysis techniques are explored for quality control in evaluating film
coating thickness and the overall coating process. An interesting appli-
cation of image analysis, in combination with neural networks
(YOLOV5) discussed by Ficzere et al. (2022), also plays a valuable role in
the prediction of film thickness through tablet diameter variation and
classification of tablet defects (Ficzere et al., 2022). Color image analysis
is increasingly being utilized as a method for studying film thickness and
assessing the film coating process in colored film-coated tablets (Farkas
et al., 2021). Murillo et al. demonstrated that color and appearance are
expected to change predictably and exponentially with the progression
of the film coating process and eventually stabilize asymptotically with
further changes in the concentration of film components (Murillo et al.,
2018). Therefore, some CIELAB parameters and hue can be used to track
color evolution, coating quality, and film thickness in a non-invasive
manner (Murillo et al., 2018; Turk et al., 2021). Chemical components
that cause color variations can absorb light in the NIR region, allowing
for a correlation between color evolution and NIR spectroscopy.
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Consequently, methods like NIR could provide a comprehensive and
reliable assessment of coating progression in pharmaceutical applica-
tions. Although values like hue and CIELAB parameters have been used
to predict film thickness and track the evolution of pharmaceutical film
coating (Murillo et al., 2018; Turk et al., 2021), there are no literature
data regarding the correlation of NIR spectral information with CIELAB
parameters as a non-invasive reference technique for the tracking of film
coating progression with TiOo-free film coatings.

Therefore, the aim of our work was to evaluate the possibility of
utilizing Fourier Transform Near-Infrared (FT-NIR) spectroscopy to
monitor the coating process of pharmaceutical tablets using TiO,-free
films (proprietary PVA-based TiO2-free film coating formula with talc
and iron oxides as opacifiers). Film coating thickness for different
coating levels was assessed using optical microscopy. Additionally,
scanner-based colorimetric analysis was employed to monitor the color
progression of different coating levels using CIELAB color space pa-
rameters. Unsupervised and supervised multivariate models were
applied to analyze and correlate NIR spectral variations with film
thickness progression and color evolution.

2. Materials and methods
2.1. Materials

Core composition: cellulose, microcrystalline (Avicel PH 102, Du
Pont, USA), dibasic calcium phosphate anhydrous (Di-CAFOS A 60
Budenheim; Germany), copovidone (Kollidon VA 64 BASF, Germany),
croscarmellose sodium (Ac-Di-Sol, Du Pont, USA), silica, colloidal
anhydrous (Aerosil 200, Evonik, Germany), magnesium stearate (FACI
S.p.A., Carascp GE, Italy).

Film coating system: PVA-based TiOs-free film coating (Opadry TF®;
proprietary formula containing partially hydrolyzed polyvinyl alcohol
(PVA), talc, PEG 3350, and iron oxides yellow, red; Colorcon Inc, UK)

2.2. Preparation of tablet cores

A premixture of silica, colloidal anhydrous (1.25 %) was prepared
with cellulose, microcrystalline (3.75 %) in an Aeromatic Fielder PMA
300 (GEA, Germany) high shear mixer (1 min at 150 rpm impeller
speed). Mixture for tablet placebo cores was prepared by dry mixing of
premixture with the rest of cellulose, microcrystalline (60.00 %), dibasic
calcium phosphate anhydrous (30.00 %), copovidone (1.00 %), cro-
scarmellose sodium (2.00 %) in Aeromatic Fielder PMA 300 high shear
mixer for 4 min at 150 rpm impeller speed. After 4 min of mixing, 2.00 %
of magnesium stearate was added and mixed for 2 min at 130 rpm
impeller speed. All excipients were sieved through a Russel sieve (1 mm;
Russel Finnex N.V., Belgium) prior to mixing. After mixing, the placebo
blend was tableted using a Fette 2090 i (Fette Compacting GmbH,
Germany) industrial-size tableting machine. The following conditions
were used for the preparation of biconvex tablet cores with a diameter of
8 mm and a mass of 200 mg + 5.0 %: pre-compression force 1.2 kN,
compression force 16.5 kN, tableting speed 70 000 tbl/h.

2.3. Coating process and sampling procedure

Tablets were coated with an aqueous partially hydrolyzed PVA film
coating (PVA-based TiO,-free film coating) in an industrial-size partially
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Table 1
Parameters of the film coating process.
Parameter Pre-heating Spraying  Drying Cooling
Inlet air (m3/h) 700 700 700 700
Inlet air 70 70 70 30
temperature ( °C)
Outlet air 45-48 45-48 40 30
temperature ( °C)
AP drum (Pa) —150 —150 —150 —150
Drum speed (rpm) 2,3 (10s/60 16 2,3 (10s/60 2,3 (10s/60
s; Jog) s; Jog) s; Jog)
Spray rate (ml/min) 50
Drying time (min) 5

perforated pan coater (Glatt GMPC, x2; Glatt GmbH, Binzen, Germany).
The pan load was 21 kg. Spray gun parameters were: spray nozzle
diameter 1.2 mm; atomizing air pressure was 2.0 bar; pattern air pres-
sure was 2.2 bar Samples were collected at coating levels corresponding
to 3.6 L, 4.0L, 4.3 L, and 4.7 L of coating suspension spent (solids 24.57
%). The final coating achieved 5.5 % tablet weight gain (Table 1).

2.4. NIR measurements and multivariate analysis

240 individual tablets were recorded using an Antaris II FT-NIR
analyzer (4000 cm™! to 10 000 em™; 4 nm resolution; OMNIC;
Thermo Fisher Scientific, USA; SabIR fiber optic diffuse reflectance
probe) and used as a calibration set. Spectra were taken in a well-
controlled environment (temperature and moisture). A background
scan was taken before each recording to minimize instrument drift, and
the NIR probe was carefully positioned. Spectra that perform differently
than the group, deviating or aberrant spectra whose outlying position
cannot be explained as a mere shift along the general trend or orienta-
tion of the data, were removed by visual inspection during recording and
re-recorded.

Spectra visualization was performed using Spectragryph 1.2. Multi-
variate analysis was performed in SIMCA 14.1. Models were externally
validated by recording a separate batch of 80 tablets. R?X is the cumu-
lative explained variance of the X-matrix (independent variables) by the
models. R2X was used as one of the indicators to estimate the models’
ability to capture variation in the X data.

xi—x;)?
Ry =1- %‘A;
e x;: The actual value of the variable i in the original dataset
e X;: The predicted value of x;
o X: The mean of the variable x;
e 3 (x; — X;)*: The residual sum of squares
e Y (x; — %)% The total sum of squares

RMSEE (root mean square error of estimation) measures the differ-
ence between the observed and predicted values during the training
phase, with lower RMSEE indicating better model performance on the
training data.

1¢ ~\2
RMSEE: - i — Yi
Va2 03

e y;: Actual observed value.
e ¥;: Predicted value by the model.
e n: Number of observations.

RMSEcv (root mean square error of cross-validation) is the RMSEE
calculated during cross-validation. Cross-validation was performed
using the leave-one-out (LOOcv) method, which is particularly advan-
tageous for moderate-sized datasets (Chen and White, 2024). The
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selection of LOOcv was based on its ability to provide consistent error
estimates across different validation approaches and data sizes, making
it suitable for ongoing model development. An external dataset was used
to mitigate the possibility of over-optimism. RMSEP (root mean square
error of prediction) explains the difference between the observed and
predicted values using an independent test set. RMSEP was used to
indicate the generalizability and validity of the model’s training and
cross-validation values.

2.5. Reference measurements

2.5.1. CIELAB color space measurements

The CIELAB color space and its Cartesian coordinate a* were used for
NIR model calibration.

The method for tablet scanning was done according to Turk et al.
(2021), who used a photo scanner to scan mini tablets and found a
correlation between the hue value and coating thickness (Turk et al.,
2021). After tablet sampling, measurements were taken for analysis at
four coating levels, namely 3.6 L, 4.0 L, 4.3 L, and 4.7 L. A scanner,
Canon CanoScan 9000F Mark II (48-bit internal color depth for accurate
color rendition with turned-off color correction settings), was used at
600 dpi to capture the variability in color between batches, and it proved
sufficient to detect the increasing trend in coating thickness between
tablet coating levels, considering the uniform light source across the
sample, high color gamut as well as the fixed angle and position under
which the tablets were recorded. Tablets were placed consistently in the
same position on the scanner bed. CIELAB parameters were extracted
using Fiji/ImageJ (Schindelin et al., 2012) and were used for color
analysis. The RGB parameters were converted to CIELAB using Fiji/I-
magelJ, and an a* value was extracted. The calculated AE value between
the highest and lowest coating levels, with the lowest color level as the
reference, indicates that the system accurately detected subtle color
variations. AE value of 9 was found, signifying that the system suc-
cessfully captured perceptible differences between the color levels.
Furthermore, the scans were all performed in quick succession, avoiding
potential inaccuracies due to changes in environmental conditions or
equipment wear. The evolution of color (Fig. 1) matched previously
reported color parameters for coated tablets (Murillo et al., 2018).

2.5.2. Film thickness measurements

The film-coated tablets were cut using the blade of a tablet cutter
(fine blade microtome). Film thickness was measured using optical mi-
croscopy (Stemi 305; Zeiss, Germany; Zeiss Zen 3.8 software; 5x
magnification), ensuring a consistent angle. The thickness was measured
at five points near the apex of the tablet and averaged, ensuring
consistent readings. Despite labor intensiveness, this method proved
accurate for our analyses. All the tablets from different coating levels
recorded by NIR (240 tablets in the calibration set and 80 tablets in the
test set) were measured separately for film thickness, as displayed in
Fig. 2, to ensure the model’s maximal accuracy.

36L 431L

40L

4.7 L

Fig. 1. Change of color of randomly selected tablets with coating at various
levels of expended film coating suspension.
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Fig. 2. Change of film thickness of randomly selected tablets with coating at various levels of expended film coating suspension.

2.5.3. LOD measurements

Loss-on-drying (LOD) was measured using Mettler LP16 moisture
analyzer (Mettler-Tolledo, Zaventem, Belgium) on a 2 g sample at a
temperature of 105 °C until mass remained constant for 5 min.

3. Results and discussion
3.1. Reference methods

Two reference methods were used: optical microscopy as a destruc-
tive method to measure film thickness, and a* from the CIELAB color

space as a nondestructive indicator of coating progression. The values of
film thickness growth and a* across different coating levels (3.6 L-4.7 L)
are presented in the dual-axis plot (Fig. 3). Considering the nature of the
spray coating process, inter-tablet variability of the film thickness for
each coating level is expected. The dual-axis plot illustrates the distri-
bution of film thickness values across randomly sampled tablets at
various coating levels, reflecting inherent inter-tablet variability typical
of the pan coating process. The upward trend for four distinct coating
levels shows the progression of coating. In this study, the pan coating
process demonstrates increasing inter-tablet uniformity with time
(Figure S1a), and low inter-tablet covariance (Figure S1b; 80 tablets per

Dual-axis Plot: Film Thickness and a* by Tablet Class
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coating level), which remains low and decreases further as coating levels
increase, validating the process’s effective design (Mostafaei et al.,
2023; Zhang et al., 2018). From the CIELAB parameters, the average of
L* decreased with the progression of film coating, the average of b*
remained nearly constant, and the average of a* increased with the
progression of film coating. During our preliminary studies and sample
evaluation for the development of the current model, it was found that
there was an expected trend of growth between a* (CIELAB value) and
the progression of the film coating process, indicating its usefulness as a
simple method for calibration (Fig. 3). Murillo et al. explored color
evolution during the pan coating process and used CIELAB values to
monitor coating uniformity and variability to advance toward auto-
mated control of the coating process. They noticed an increase in a*
values throughout the coating process, indicating accumulation of the
coating material. The progression towards higher a* values is consistent
with the expected outcome of coating the tablets with a colorant that
includes components contributing to redness (Murillo et al., 2018). In
our case, the usefulness is justified by the fact that the film coating
progress generates an increase in the intensity of chemical signals from
PVA-based TiOo-free film, an increase in coating thickness, and an in-
crease in pigments, opacifiers, and other components of the film. These
factors directly affect the color of the tablets, and consequently result in
a positive change in a* from the CIELAB system. Color perception in
thick films varies with thickness due to absorption differences, which
depends on the material’s chemical composition, light path length, and
scattering. In thicker films with heterogeneous compositions, light
scattering can alter the intensity and distribution of light exiting the
film, thus changing its appearance. The bending of light or refraction can
also play a significant role in the color perception of thicker films.
Namely, film thickness can alter the path of light through a material,
affecting the perceived color, while the amount of light reflected versus
absorbed depends upon multiple internal reflections, which can com-
pound and affect the color (Mortimer et al., 2009). In summary, the
perception of color depends on the molecular composition of the film
and the physical structure, namely surface roughness, and film unifor-
mity, as they can all impact how light interacts with the film. Although
we are building the model based on a small range of film coating levels,
we can observe the difference in appearance due to changes in film
thickness. These differences were quantified using CIELAB values
(Fig. 3).
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3.2. Spectroscopic interpretation of the signals of interest

The spectra of the film-coated tablets consist of signals from multiple
variables arising due to chemical and physical changes during the
coating process. Pharmaceutical film coatings are heterogeneous mix-
tures of chemical compounds. They produce a combined spectral
response to incident light in the NIR spectral region, which is defined by
multiple physical and chemical characteristics. Consequently, the
reflectance spectra are not always linear combinations of signals from
individual film components (Romer et al., 2008). The transmittance of
the coating material may cause variations in reflectance measurements
influenced by multiple scattering events from differences in particle size,
shape, film microstructure, roughness, thickness, opacity, morphology,
and illumination geometry, which generate spectral changes unrelated
to the chemical changes during the film growth process. Due to the
inherent complexity of NIR spectra as well as the heterogeneous mix-
tures being recorded, namely multi-component pharmaceutical film
coatings and tablet cores, NIR spectra are often a combination of a broad
range of overlapping absorption bands originating from overtones and
combination-vibration bands usually found in more complex molecules
(Bec et al., 2020; Pomerantsev et al., 2017). The overlapping and broad
nature of NIR spectra makes it challenging to assign specific spectral
features to target changes without applying chemometric methods such
as PCA, which enable the identification of subtle variations related to
product qualities (Ciurczak et al., 2021).

To trace back the characteristics of the NIR spectrum to specific at-
tributes of the system’s chemistry, we tried to understand and correlate
variations in well-defined parts of the spectrum with the measured
properties. The spectra of film-coated tablets closely resemble those of
the PVA-based, TiO,-free film coating. Therefore, we first evaluated the
spectra for any meaningful contribution of the PVA-based TiO»-free film
coating components, which may enable the development of a robust
prediction model.

One narrow, very prominent, and one weak peak of the PVA-based
TiOy-free film coating was found in the 7000-7250 cm™! region
belonging to the first fundamental overtone of the OH stretching vi-
bration. The peak at 7185 cm™ is sharp and strong, while the 7152 cm™!
peak is weaker in both the film-coated tablet and PVA-based TiO2-free
coating (Fig. 4a; Figure 4cl). Several studies have described both the
prominent and weak peaks as characteristic of Opadry® films (Maurer
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and Leuenberger, 2009). The only constituent of the PVA-based TiO--
free film coating to exhibit a sharp, very strong, prominent peak at 7185
cm ! was talc (Fig. 4a) (Petit et al., 2004).

The peak of talc at 7185 cm™! has been described as the first over-
tone (2vMg3OH) of vibrations of structural OH groups and is charac-
terized by a position and shape irrespective of concentration. In addition
to the 2UMgsOH peak at 7185 cm™, another peak at 7152 cm™ in the
PVA-based TiO:-free film coating and film-coated tablets, characteristic
of talc, can be assigned to 2vMg-FeOH (Fe substitution in talc) (Petit
et al., 2004; Wu et al., 2022). Further analysis has confirmed that the
peak at 7185 cm™! grows as film coating progresses, confirming its
utility for tracking the progression of the film coating process (Fig. 5).

In addition to the peak at 7185 cm ™!, another very prominent band
specific for PVA-based TiO.free film coating showing increasing in-
tensity on the log 1/R axis with increasing coating level was found at
4324 cm™! (Fig. 4c2). The region from 4400 to 4200 em ! (peak at 4324
cm™!), which intensifies with the progression of film coating, is
composed of overlapping absorption bands of different coating compo-
nents. As presented in Table 2, talc shows a strong and sharp OH
stretching at 4324 cm™ (Wu et al, 2022), PEG 3350 shows
CH-stretching and CH-bending combination bands at 4331 cm™, and
PVA displays C—H; stretching and =C—Hj; bending combination bands
at 4266 cm™ (Conzen, 2014). The spectra of film components that
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contribute to this band (4324 cm™!), PVA, PEG, and talc, are presented
in Figure S3. During inspection of the raw spectra, the overall trend of
the peak intensity for coated tablets increases during film coating pro-
gression. The only spectral feature showing the opposite trend is the
5290 — 5000 cm ™! region (peak at 5141 cm™ 1), which corresponds to the
-OH combination band originating both from the core and coating
components and exhibiting an intensity decrease due to changes in
water content during the coating process (Moltgen et al., 2012).

In addition, literature data proposes that the absorption band
extension at approximately 9000 cm ™! into the NIR region beyond 10
000 cm™! (from 10 000 cm~ ! to 9000 cm’l) might be due to a combi-
nation of fundamental electronic transitions, overtones, and the physical
and crystallographic properties of the pigment E172 (iron oxide red,
iron oxide yellow). Reflectance spectra of iron oxides in the near-IR and
visible light result from crystal-field transitions of Fe>* in octahedral and
tetrahedral coordination. Scheinost and Schwertmann (1997), described
a peak of unsubstituted goethite centered at the wavelength of 1 pm
(1000 nm; wavenumber 10 000 cm ™). This change in the log 1/R axis
originates from the *T; g ferric iron transition peak (d-d transition) and
is prominent in the spectra of iron oxide E172 compared to the
PVA-based TiOa-free film coating mixture (Fig. 4b is a comparison of
PVA based TiO2-free film coating and iron oxide yellow; the spectra of
both, the yellow and red iron oxide pigment are presented in Figure S2)
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Table 2
Assignation of excipients’ relevant overtones or combination bands.
Wavenumber PVA PEG Talc Iron References
oxides
10 000 cm ™! ‘Tig (Scheinost and
Schwertmann, 1997)
8319 cm™! O-H bending or stretching vibration (Xie et al., 2016)
7185 cm ! 2vMg3OH (Petit et al., 2004)
7118 ecm™! 2vMg,FeOH (Petit et al., 2004)
7156 cm ™! 2vMg,0H (Petit et al., 2004)
7073 cm ! 2vFe,0H (Petit et al., 2004)
6925 cm ! C-H bending vibration (could be influenced by PVA interaction with (Xie et al., 2016)
volatile compounds)
5834 cm ™! C=O0 stretching vibration (Xie et al., 2016)
5761 cm™! Second and third (Snavely et al., 1996)
overtone of CH bend
5555 cm ™! CH stretch (Snavely et al., 1996)
5285 cm ™! O-H hydrogen bonding water exposed PVA OH (Workman Jr. and
Weyer, 2012)
5173 cm ™! OH bend (Snavely et al., 1996)
5150 cm ™! O-H interaction of multiple hydrogen atoms from poly(ethylene-co-vinyl (Workman Jr. and
alcohol) (EVOH) bonded to surrounding associated OH groups (from Weyer, 2012)
water) without clustering
4812 cm™! OH stretching (Conzen et al., 2014)
OH bending
4347.83 cm™! C-H stretching (Salah et al., 2020)
C-H deformation
4324 cm! OH (Wu et al., 2022)
stretching
4331 cm™! CH-stretching + CH- (Wong et al., 1982)
bending
4266 cm™! C-H, stretching + =C-H, bending (Conzen et al., 2014;
Wong et al., 1982)
4180 cm ™! OH stretching (Snavely et al., 1996)
4054 cm ™!

(Scheinost and Schwertmann, 1997). The lower intensity on the log 1/R
axis in the PVA-based TiO,-free film coating mixture and film-coated
tablets compared to the iron oxide pigment in the region 10 000 cm*
to 8000 cm ™! may be attributed to the interactions within the mixture of
organic and inorganic components in the PVA-based TiOy-free film
coating (Ben-Dor, 2002; Morris et al., 1985; Zheng et al., 2019). These
interactions result in complex effects on spectral features, likely altering
intensity along the log 1/R axis and peak positions of some bands and
areas under each peak (Zheng et al., 2019). The significance of this re-
gion will be further explored in PCA/OPLS analysis.

In general, the overtones and combination bands of complex mix-
tures, like film coatings, do not behave simply and cannot be directly
interpreted. Variations in peak positions, changes in the area of each
peak, and absorbance values of some bands are expected in the NIR
spectra of polymer mixtures (Eldin, 2011). Therefore, it is impossible to
establish a useful reference for simple height or peak area quantitative
methods. Band assignment of the individual excipients and PVA-based
TiOa-free films presented in Table 2 is not always sufficient to make
quantitative measurements and qualitative discriminations. Further
quantitative and qualitative analysis will be performed using PCA/OPLS
to extract the information from NIR spectral data (Roggo et al., 2007).

3.3. Multivariate analysis

3.3.1. PCA analysis

PCA is a widely used unsupervised data analysis tool for large sets of
highly co-linear data utilizing the entire wavenumber/wavelength range
(Andersson et al., 2000; Jovanovic et al., 2006). PCA was applied to
explore the NIR dataset, identify spectral changes, and understand the

Table 3
PCA eigenvalues and percent variance explained by each PC.

Principal component Eigenvalues % of variance Cumulative variance

1 116.1 48.3 48.3
2 77.6 32.3 80.6
3 31.5 13.1 93.7
4 7.8 3.3 97.9
5 2.9 1.2 98.0
6 2.5 1.0 99.2
7 0.7 0.3 99.4

most significant variance sources. The analysis also aimed to locate
systematic variation in the data matrix as the primary source of infor-
mation on film growth. The model included 240 raw spectra (centered
and scaled; no spectral filters applied) from different coating levels
(coating suspension volumes: 3.6 L, 4.0 L, 4.3 L, 4.7 L). PCA was also
used to relate the near-infrared spectral properties to the film properties
and coating progression (Chang et al., 2001; Greenacre et al., 2022).

The PCA model was used for exploratory purposes without variable
selection for the spectra, allowing us to better explain the spectral var-
iations associated with the coating process and to identify the possible
origins of the spectral features linked to the progress of film coating.

A PCA model of raw spectra showed that the spectral data could be
accurately recovered as a linear combination of seven principal com-
ponents (common spectral filters did not result in a smaller number of
PCs). The percentage of explained variance and eigenvalues are pre-
sented in Table 3. The principal components were assessed for qualita-
tive similarity to the change of interest, namely the progression of film
coating determined by the peaks deemed important for film coating
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Fig. 6. Loading plots for PCs 2 to 6 (PCs important for both film thickness and a*) of the PCA model.

progression by domain knowledge (Tanabe et al., 2007). The first
principal component (PC1) captures primary variance due to baseline
absorbance or noise, indicated by its flat nature. Components 2 to 6 best
represent the significant variances relevant to the PVA-based TiO,-free
film growth. The loadings are presented in Fig. 6. Key spectral features
identified include the band at 7185 ¢cm ! (talc), prominent in PCs 3-6,
and the 9696 cm™! band in PC5, likely influenced by the presence of iron
oxide red and yellow. The band at 5141 cm ™, especially prominent in
PC3, corresponds to the decreasing signal of the tablet film and core,
with a positive orientation of the PCA component loading due to PCA’s
arbitrary directionality. The band at 4324 cm ™!, which is absent in the
core but present in the film, indicates the growth of film components and
appears across multiple PCs. PC2 through PC6, particularly PC3 and
PC5, effectively track the progression of the film coating.

The scatter plot (Figure S4) reveals distinct patterns with clearly
separated clusters corresponding to different coating levels, along the
principal components (PC3 and PC5). Coating levels 3.6 L, 4.0 L, and 4.3
L cluster relatively close to each other along both PC3 and PC5,
reflecting continuous coating progression and slight changes in their
moisture content (confirmed by measured LOD values, Figure S5),
which are expected during the constant spraying rate phase. 4.7 L sep-
arates distinctly along both PC3 and PC5, representing the final coating
level and moisture content which decreases further and to a greater
extent during the drying phase (LOD values, Figure S5) (Moltgen et al.,
2012). While PC3 captures bulk moisture-related variance, from
continuous spraying to drying (dominated by the 5141 cm™' peak), and
general coating progression, in its loading PC5 contains features

identified by domain knowledge as important for the film coating and a
weaker contribution from the 5141 ¢cm™ peak. This indicates that PC5
emphasizes coating-related features, while moisture plays a less signif-
icant role in the variance captured by this principal component.
Although PC5 accounts for a smaller total amount of variance, it is
important for explaining subtle changes during the film coating process.
The coating level 4.7 L behaves differently along PC5 compared to the
other coating levels, reflecting the film coating characteristics as the
drying phase concludes. A negligible number of outliers were identified
in the scatter plot; however, their removal did not improve model
performance.

Given that the principal component loadings capture the peaks
identified through the knowledge-based approach, and that it was
possible to visualize different clusters during the continuous spraying
and drying, it is considered appropriate to proceed with the develop-
ment of predictive models for further analysis.

These observations underscore the model’s complexity and the
importance of all six components in capturing the relevant spectral
features. The PLS/OPLS methods are expected to be more robust and
accurate than a correlation coefficient-based method using the PCs from
PCA (PCA/MLR) concerning spectral variations as they focus only on
important spectral variance for prediction and set spectral coefficients to
low values for unimportant wavelengths. Hence, we will proceed using
an OPLS model (Liu et al., 2022).

3.3.2. OPLS analysis
The rationale behind using OPLS in this analysis is that, unlike PLS,

Table 4

Results of OPLS calibration on raw and pre-processed spectra.
Model calibration parameter R2 RMSEE RMSEcv LV RMSEP
Film thickness raw spectra 0.98 6.12 pm 6.23 pm 1+5+0 7.58 pm
a* raw spectra 0.99 1.28 1.31 1+6+0 1.35
Film thickness pre-processed 0.95 5.00 pm 5.80 pm 1+6+0 7.00 pm

spectra **(1st-MSC)

a* pre-processed 0.99 0.90 0.92 1+6+0 1.20

spectra **(1st-MSC)

** (1st-MSC)—1st derivative-Multiplicative Scatter Correction.
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OPLS removes systematic variation in X that is orthogonal to Y and is
expected to capture the relevant variation (film growth) in a predictive
principal component. In contrast, the uncorrelated variation is fitted

into orthogonal principal components. Concentrating the predictive
information in one component increases the interpretability of the
model (Eriksson et al., 2012).
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An initial OPLS model was applied to raw, unprocessed spectra
without variable selection to further understand the importance of the
spectral signals for film thickness and a* (CIELAB parameter). Results of
quantitative analysis performed by applying OPLS analysis on raw
spectra are presented in Table 4. Components were considered signifi-
cant if their normalized eigenvalue exceeded 2 (Figure S8), which, in our
case, led to the lowest RMSEcv. Figure S9 illustrates this through the
latent variable selection for the raw spectra model of film thickness.

The predictive component demonstrates the potential to separate
different coating thickness levels for film thickness and a*. The RMSEcv
and RMSEP are low, considering the maximum coating thickness of
approximately 140 pm and maximum a* of approximately 20, which is
sufficient to discriminate between the sampled classes. The loading and
coefficient plots for the calibration models for film thickness and a* are
presented in Fig. 7 and Figure S6, respectively. There is an overall
similarity in the coefficient trend for models calibrated with film
thickness and a*, which is expected considering they both increase as
the film coating process progresses. The regression coefficients of the
spectra, which represent the prediction vector for the selected Y, were
further analyzed. The coefficient plots confirm that the most important
wavelengths, which were determined by domain knowledge-based
spectral analysis as well as PCA regression, namely 7185 cm™!, 5141
em™), and 4324 cm™!, are also among the most important peaks for
consideration in OPLS regression analysis and are representative of film
growth as discussed previously. Additionally, the wavelengths from
10,000 cm™ to 9000 cm™ show a notably positive prediction vector for
the film-coated tablets in that region. The score plots between the two
calibration models are similar and will not be shown for brevity. The
loading plots of film thickness and a* resemble the PVA-based TiO-free
film coating spectrum, indicating that all the relevant peaks from the
domain knowledge analysis are used for film coating thickness predic-
tion by the OPLS model. Fig. 7a presents the overlaid loadings of NIR
calibration models with film thickness and a* as reference methods.
Fig. 7b shows the overlaid spectra of the PVA-based TiO:-free film
coating and the loading of the calibration model using film thickness as
the reference method, demonstrating the importance of multiple peaks
for calibration. Considering the reported OPLS regression model results
on raw spectra, the model effectively accommodates the impact of
multiplicative scattering; however, further appropriate data pre-
treatment may improve model performance and decrease complexity
(Romer et al., 2008).

First derivative and MSC were applied to raw spectra to compensate
for the light scattering effect and path length changes, improve quan-
tification accuracy, remove the baseline shift, and enhance spectral
resolution. First derivative, followed by MSC, made the variance more
obvious and distinctly separated the coating levels based on the previ-
ously determined relevant wavelengths. Furthermore, distinct regions of
the spectra at different coating levels are more apparent in the pre-
processed spectra than in the raw spectra (Figures S7a and S7b - raw
spectra; Figures S7c and S7d - preprocessed spectra with first derivative
and MSC). The statistical indicators of the model are presented in
Table 4. The results demonstrate that the differences among the various
model prediction capabilities are negligible when the data is pre-
processed using the first derivative and MSC. Fig. 8 presents the
measured versus predicted plots for film thickness and a* for both the
training and test sets. The robustness of the model for film thickness and
a* prediction is further confirmed by DModY and normalized N-residual
plots of the test set (Figures S10-S13). The DModY plots illustrate the
normalized prediction error across different observations. There are no
outliers or clear trends for film thickness or a*, where the model either
over or under-predicts. The residuals are approximately normally
distributed, and there are no notable positive or negative deviations or
outliers, suggesting a robust model. The literature reports a maximum
NIR penetration depth of 300 um in TiO: films, enabling simultaneous
data acquisition from both the core and coating, which is essential for
robust model development. However, no such data exist for TiOy-free
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films. Our studies indicate that the model accurately predicts without
significant under- or overestimation regardless of the coating thickness
and process progression (Moltgen et al., 2012; Romer et al., 2008).
These models will be tested and repeatedly used in practical settings to
further evaluate the effect of baseline removal on predictive ability. This
will help in choosing the most robust model with satisfactory accuracy.
The relationship between film coating thickness and changes in color
parameters in the pharmaceutical industry has not been fully explored.
The use of a color parameter as a reference technique should be based on
a clear understanding of the relationship between film thickness and
color changes. With proper justification, this approach offers a
non-invasive method for calibration or re-calibration, making it poten-
tially appropriate as a reference technique in NIR applications. In
addition, the capability of NIR spectroscopy in the presence of various
TiO: substitutes as opacifiers has not been fully explored. Future studies
should investigate a broader range of film coating materials and thick-
nesses to better understand the potential of using CIELAB as a reference
technique for colored films. Through further research, valuable insights
could be gained for developing in-line models and novel calibration
methods, potentially improving process understanding.

4. Conclusion

This study demonstrates that FT-NIR spectroscopy is a highly sensi-
tive and effective tool for off-line monitoring of TiOz-free film coating
processes. By utilizing film thickness measurements and the a* param-
eter from the CIELAB color space as reference methods, changes during
the coating progression were effectively described and predicted. PCA
revealed spectral features associated with the progression of film
coating, illustrated through variations across multiple principal com-
ponents. Domain knowledge spectral analysis identified several bands of
interest, which were confirmed via OPLS analysis of loading and coef-
ficient plots. OPLS analysis on preprocessed spectra using the first de-
rivative and MSC resulted in low prediction errors for both film
thickness (RMSEcv = 5.80 pm; RMSEP = 7.00 pm) and the a* parameter
(RMSEcv = 0.92; RMSEP = 1.20), indicating the robustness of the
models. These findings indicate that FT-NIR spectroscopy, combined
with multivariate analysis, can be employed as a rapid and robust
method for predicting tablet coating quality parameters based on
objective measurements of chemical signals from all film components.
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ARTICLE INFO ABSTRACT
Keywords: This study combined a D-optimal design of experiments (DoE) to quantify the effects of roller-compaction process
Roller compaction parameters on ribbon properties, downstream granule attributes, and extended-release metformin HCl/

Metformin-HPMC matrix
Near-infrared spectroscopy
Ribbon porosity
Calibration transfer

hydroxypropyl methylcellulose (HPMC) tablet properties, with near infrared-based process analytical tech-
nology-guided monitoring implemented via at-line models calibrated across the full DoE-generated porosity
range (¢ = 9.65-18.73%; DoE model R? = 0.9365, Q? = 0.9217). Additionally, micro-computed tomography
(MicroCT) was used to elucidate how process settings influence spatial gradients in porosity. Compaction
pressure was the primary driver of porosity, while the horizontal screw speed and roll speed controlled feed
uniformity, with higher roll speed leading to greater porosity heterogeneity and broader post-milling particle-
size distributions. MicroCT supported the DoE results, revealing heterogeneity in pore distribution and orien-
tation, clarifying how microstructure propagates to granule integrity and downstream tablet properties. For
porosity monitoring, at-line chemometric models were developed using baseline-oriented preprocessing, zero-
order detrending, two-point linear baseline correction, and asymmetric least-squares baseline correction,
which provided robust predictions across the explored porosity range (root mean square error of prediction,
RMSEP = 0.54-0.59%; R? = 0.9671-0.9790). These models were successfully transferred to the in-line setting
via direct standardization, reducing the need for separate calibration and limiting material consumption during
model development.

1. Introduction intermediate critical quality attribute (CQA) linking roller compaction
conditions to subsequent granule and tablet properties. As demonstrated

In roller compaction, controlling ribbon microstructure is critical by Khorasani et al. (Khorasani et al., 2015) and subsequent studies,
because these attributes strongly influence downstream granule flow- among the process variables and within the process range studied, roll
ability, bulk density, and compactibility. In this context, ribbon porosity pressure is the principal determinant for ribbon porosity. Higher normal
(often expressed via the solid fraction, SF; e = 1 — SF) serves as a key forces compact the powder bed more densely, lowering porosity.
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Secondary influences such as screw-feed and roll speed modulate dwell
time and consolidation kinetics, but their effects are subordinate to roll
pressure. Manufacturers commonly employ axially corrugated rolls
because the ribbed geometry can improve powder grip, potentially
reducing solid-fraction variability across the ribbon width, albeit at the
expense of localized porosity heterogeneity within the ribbon (Mahmah
et al., 2019; Quyet et al., 2013).

The roller compaction technique is a robust dry granulation
approach that may be used for manufacturing hydrophilic extended-
release matrix tablets with polymers such as hydroxypropyl methylcel-
lulose (HPMC), which are otherwise prone to inconsistent drug release
profiles due to unwetted areas and hard lumps seen in wet granulation,
or to content-uniformity and flowability issues in the case of direct
compression (Hariharan et al., 2004; Heiman et al., 2015; Saravanan
et al., 2003). However, systematic studies of HPMC-based matrices
produced via roller compaction remain limited, particularly those that
link critical process parameters (CPPs) to ribbon porosity, and subse-
quently to downstream granule attributes and tablet performance (Dular
Vovko et al., 2022; Hariharan et al., 2004; Saravanan et al., 2003). At
high drug load, implementation can be challenging, and success depends
on careful adjustment of process parameters and formulation composi-
tion (Kleinebudde, 2004; Moroney et al., 2020; Palugan et al., 2025).

In extended-release matrices, when the HPMC level is near the
percolation threshold, i.e., the critical concentration or volume fraction
at which polymer particles form a continuous network throughout the
tablet, even small changes in process parameters can alter network
connectivity and thereby significantly affect the drug release rate. For
example, Heiman et al. showed that roller compaction broke down large
HPMC-DC (direct compressible grade) agglomerates and distributed the
HPMC more evenly within the tablet, yielding robust release behavior at
32% HPMC, whereas direct compression with HPMC-DC did not allow
the polymer to percolate through the tablet and form a consistent
network at 22-32% (w/w) HPMC (Heiman et al., 2015). The effects of
critical process parameters such as roll pressure and the influence of
screw speed and roll speed on ribbon porosity, solid fraction, and the
particle size distribution of granules are particularly important in the
challenging combination of viscoelastic metformin (high Heckel yield
pressure; fragmentation-dominated densification) and plastic HPMC,
where dominant drug fragmentation and polymer deformation pro-
pensity create a complex response to roller compaction (Cantor et al.,
2009; Heiman et al., 2015; Olaleye et al., 2020; Skelbzek-Pedersen et al.,
2020). Literature data indicate that changes in ribbon microstructure
(porosity, solid fraction, tensile strength) propagate to downstream
granule attributes (particle size distribution, hardness), which directly
affect critical tablet quality attributes, among them swelling and drug
release rate. This process-structure-performance relationship un-
derscores the need to carefully optimize the process to find a balance
between good flowability and the loss of re-workability to preserve
extended-release functionality (Arndt & Kleinebudde, 2018; Cantor
et al., 2009; Dular Vovko et al., 2022; Heiman et al., 2015; Miguélez-
Moran et al., 2008; Obeidat & Gharaibeh, 2024; Skelbak-Pedersen et al.,
2020; Takasaki et al., 2015). Given the challenges posed by high drug
load and the need to ensure consistent HPMC performance, it may be
insufficient to merely optimize ribbon microstructure and downstream
granule properties. Process-related risks must be controlled within a
broader Process Analytical Technology (PAT) framework through
improved process understanding and monitoring of roller compaction
and ribbon critical quality attributes (CQAs). In this context, near-
infrared (NIR) spectroscopy coupled with predictive models offers a
promising approach for monitoring ribbon porosity.

Near-infrared spectroscopy is used for porosity prediction in multi-

International Journal of Pharmaceutics 695 (2026) 126805

component systems, where the substantial overlap of absorbance
bands often makes univariate calibration unreliable and necessitates
multivariate calibration methods (e.g., partial least squares (PLS),
principal component regression (PCR)) to extract useful information
from the full spectrum and to deconvolute overlapping features
(Gorachinov et al., 2025, Pecova et al. 2021). Real-time NIR measure-
ments on rib-textured ribbons are further complicated by the periodic
height profile imposed by corrugated rolls, as variations in surface
topography alter the focal distance between the ribbon and the detector
optics and introduce systematic fluctuations in the reflected signal.
Considering the lack of extensive studies on this type of geometry, the
development of real-time porosity models that explicitly account for
spectral overlap in multi-component systems and the optical artifacts
introduced by corrugated-roll topography is highly relevant. Porosity in
roller-compacted rib-textured ribbons arises from the combined effects
of raw-material characteristics, most notably particle-size distribution
(PSD) and morphology of primary particles, as well as key process pa-
rameters such as roll force, roll gap, and roll speed (Al-Asady et al.,
2015; Janssen et al., 2022; Olaleye et al., 2020; Omar et al., 2015; Wilms
& Kleinebudde, 2020). Because these factors interact non-additively and
generate spatial density gradients that cannot be inferred from any
single variable (Acevedo et al., 2012; Guo et al., 2024; Olaleye et al.,
2020), in this study, a design of experiments (DoE) based approach was
applied to systematically investigate the influence of roll pressure, roll
speed, and screw speed on ribbon and granule attributes. To comple-
ment this, micro-computed tomography (MicroCT) was employed as a
non-destructive technique to determine spatial heterogeneity, thereby
deepening the mechanistic understanding of process-structure-
performance relationships. As part of this PAT-oriented development
strategy, at-line NIR models with baseline-correction oriented pre-
processing were developed, calibrated across the full porosity range of
the DoE dataset, and subsequently transferred to in-line prediction,
enabling calibration and validation under controlled conditions while
still capturing variability and supporting continuous real-time moni-
toring (Rantanen & Khinast, 2015).

2. Materials and methods

To evaluate the feasibility of the development of an at-line/in-line
NIR model for porosity determination of roller compacted ribbons a
formulation composed of Metformin hydrochloride (Harman Finochem
Ltd.; d10 = 9.2 pm; d50 = 58.2 pm; d90 = 166 pm), hydroxypropyl
methylcellulose (Methocel K100M, IFF Pharma; 99% passes through
100 mesh = 149 pm; 68.7% passes through 230 mesh = 63 pm), copo-
vidone (Kollidon VA 64; BASF Pharma Solutions: BASF SE, Ludwig-
shafen, Germany), magnesium stearate (FACI S.p.A., Carasco GE, Italy),
and silica, colloidal anhydrous (Aerosil 200; Evonik, Germany) was
developed (Table S1). All materials were obtained from the manufac-
turers listed above; the raw materials were procured by Alkaloid
AD-Skopje and provided to the project team for this study. All materials
were used as received. Unless otherwise specified, all additional re-
agents were of European Pharmacopoeia (Ph. Eur.) grade. Materials
were stored and handled at controlled ambient conditions (25 °C, 40%
relative humidity (RH), nominally).

2.1. Manufacturing of ribbons, granules, and tablets

All excipients (Table S1) were passed through a 1000 pm (1.00 mm)
sieve immediately before blending in Diosna P6 (Dierks & Sohne GmbH,
Osnabriick, Germany). All excipients other than glidant/lubricant were
mixed at a speed of 280 rpm for 4 min. Silica colloidal anhydrous and
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magnesium stearate (0.2%) were added and mixed in two consecutive
phases at 200 rpm for 1 min and 30 s. Dry granulation was performed on
a Chilsonator IR220 (The Fitzpatrick Company, Elmhurst, IL, USA) fitted
with ribbed rolls (20 cm diameter, width 2 cm). Hydraulic roll pressure
(RP), roll speed (RS), and horizontal feed screw (HFS) speed were varied
across predefined ranges, while the vertical precompression screw (VPS)
was held constant at 80 rpm. Once steady-state operation was achieved,
representative 10 cm ribbon segments from each lot were collected for
subsequent analyses: (i) oil-absorption porosity, (ii) three-point bend
tensile strength, (iii) MicroCT, and (iv) NIR spectroscopy.

Following compaction, ribbons were milled using the Chilsonator’s
integrated hammer mill (Fitzmill) equipped with a 1.25 mm screen at a
fixed 500 rpm. Granulate was collected for downstream
characterization.

Granules were compressed on a Korsch XL 100 rotary press (KORSCH
AG, Berlin, Germany) using 22 mm length, 10.5 mm width oblong
tooling to a target tablet weight of 1460 mg (0.35% magnesium stearate
was added extra granularly and mixed in a drum hoop mixer at 20 rpm
for 10 min). Tableting parameters: pre-compression force of 5 kN;
compression force of 25-35 kN (120.6-168.8 MPa); tableting speed of
20 rpm. All tablets were compressed to a target hardness.

2.2. Design of experiments

A three-factor D-optimal response-surface design (full quadratic
model) was constructed within the predefined feasible operating region
to quantify the effects of RP, RS, and HFS speed on ribbon and granule
critical quality attributes. The design was generated in MODDE 10.1
(Umetrics AB, Umeéd, Sweden) from a candidate set of experimentally
feasible RS/RP/HFS combinations and comprised 14 unique factor
combinations (Table 1; factors coded at — 1 to + 1 as defined in the
legend). Replicate allocation among these design points was optimized
with respect to the maximum prediction variance using a G-optimality
criterion, and selected design points were measured repeatedly to
characterize experimental variability. A limited number of additional
process conditions were produced solely for confirmatory purposes (ex.
RS: 5 rpm, RP: 6.5 MPa, HFS: 10 rpm) and were not included in model
estimation. Multiple linear regression (MLR) was used to fit full
quadratic models to the DoE data. The measured DoE response variables
and the corresponding coefficient matrix are provided in the Supple-
mentary Information as Table S2 and Fig. S1, respectively.

Table 1

Design points for D-optimal design for roller compaction.
# RS RP HFS
1 0 0.231 0
2 1 0.231 1
3 -1 —0.385 1
4 0 —0.538 1
5 -1 1 -1
6 -1 0.231 0
7 -1 -1 0
8 -1 —0.385 -1
9 1 —0.846 1
10 1 0.231 0
11 -1 0.231 -1
12 0 —0.385 -1
13 0 —0.385 0
14 0 —0.538 0

Legend

RS — min (—1) = 3 rpm; max (1) = 7 rpm;
RP — min (—1) = 2.5 MPa (25 bar); max (1) = 9.0 MPa (90 bar); HFS — min (—1)
= 10 rpm; max (1) = 20 rpm;
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2.3. Ribbon characterization

2.3.1. Porosity via oil absorption method

Porosity (¢) was measured by the well-established oil-immersion
method (Allesg et al., 2016; Khorasani et al., 2016). For each DoE run,
twelve ribbon specimens were weighed, submerged in paraffin liquid
(Ph. Eur.), and kept in a desiccator under vacuum for 15 min. to remove
entrapped air. The vacuum was then slowly released to atmospheric
pressure while maintaining immersion, and the specimens were left in
the oil for an additional 2 h at ambient temperature to allow oil ab-
sorption into the internal ribbon pores. Specimens were removed, gently
blotted/wiped with filter paper to remove excess oil, and re-weighed.
The porosity was calculated using the following equation:

e (Vo
ribbon Vo - Vp

) < 100% )
where Vy; is absorbed oil volume and V, = m / pirue; Prrue Was measured
by helium pycnometry (AccuPyc 1330, Micromeritics).

2.3.2. Micro-computed tomography (MicroCT)

Morphological and structural characterization of the samples was
performed using high-resolution computed tomography (TESCAN Uni-
TOM XL Spectral, TESCAN, Czech Republic). The samples were scanned
at 100 kV tube voltage and 15 W tube power with 3 pm pixel resolution
and an exposure time of 175 ms. A total of 2879 projection images were
obtained by a 360° rotation of the sample with 0.125° rotation step in
40 min scan time. After image reconstruction with Panthera (TESCAN,
Czech Republic) software, the volume-rendered 3D computed tomog-
raphy (CT) images were visualized using the same software. MicroCT
was performed on representative ribbons (including confirmatory runs
outside of the DoE).

2.3.3. Scanning electron microscopy (SEM)

Samples were gently broken into small pieces, attached to an
aluminum SEM sample holder with conductive two-sided tape, and
sputter-coated with gold (Quorum Q150R Plus, UK) before imaging.
Furthermore, ribbon surfaces were characterized using a Hitachi S-4700
field-emission scanning electron microscope (FE-SEM; accelerating
voltage 10 kV; emission 10,500 nA; working distance 12 mm,; scan speed
slow; magnification as needed; linear brightness and contrast adjust-
ment applied only).

2.3.4. Tensile strength

Tensile strength of the ribbons (6T) was measured using a three-point
bending fixture with a TA7 blade on a Brookfield CT3 texture analyzer
with a 20 mm support span; 6T was calculated using the following
formula

_ 3EL

T—
T owe

(2

where oT is the tensile strength, F is the fracture force, L is the support
span (20 mm), W is ribbon width, and t is ribbon thickness. Dimensions
of the ribbons were measured using a digital caliper.

2.3.5. NIR spectroscopy and data analysis

NIR spectra were acquired using a microNIR 1700 ES (Viavi Solu-
tions Inc.; integration time 10 ms; scans averaged: 20, nominal range
908-1676 nm; resolution 6 nm) for both at-line and in-line measure-
ments. All spectra were collected using microNIR Pro spectrometer
software version 2.1 (Viavi Solutions Inc.) in the range 908-1676 nm. A
reference measurement was performed 15 min after the lamps were
initially turned on and every 30 min thereafter. At-line spectra were
recorded at a fixed standoff of 3 mm through a sapphire window mea-
surement collar while translating the ribbon at ~ 3 cm-s™'. Dynamic
acquisition and scan averaging are expected to yield a spatially averaged
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Fig. 1. MicroNIR Probe and 3D-Printed Presentation Guide Placement on a Ribbed-Roll Roller Compactor for in-line recording (image (A) and illustration (B)).

spectrum of the ribbon segment, minimizing localized variations that
would otherwise be detected by static point measurements. For axially
corrugated (“ribbed”) rolls, dynamic acquisition (Quyet et al., 2013)
mitigates fluctuations in the effective sampling area and optical path
length, reducing spectral variability arising from surface corrugation.
The ribbons from the roller compaction process required a funnel-
shaped 3D-printed control kit (polylactic acid (PLA) plastic; Fig. 1) to
stabilize the optical presentation to the in-line NIR probe, and in-line
spectra were likewise acquired through a sapphire-window measure-
ment collar. The NIR probe was placed normal to the ribbon face.
Eigenvector Solo / PLS_Toolbox was used for exploratory principal
component analysis (PCA) and for the development of multivariate
calibration models using orthogonal partial least squares (OPLS)
regression and calibration transfer. All models were built using spectra
from 932 nm to 1676 nm.

2.4. Analysis of granulate

2.4.1. Particle size and particle size distribution

Particle size and PSD of milled granules were measured by laser
diffraction using a Mastersizer 2000 equipped with a Scirocco 2000 dry
powder dispersion unit (Malvern Instruments, Worcestershire, UK).
Samples were dispersed at an air pressure of 2.0 bar, with the feed rate
adjusted to achieve an obscuration of 5-15%. Each sample was
measured in triplicate. The instrument software reported d0.1, d0.5, and
d0.9 automatically. The % fines were defined a priori as the volume
percentage of particles < 80 um. SPAN was calculated as (d90 — d10) /
(d50).

2.4.2. Tapped, bulk density, granule morphology

Erweka SVM tapped density tester equipped with 100 mL glass cyl-
inders was employed to measure bulk and tapped density, in accordance
with the European Pharmacopoeia (Ph. Eur. 2.9.36 and 2.9.34,
respectively).

Furthermore, an optical microscope (Stemi 305; Zeiss, Germany;
Zeiss Zen 3.8 software) was used to image granules. The fraction under
80 pm was sieved prior to imaging.

2.5. Tablet characterization

2.5.1. Assay and uniformity of dosage units

Assay followed the United States Pharmacopoeia (USP) Metformin
Hydrochloride Extended-Release Tablets monograph, which uses ion-
pair reverse-phase high-performance liquid chromatography (RP-
HPLC) on an L1 (C18) column (L1, 3.9 mm x 30 cm, 10 um). Mobile
phase: acetonitrile:buffer (1:9) was used, where the buffer contained 0.5
g/L sodium 1-heptanesulfonate and 0.5 g/L NaCl, adjusted to pH 3.85
with 0.06 M phosphoric acid; Waters Alliance high performance liquid
chromatography (HPLC) system (Waters Corporation, Milford, MA,
USA) equipped with an ultraviolet (UV) detector set at 218 nm; 1.0 mL/
min; 30 °C. Uniformity of dosage units was determined in accordance
with Ph. Eur. 2.9.40.

2.5.2. Dissolution
Dissolution testing was carried out using the paddle method at 100
rpm in 1000 mL of pH 6.8 phosphate buffer solution, maintained at 37

=+ 0.5 °C. Samples were withdrawn at predetermined intervals using an

automated sampler (Sotax ATS Xtend™ Double Offline) up to 14 h for
release profile evaluation and analyzed by ultraviolet-visible (UV-Vis)
spectrophotometry (A = 232 nm, Lambda 35; PerkinElmer, Waltham,
MA, USA) after appropriate filtration and dilution. Dissolution profiles
were expressed as a percentage of drug released versus time. Drug
release was described by the Korsmeyer-Peppas model:

M;
=k €)
where k is the kinetic constant and n is the release exponent (Fickian
diffusion if n < 0.45, anomalous transport if 0.45 < n < 0.89, Case-II
transport if n = 0.89, and Super Case-II if n > 0.89).

2.5.3. Degree of densification (DoD), solid fraction (SF), and tablet
hardness

The degree of densification (DoD) and solid fraction (SF) were
calculated according to Kleinebudde and Freitag (Freitag & Kleine-
budde, 2003). Tablet mass (m¢aplet) Was determined using an analytical
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balance (Sartorius Secura 224-1CEU).

Tablet dimensions were measured with a digital micrometer. The
apparent tablet density (piaplet) Was then obtained from the ratio of
tablet mass to its volume.

Tablet breaking strength was measured with Erweka TBH 425
(Erweka GmbH).

2.5.4. Swelling of tablets

Gravimetric swelling (water uptake) of matrix tablets was evaluated
as described by Sousa et al. in a pH 6.8 phosphate buffer (Sousa et al.,
2024). Swelling data were fitted to a mathematical model by Vergnaud
(equation (4)) to determine the water uptake kinetics.

M =k, t" 4)
M is defined as the quantity of liquid transferred at time t, whereas ki, is
the swelling constant; ky, is governed by the amount of liquid transferred
after infinite time, the porosity of the matrix, and the diffusivity. The
exponent n indicates the mechanism of water uptake.

To verify the absence of macroscopic erosion during swelling, tablets
were monitored by the optical assay according to Berardi et al. (Berardi
et al.,, 2019): a dry t = 0 image was acquired from above using a fixed-
height USB microscope over a white LED backlight, then 300 mL of pH
6.8 phosphate buffer (swelling medium, 37 °C) was added and images
were captured every 10 min for 6 h (n = 3).
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3. Results and discussion
3.1. Design of experiments

Specific compaction force (SCF) drives particle rearrangement and,
at higher stress, brittle fragmentation and plastic deformation, thereby
reducing ribbon porosity. In floating-roll compactors, pressure is held at
a setpoint by roll-gap feedback, while feed-screw and roll speeds are
fixed (Olaleye et al., 2020). To limit granule hardening and maintain
tabletability, the process must target optimal ribbon porosity and
generate granules with a narrow PSD and controlled fines fraction
(Cantor et al., 2009; Heiman et al., 2015; Mosig & Kleinebudde, 2015;
Obeidat & Gharaibeh, 2024; Skelbak-Pedersen et al., 2021; Sun &
Kleinebudde, 2016).

A D-optimal design was used to estimate main effects and in-
teractions within the factor space systematically, and to characterize
process variability, providing a robust map of how operating parameters
(HFS, RS, RP) govern densification and ribbon quality. Within the range
investigated, increased RP consistently reduced porosity, particularly
when synchronized with optimal HFS (moderate negative influence) and
RS (moderate positive influence) to maintain a balance between feed
volume, dwell time, and compaction force. Porosity, which is used as an
indicator of ribbon quality, ranged from 9.65 to 18.73%, and the
regression model showed R? = 0.9365; R? Adj. = 0.9320; Q2 =0.9217;
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Fig. 2. MicroCT characterization of axial porosity heterogeneity in roller-compacted ribbons represented through 3D renderings and corresponding binarized YZ
plane slices. Representative YZ MicroCT slices of ribbons produced at (a) RS = 5 rpm, RP = 6.5 MPa, HFS = 10 rpm and (b) RS = 3 rpm, RP = 4.5 MPa, HFS = 10 rpm.
¢) Row-wise porosity profiles along the ribbon length for RS = 5 rpm, RP = 6.5 MPa, HFS = 10 rpm (solid blue line) and RS = 3 rpm, RP = 4.5 MPa, HFS = 10 rpm
(dotted green line). Profiles are normalized to arbitrary units for visual comparison.
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model validity = 0.9408 and reproducibility of 0.9262.

RP exhibited a positive effect on tensile strength. The effect of RP was
most pronounced at low RS and higher HFS (Fig. S2a). HFS showed a
moderate positive effect on tensile strength, consistent with improved
feeding. These results agree with previous reports on screw-controlled
roller compaction (Olaleye et al., 2020; Omar et al., 2018). Opposite
to HFS, increasing the RS had a negative effect on tensile strength
(Fig. S2a) (Gupta et al., 2004; Lim et al., 2011; Olaleye et al., 2020;
Omar et al., 2018).

Analysis of the DoE indicates that, within the explored range,
applying 4.0-5.5 MPa (8.40-11.55 kN/cm) RP with a moderate-to-high
HFS and a lower RS may help mitigate fines and achieve a narrow PSD
while retaining larger granules (higher d50). At very low compaction
pressures, despite low SPAN values, the resulting granules exhibit
insufficient mechanical integrity, rendering them prone to attrition and
rapid disintegration into primary particles during subsequent handling
and compression. At the highest RP from the DoE, or very low porosity
levels, dense granules are produced from dense ribbons. Over-
compacted ribbons exhibit poor granule quality and a broader granule
size distribution, in accordance with literature reports (Dias, 2017;
Mohamad et al., 2024; Tofiq, 2024). Higher roll pressures tended to
increase % fines formation via non-uniform compression and powder
bypass at the roll edges, but % fines formation was not driven solely by
RP, and shows additive contributions from HFS and RS. The particle size
measured by laser diffraction ranged from 7.50 to 28.36 pm for d10,
71.48 to 383.21 pm for d50, and 396.62 pm to 1438.58 pm for d90. The
regression models for d10, d50, d90, and % fines yielded R> values of
0.8811, 0.9335, 0.8430, and 0.8990, respectively, and Q2 values of
0.8587, 0.9023, 0.7790, and 0.8401, respectively. SPAN (R2 = 0.9000;
Q2 = 0.8325) was fitted as a separate response and is presented as a
function of varying HFS and RS at mean pressure, capturing the effects of
heterogeneous or incomplete densification (Fig. S2b), as supported by
MicroCT (Fig. 2). The measured response variables of the DoE, as well as
the coefficient matrix, are presented in the supplementary files,
Table S2, and Fig. S1, respectively.
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3.2. MicroCT and SEM

MicroCT analysis, used to map spatial porosity distribution (Allesy
etal., 2016; Borjigin et al., 2023; Guo et al., 2024), corroborated the DoE
findings and provided mechanistic insight into the observed effects.
Volumetric porosity maps and row-wise profiles revealed spatial het-
erogeneity in porosity along the ribbon length at suboptimal HFS and RS
conditions, most likely conducive to underfilling/inconsistent filling of
the compaction zone and formation of high-porosity segments. Regions
of higher porosity along the ribbon length can serve as preferential
fracture planes, potentially disproportionately influencing tensile
strength when they appear. Non-homogeneity, in turn, influences the
mechanical integrity of the ribbons and downstream properties, which
might result in a higher percentage of fines after milling (Mahmah et al.,
2019; Sinka et al., 2004).

As an illustrative comparison, the YZ MicroCT slices and the corre-
sponding row-wise porosity profiles (Fig. 2) show that the ribbon pro-
duced at RS = 5 rpm, RP = 6.5 MPa, HFS = 10 rpm exhibits more
pronounced localized porosity fluctuations along the ribbon length (%
fines 40.591), whereas the ribbon produced at RS = 3 rpm, RP = 4.5
MPa, HFS = 10 rpm displays a comparatively more uniform profile (%
fines 29.143). With increasing roll speed (ex. RS =7 RP = 6.5 HFS = 15),
the % fines fraction is even higher (% fines 51.500).

MicroCT and SEM were also used to investigate pore structure in an
adequately fed regime and varying hydraulic pressure. MicroCT shows
that high-porosity ribbons exhibit coalesced pores that form visually
continuous pathways in the YZ view, creating a highly porous network
(Fig. 3, C, high €). Conversely, low-porosity ribbons feature narrow,
more fragmented pore pathways in the YZ view, distributed perpen-
dicular to the compaction axis (Fig. 3, A, low €). At RP = 4.5 MPa (Fig. 3;
B, intermediate porosity), we can see a uniformly distributed, highly
interconnected porous network with a weaker vertical preference and
localized deviations in directionality.

SEM provides complementary evidence of the ribbon structure. The
high-porosity ribbons show a rough surface characterized by weakly

> 500 um < T—

Fig. 3. 3D MicroCT renderings along the YZ plane as a function of roll pressure. (A-C) for ribbons produced at RS = 3 rpm and HFS = 10 rpm at RP = 9.0 MPa (A,

low ¢), 4.5 MPa (B, intermediate/medium ¢), and 2.5 MPa (C, high ).
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low €

Fig. 4. SEM surface morphology of ribbons across porosity levels. Representative SEM images of ribbon surfaces produced at RS = 3 rpm and HFS = 10 rpm at RP =

2.5 MPa (high €), RP = 4.5 MPa (medium ¢), and RP = 9.0 MPa (low ¢).

consolidated agglomerates of primary particles with limited deforma-
tion, indicating that particle rearrangement remains an important
compaction mechanism, and the presence of surface accessible pore
openings (Fig. 4, high ¢€). The surfaces of the lowest porosity ribbons
visualized by SEM are smooth and coherent, indicating extensive par-
ticle deformation with microcracks and very few surface pores (Fig. 4,
low €). At intermediate €, SEM reveals clusters of bonded and frag-
mented particles with partially discernible boundaries and decreasing
topographical variation relative to the high-e surface (Fig. 4, medium ¢).
For these adequately fed regimes (RS = 3 rpm, HFS = 10 rpm), high,
intermediate, and low € correspond to ribbons produced at RP = 2.5, 4.5,
and 9.0 MPa, respectively.

3.3. Granules and tablets

Under fixed milling conditions, differences in ribbon microstructure
may propagate via granule fragmentation and packing behavior into
differences in tablet compactibility and densification during compac-
tion, which may in turn influence critical tablet attributes, among them,
gel-layer formation, hydration kinetics, and drug release behavior
(Dular Vovko et al., 2022; Heiman et al., 2015; Marinko et al., 2025).

High-porosity ribbons yielded fragile granules that disintegrate
excessively into primary particles during handling and tableting
(Fig. S3, high €). Density-derived compaction metrics indicate that the
resulting tablets are characterized by a DoD = 2.19 and SFpjet =
0.9200. In contrast, low porosity ribbons produced at high roll pressure
yielded dense, angular granules (Fig. S3, low &), which showed limited
additional densification capacity during tableting (DoD = 1.89) while
still achieving high tablet solid fraction (SF = 0.9450), which is
consistent with granules that were already highly densified (Freitag &
Kleinebudde, 2003). Granules derived from intermediate-porosity rib-
bons exhibited a narrower PSD (lower SPAN and D90, higher D50) and a
rounded morphology (Fig. S3, medium ¢), with tablets compressed from
these granules showing DoD = 2.04 and SFapjer = 0.9360. In hydrophilic
HPMC matrices, such process-induced structural differences may
translate into differences in early hydration, gel-layer formation, and
release behavior. Our results suggest that the effect of ribbon porosity
was not confined to granule-level attributes but propagated into tablet
structure and was associated with differences in swelling kinetics and
early drug-release behavior (Cabiscol et al., 2018; Dular Vovko et al.,
2022; Ferdoush et al., 2023; Freitag & Kleinebudde, 2003; Heiman et al.,

2015; Hiremath & Saha, 2008; Kosir & Vrecer, 2017; Mahmah et al.,
2019; Rajkumar et al., 2019; Sousa et al., 2024; C. Sun & Himmelspach,
2006). The corresponding swelling kinetics, drug-release rate and ki-
netics for tablets prepared from high-, intermediate-, and low-porosity
ribbons are provided in the Supplementary Information (Table S3).

As ribbon porosity links roller-compaction conditions with down-
stream granule attributes and tablet CQAs relevant to structural integ-
rity and release consistency, a multivariate NIR model was developed to
monitor this intermediate CQA and thereby support process under-
standing, monitoring, and future control (Al-Asady et al., 2015; Dular
Vovko et al., 2022).

3.4. Qualitative data exploration

Exploratory PCA was performed on a subset of 113 at-line NIR
spectra recorded in dynamic acquisition mode from ribbon segments
obtained under steady-state operating conditions during early DoE runs.
Spectra showing obvious acquisition artefacts (e.g., transient interrup-
tion of ribbon movement during recording) were excluded, yielding a
dataset spanning a broad porosity range. Because all DoE runs used an
identical formulation and fixed blending protocol, compositional het-
erogeneity was not expected to be a major source of the observed
spectral variance. To attenuate multiplicative/additive scatter and the
associated baseline and slope effects arising from ribbon topography and
local thickness variation while preserving variance potentially relevant
to porosity prediction, four preprocessing methods were compared:
zero-order detrending (ZOD), two-point linear baseline correction
(LBC), asymmetric least-squares (AsLS) baseline correction, and stan-
dard normal variate (SNV), targeting offset/trend removal, anchored

Table 2

Explained variance (R2X) by the first five principal components (PCs) from PCA
of NIR spectra after different preprocessing methods: linear baseline correction
(LBC), standard normal variate (SNV), zero order detrending (ZOD), and
asymmetric least squares (AsLS).

PC LBC SNV 70D AsLS

PC1 0.78900 0.68000 0.92500 0.85400
PC2 0.12900 0.22600 0.04730 0.09550
PC3 0.06220 0.05920 0.02030 0.02210
PC4 0.01210 0.01350 0.00457 0.01300
PC5 0.00328 0.00885 0.00115 0.00738
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Fig. 5. Effect of spectral preprocessing on at-line NIR spectra of roller-compacted metformin-HPMC ribbons (spectra colored by porosity %).

linear baseline and slope correction, non-linear baseline correction, and
multiplicative-scatter normalization, respectively. PCA was then used to
compare how these preprocessing methods affected the spectral vari-
ance structure. Five PCs (principal components) were retained for
reporting because they captured ~ 99% of the explained X-variance
across all preprocessing methods (Table 2). The spectra preprocessed
with all four techniques can be seen in Fig. 5.

For initial data exploration, PCA was performed on ZOD-
preprocessed spectra (932-1676 nm), and the first five principal com-
ponents were examined; loading vectors were interpreted as mixed
contributions from physical scattering and chemical absorbance related
to formulation and process (Honeine, 2014). ZOD resulted in a PC1
loading that is dominated by physical effects, as its shape exhibits both a
strong baseline slope and a resemblance to the mean spectrum, which is
characteristic of scatter (Moll et al., 2022; Pasikatan et al., 2001). PC3
shows a pronounced feature at 1450 nm (O-H first overtone, sensitive to
hydroxyl/water hydrogen-bonding state) and an opposing feature at
1520 nm (N-H first overtone; N-H vibrations of metformin’s biguanide
moiety). These bands are consistent with compaction-induced changes
in microstructure (solid fraction) and the local hydrogen-bonding
environment, and therefore may be indirectly associated with tensile
strength and porosity. Variability in the 1450 nm region can still occur
even when bulk moisture is controlled, because this band responds to
water/hydroxyl hydrogen bonding and to microstructure-dependent,
wavelength-dependent diffuse-reflectance scattering and effective opti-
cal pathlength; consequently, its appearance in PCs that order with
porosity is plausible (Bec¢ & Huck, 2019; Gustafsson et al., 2003; Habib &
Kamel, 2003; Olsson & Nystrom, 2001; M. Otsuka & Yamane, 2009; Y.
Otsuka et al., 2015; Tanabe et al., 2007). PC5 displays features around
950-1000 nm and near 1200 nm, where weak chemically specific ab-
sorptions compete with broad light-scattering effects from changes in

pore structure and surface roughness (Blanco & Alcala, 2006; Wu et al.,
2009). Fig. 6 shows the score plot (samples color-coded by porosity) and
the corresponding loadings for PC1, PC3 and PC5, which exhibited the
most apparent porosity-related ordering.

LBC was applied using two anchor points (1211.62 and 1397.45 nm;
selected by visual inspection, with surrounding points tested to confirm
the robustness of the anchors; + 10 nm grid of wavelengths were tested
during quantitative modeling) in a region of minimal spectral variance
(Fig. S4). PCA of LBC-preprocessed spectra showed porosity-related
variance concentrated in PC1 and PC4, indicating a potentially pre-
served spectral slope and reduced baseline artefacts. PC1 explained 79%
of the total X-variance and resembled tilt and porosity-related band
changes, with a pronounced positive lobe at 1520 nm and a sharp zero
crossing. PC4 isolated more subtle curvature and local absorbance fea-
tures, including the OH first overtone at 1450 nm and CH overtone at
1200 nm (Gustafsson et al., 2003; Maric et al., 2014).

Asymmetric least-squares (AsLS) baseline correction uses an asym-
metry parameter to down-weight peaks and a smoothness parameter to
enforce baseline rigidity, fitting a smooth curve to each spectrum that
removes broad offsets and nonlinear drifts arising from morphology and
scattering (Esquerre et al., 2012). PCA of AsLS-preprocessed (A = 10*
and p = 10!) spectra resulted in PC1, which captured most of the X-
variance (R2X = 0.8540). At the same time, porosity-associated ordering
shifted to PC2 and PC3, and the loadings exhibited absorption features at
1450 and 1520 nm.

Standard Normal Variate (SNV) was also evaluated, but yielded
slightly poorer porosity separation. The porosity signal in our data,
captured in PC3 and PC5 after ZOD, shifted to PC2 and PC4 after SNV,
resulting in reduced separation across all PCs. The suppression of
porosity-related information is also characterized by a decreased R%X for
PC1 and weaker separation along that axis, while the variance is
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Fig. 6. Score plot with samples colored by porosity (a) and loadings (b) of ZOD
preprocessed at-line dataset PC 1 (blue line) / PC 3 (orange line) / PC 5
(green line).

redistributed toward absorption-shaped structure. The distribution of
explained variance (R?X) for the first five PCs under each preprocessing
method is summarized in Table 2.

3.5. Quantitative modeling

Ridge-to-valley topographical variation and local thickness variation
induce path-length changes, resulting in multiplicative/additive scatter
as residual variability that distorts spectral slopes and can potentially
confound porosity prediction. An OPLS framework that jointly exploits
geometry-related scatter and informative X-H overtone bands could
afford clearer explainability while maintaining low prediction error
(Crowley et al., 2017; Feng et al., 2008; Quyet et al., 2013).

OPLS models were built using the preprocessing techniques (ZOD,
LBC, AsLS, SNV) presented in the PCA section to evaluate their predic-
tive performance and robustness on large external validation sets, and to
enable an interpretation of the spectral signatures, namely both scat-
tering and overtone bands that drive porosity predictions in roller-
compacted ribbons. 300 representative spectra were used to build the
models.

All at-line OPLS models were limited to a maximum of 7 total com-
ponents (1 predictive component plus up to 6 orthogonal components)
to balance predictive power and model robustness. Furthermore,

Table 3
Statistical performance parameters of at-line OPLS models developed using
different preprocessing techniques.

Preprocessing #LV RMSEcv (%) RMSEP (%) R2X, LV1 R?

ZOD 1+5+0 0.58 0.59 58% 0.9671
LBC 1+6+0 0.54 0.54 42% 0.9694
AsLS 1+6+0 0.52 0.58 45% 0.9747
SNV 1+6+0 0.54 0.81 40% 0.9790
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RMSEcv (root mean square error of cross-validation) gains were
marginal for all models beyond this complexity. Cross-validation was
performed using leave-one-group-out (LOGOcv), where each group
corresponded to a batch produced with the same process parameters and
characterized by the same mean porosity. External validation was
performed across multiple runs, totaling 2700 spectra spanning the
entire porosity range, acquired using the same at-line measurement
protocol. Preprocessing and model complexity were selected using
LOGOcv; predictive performance was then assessed on an independent
external validation set.

ZOD was first evaluated. This preprocessing technique resulted in a
satisfactory performance across both RMSEcv and RMSEP (root mean
square error of prediction) (Table 3). The predictive component, latent
variable 1 (LV1) explained R2X = 58% of the X-variance aligned with
porosity (LV1 loading; Fig. 7). The LV1 loading exhibits a broad
downward trend interrupted by three pronounced features, positive
domes below 1200 nm and around 1450 nm, and a steep negative
excursion at 1520 nm. These features are consistent with baseline-
dominant scatter effects, which are modulated by porosity and over-
laid with chemical absorptions (Wanfueangfu et al., 2024).

Selection of the anchor points for LBC was obtained by fitting a
straight two-point line connecting the candidate anchors at 1211 nm and
1397 nm, through which the slope-porosity correlation was very low
(simple slope through the two selected points; r = 0.0650), indicating
that this local region may contain little porosity-relevant information.
When we applied two-point LBC by subtracting the linear baseline be-
tween 1211 nm and 1397 nm to force both intensities to zero, the global
slope—porosity correlation (evaluated by fitting the first and last point
and extracting the slope) increased from r = 0.5000 to r = 0.8100.
Collectively, these observations support 1211 and 1397 nm as suitable
baseline anchors. The local 1211-1397 nm segment is probably mini-
mally porosity-sensitive, while applying two-point LBC increases the
association between the global slope metric and porosity. The OPLS
model constructed from LBC-preprocessed spectra demonstrated similar
LOGO RMSEcv and RMSEP. The loading of the predictive component
resembled that of ZOD, although it exhibited a decrease in R?X from
58% to 42%, while RMSEP was maintained, which might be consistent
with the removal of non-informative scatter variance. Variable impor-
tance in projection (VIP) predictive plot is presented in Fig. S5.

For AsLS, preprocessing parameters were optimized over A =
10%-10® and p = 103-10-!. The grid search (minimizing RMSEcv)
showed an optimum at A = 10* and p = 10™L. The resulting stiff, mildly
asymmetric baseline maintains the signal from the NH first overtone at
1520 nm. R2X of the predictive OPLS component decreased slightly from
58% in ZOD spectra to 45% in AsLS corrected spectra, while RMSEcv
and RMSEP remained low (Huang, 2023).

In OPLS modeling of porosity on the internal set of NIR spectra, SNV,
AsLS, ZOD, and LBC produced comparable LOGOcv values (Table 3),
comparable R2X values for LV1, and similar t; separations. However,
when evaluated on the independent external at-line set, SNV yielded a
markedly worse RMSEP (Table 3). This pattern is consistent with
porosity being expressed through scattering- and pathlength-driven
variation in diffuse-reflectance NIR, which appears as low-frequency
baseline offset/slope effects as pore volume increases. Baseline-
oriented preprocessing can preserve this continuum, allowing the
model to exploit the dominant porosity-linked variance more directly. In
contrast, SNV standardizes each spectrum by subtracting its mean and
dividing by its standard deviation, which suppresses multiplicative
scatter and global baseline/slope structure; consequently, the model
may rely more heavily on weaker spectral differences that appear
adequate within the calibration domain but generalize poorly, reducing
predictive accuracy on the external set (Esquerre et al., 2012).

Modeling of porosity in ribbed roller-compacted ribbons using at-line
NIR spectroscopy was successful and deemed feasible with the tested
offset and baseline-correcting preprocessing techniques. Pure slope
modeling yielded a higher error, possibly due to incomplete capture of
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Fig. 7. LV1 loading of the OPLS model using the preprocessing technique, zero-order detrending.

the complex topographic and movement artefacts in at-line data, effects
that are attenuated, but not fully eliminated, by dynamic acquisition and
scan averaging. Improved accuracy was achieved using OPLS while
interpretation remained feasible. Baseline-oriented OPLS models
(ZOD/LBC/AsLS) maintained low external prediction error (RMSEP =
0.54-0.59%) on a large independent set (n = 2700 spectra), suggesting
that spectral contributions from microstructural and surface heteroge-
neity are unlikely to dominate the porosity-related signal under the
present acquisition conditions.

3.6. Joint set analysis of at-line/in-line NIR spectra by PCA
Overlaying the mean spectra for each setting (at-line vs in-line) re-

veals that they are nearly identical and highly correlated across wave-
lengths (Fig. 8), indicating a lack of obvious local, wavelength-specific
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differences between spectra collected at the different settings. Howev-
er, PCA can separate modes if systematic differences persist in baseline/
pathlength (scatter) effects or the variance—covariance structure, even
when mean spectra overlap.

The in-line and at-line spectra with similar porosity levels were also
investigated using PCA and ZOD preprocessing, and the loadings are
shown after ZOD. ZOD removes only a constant offset, simplifying
interpretation while leaving slope/multiplicative effects visible. The
PC1 loading is dominated by low-frequency baseline/slope variation
consistent with residual scatter-related effects across the spectral range
(Fig. 9). PC2 and PC3 loadings broadly follow the major absorbance
features of the mean spectrum, suggesting remaining intensity-scaling
(residual multiplicative scatter) and baseline-type variation that pre-
processing did not fully eliminate (Fig. 9). In contrast, the PC4 loading
shows a spectral pattern that is consistent with porosity-associated
variation observed across measurement modes. Specifically, the PC4
loading (Fig. 9) exhibits peaks similar to the at-line PC3 loading from the
Z0OD-preprocessed PCA model (Fig. 6), which was one of the compo-
nents that effectively separated samples by porosity. The separation is
apparent along PC1, PC2, and PC3 and indicates that baseline offsets and
multiplicative scattering drive the dominant variation between at-line
and in-line spectra.

LBC was also assessed for its efficacy in removing the systematic
differences between at-line and in-line sets. The first principal compo-
nent (PC1) reflects a blend of physical scatter effects overlaid with
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Fig. 10. PC1, PC2, PC3 score plot of the combined at-line (blue) and in-line

(red) datasets after preprocessing with AsLS.
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chemical absorbances and closely resembles the predictive loading of
the at-line OPLS models of LBC and ZOD (Fig. S6). Furthermore, PC1 and
PC2 show reduced mode-dependent separation. This indicates that
although two-point linear baseline correction (LBC) attenuates some
systematic offsets, residual differences between in-line and at-line scores
remain, suggesting that calibration transfer is still needed. AsLS pre-
processed at-line/in-line spectra also underscored a systematic differ-
ence along PC1 and PC2, confirming the need for calibration transfer
(Fig. 10).

The observed mode-dependent separation in the joint PCA scores/
loadings indicates residual baseline/scatter-type differences between at-
line and in-line spectra after preprocessing; therefore, calibration
transfer was evaluated to enable application of the at-line model to in-
line measurements.

3.7. In-line predictive models

Furthermore, an OPLS regression model was developed using in-line
NIR diffuse reflectance spectra (932-1676 nm; presented in absorbance
units), pretreated with either AsLS, LBC, or ZOD, which mirrors the at-
line workflow, to contextualize calibration transfer performance.
Leave-one-group-out cross-validation yielded satisfactory RMSEcv with
eight latent variables (all models; statistics in Table S4). The increased
complexity due to the change in recording mode is likely due to the
additional variance introduced by ribbon movement, vibration, and
probe-coupling fluctuations in the in-line measurement.

Comparison of the predictive LV1 loadings from the at-line and
in-line models (Fig. 11) shows that ZOD produces the largest mismatch
in LV1 shape between at-line and in-line modes, with clear differences in
peak amplitudes, consistent with residual mode-dependent pathlength/
scatter effects. In contrast, LBC and AsLS yield predictive loadings that
are more closely aligned between modes in both band positions and
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relative amplitudes, suggesting improved consistency in the extracted
porosity-related spectral structure prior to calibration transfer. A com-
parison between in-line and at-line loadings is presented in Fig. 11.

3.8. Calibration transfer

Spectroscopic measurements using an at-line model already have
advantages over traditional porosity measurement methods, including
faster measurement speed, non-destructive sampling, and near-real-time
porosity data. Building a new in-line model requires generating an
extensive reference dataset through destructive analysis. This process
consumes substantial amounts of production material and requires
comprehensive validation of the new model. By contrast, calibration
transfer (e.g., direct standardization (DS), piecewise direct standardi-
zation (PDS), slope and bias correction, external parameter orthogo-
nalization (EPO)) can leverage a pre-existing, validated model and offers
a resource-efficient pathway that reduces destructive sampling and
minimizes subsequent validation effort. Direct standardization (DS)
learns a transformation that maps in-line spectra into the at-line spectral
space, compensating for systematic mode-dependent differences (e.g.,
probe-coupling and motion-induced scatter, baseline, pathlength effects
associated with ribbon movement and vibration), thereby enabling use
of the validated at-line model on in-line spectra, contingent on inde-
pendent transfer validation (Brouckaert et al., 2018; Ramadan et al.,
2025). Direct Standardization (DS; DS-PC used) uses transformation
matrices to correct complex instrumental effects in spectra that are not
corrected at the spectral level by methods such as slope-bias correction,
which is applied post hoc to the model predictions rather than to the
spectra themselves. Furthermore, by transforming spectral data rather
than removing irrelevant signals (e.g., via orthogonalization), this
approach preserves valuable chemical/physical variance, mitigating the
risk of signal loss associated with orthogonal projection (Munnaf &
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Mouazen, 2022).

Mathematical transformation of spectroscopic data enables models
to reconcile differences across measurement conditions. Sources of un-
correlated variation that must be accounted for include instrument
response drift, environmental factors, changes in distance from the de-
tector, and other factors. Fifty matched samples were designated for the
standardization set (master at-line set), paired with corresponding in-
line spectra (slave in-line spectra), and DS was computed after pre-
processing. Namely, we transformed in-line spectra to the at-line spec-
tral domain using DS, then applied the at-line calibration model to the
standardized in-line spectra. Two preprocessing techniques (LBC, AsLS)
were evaluated and applied prior to DS. The transferred spectra and
applicability of the at-line model were subsequently validated using the
recommended statistical tests for NIR calibration transfer, as described
by Smith et al. (Smith et al., 2002). Calibration transfer was further
validated on a set of 700 external in-line spectra with reference porosity
values. All relevant validation criteria were met (R%, RMSEP, t-test vs
reference, slope, intercept, bias, linearity, paired t-test vs at-line pre-
diction; Table S5) for the parameter porosity, supporting a successful
transfer between the at-line and in-line setups, and indicating that re-
sidual mode-dependent scatter/pathlength effects were adequately
compensated by DS, with porosity remaining the primary driver of the
transferred predictions. The transferred in-line spectra showed no out-
liers in the distance to model in X space (DModX) plot (< 95%), and the
samples of at-line external and in-line external set clustered tightly
around the observed vs. predicted line (Fig. 12). Long-term robustness
will be addressed by routine lifecycle monitoring.

4. Conclusion

Across the explored RP-HFS-RS design space, ribbon porosity (¢) of
the metformin—-HPMC blend was governed mainly by hydraulic roll
pressure, while the screw-to-roll speed balance modulated feeding and
density gradients. The D-optimal DoE (¢ = 9.65-18.73%) showed that
higher RP decreased ¢ and increased ribbon tensile strength. At fixed
HFS, higher RS promoted underfeeding, higher porosity, and periodic
heterogeneity in € along the ribbon (increased SPAN), whereas moder-
ate-to-high HFS improved fill, decreased &, narrowed PSD, and reduced
fines. MicroCT images revealed pressure-dependent pore orientation
and heterogeneity under suboptimal feeding, thereby linking process
settings to granule and tablet properties, therefore motivating a multi-
variate NIR ribbon-porosity predictor for in-process CQA control.

PCA and OPLS of at-line NIR ribbon spectra indicated that porosity
prediction is most robust with baseline-oriented preprocessing. Using OPLS
(<7 total latent variables (LVs)), two-point LBC anchored at 1211/1397
nm achieved consistent accuracy (RMSEcv = 0.54%; RMSEP = 0.54%),
while AsLS (A = 104, p = 0.1) achieved comparable accuracy (RMSEcv =
0.52%; RMSEP = 0.58%) and stable, interpretable LV1 loadings that
consistently highlighted features near 1450 and 1520 nm. SNV showed
similar cross-validation error but poorer external prediction (RMSEP =
0.81%). Direct standardization transferred the LBC/AsLS at-line calibra-
tions to the in-line mode with comparable accuracy, enabling real-time
porosity monitoring.
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Glossary

AsLS: Asymmetric least-squares baseline correction; a preprocessing method that fits and
subtracts a smooth baseline to reduce curvature/offset from scatter and pathlength
effects in spectra.

at-line: Measurement performed near the manufacturing line on material removed from the
process.

CPP: Critical process parameter; a process variable that has a significant impact on a CQA.

CQA: Critical quality attribute; a physical/chemical property that must be controlled
within limits to ensure product quality.

d10, d50, d90: Particle size percentiles: sizes below which 10%, 50% (median), and 90% of
the volume distribution fall.

DModX: Distance of observation to model in X-space; a diagnostic used to flag spectra/
samples that are outliers relative to a multivariate model.

DoD: Degree of densification; a density-derived metric describing the extent of additional
densification during tableting.

DoE: Design of experiments; a structured experimental plan used to quantify factor effects
and interactions on response variables and build predictive/optimization models.

DS: Direct standardization; a calibration-transfer method that learns a transformation to
map ‘slave’ spectra into the ‘master’ spectral space and reduce spectral differences.

EPO: External parameter orthogonalization; a method that removes unwanted spectral
variation.

FE-SEM: Field-emission scanning electron microscopy; a high-resolution SEM mode used
to study the topography of objects using electrons instead of light.

HFS: Horizontal feed screw speed in the roller compactor which influences powder
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feeding.

HPMC: Hydroxypropyl methylcellulose; a semi-synthetic hydrophilic polymer based on
cellulose commonly used as an extended-release matrix former.

in-line: Measurement integrated directly into the process stream, enabling near-real-time
monitoring.

LBC: Two-point linear baseline correction; preprocessing that subtracts a straight-line
baseline defined by two anchor wavelengths.

LOGOcv: Leave-one-group-out cross-validation; cross-validation where the data is split
such that the training set is composed of all the data except one group.

LV: Latent variable; a multivariate component capturing structured covariance used for
prediction.

MicroCT: Micro-computed tomography; non-destructive 3D X-ray imaging used to recon-
struct internal microstructure.

MLR: Multiple linear regression; a linear modeling approach used to estimate how several
independent variables influence a single dependent variable.

NIR: Near-infrared spectroscopy; a vibrational spectroscopic method that uses the near-
infrared region of the electromagnetic spectrum 780-2500 nm.

OPLS: Orthogonal partial least squares regression; a supervised model separating X-vari-
ance, which is predictive of Y, from orthogonal X-variance.

PAT: Process analytical technology; mechanism to design, analyze, and control pharma-
ceutical manufacturing processes through the measurement of critical process pa-
rameters (CPP) which affect the critical quality attributes (CQA).

PC: Principal component; an orthogonal direction capturing maximal variance in PCA.

PCA: Principal component analysis; an unsupervised linear dimensionality reduction
technique.

PCR: Principal component regression; regression of Y on selected PCA components of X.

PDS: Piecewise direct standardization; a sliding window modification of DS used for
calibration transfer.

Ph. Eur.: European Pharmacopoeia; a compendium of texts on the quality standards and
test methods applicable to medicines in Europe.

PLS: Partial least squares regression; supervised multivariate regression relating X to Y by
extracting predictive latent variables.

PSD: Particle size distribution; distribution of particle sizes in, e.g., a powder/granulate.

@ Cross-validated predictive ability metric for multivariate models; an estimate of a
model's predictive performance under cross-validation.

RMSEcv: Root mean square error of cross-validation; prediction error estimated during
cross-validation.

RMSEP: Root mean square error of prediction; prediction error evaluated on an external
validation set.

RP: Roll pressure (hydraulic pressure setpoint); the applied pressure of a roller compactor
to the powder between the rolls.

RP-HPLC: Reverse-phase high-performance liquid chromatography; a technique that sep-
arates compounds based on their affinity to a hydrophobic stationary phase.

RS: Roll speed; rotational speed of the compaction rolls of a roller compactor.

R?: Coefficient of determination; proportion of variance of a dependent variable explained
by an independent variable.

R? Adj.: Adjusted R a modified version of R? corrected for the number of predictors.

R?X: Explained variance in the X-block (e.g., spectra) captured by a given component/
model.

SCF: Specific compaction force; compaction force divided by the roll width.

SEM: Scanning electron microscopy; technique for imaging surface morphology and
microstructure created by scanning with a beam of electrons.

SF: Solid fraction (relative density); ratio of ribbon density to powder true density.

SNV: Standard normal variate; a preprocessing method which normalizes each spectrum
by subtracting its mean and dividing by its standard deviation.

SPAN: PSD width metric defined as (d90 — d10)/d50.

USP: United States Pharmacopeia; compendial standards and analytical methods for
pharmaceutical quality control.

VIP: Variable importance in projection; a metric ranking variables by their contribution to
explaining/predicting Y in a PLS/OPLS model.

VPS: Vertical precompression screw speed; a screw setting influencing prefilling/deaera-
tion prior to the main compaction zone.

ZOD: Zero-order detrending; preprocessing that removes a constant offset from spectra.

¢ (porosity): Void volume fraction of a compact.
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