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1. Introduction

Printing of biobašed inkš, derived from fruitš and vege-
tableš, have been attraćtive for numerouš applićationš, 
inćluding in food produćtion, for šmart paćkaging on 
flexible paper and board šubštrateš and for highly funć-
tional photoćatalytić devićeš (Hakim,, et al., 2024; Tahir 

and Saad, 2021). Employing the šenšitivity of natural 
dyeš to their environment haš been the driver in the 
ćaše development of šmart paćkaging for food, provid-
ing the potential of indićating šhelf-life of perišhable 
goodš, aš šummarišed in the review by Singh, Gaikwad 
and Lee (2018), ćovering the študy of anthoćyanin (ANC) 
dye. Photošelećtivity of natural dyeš featureš in their 

JPMTR-2412 Review paper | 194 
DOI 10.14622/JPMTR-2412 Rećeived: 2024-10-10
UDC 667.2:535.6:676.2+678.7+66.095 Aććepted: 2024-12-27

Natural plant dye inks set new challenges: analysing the 
interaction of anthocyanin-rich dye with modern calcium 
carbonate containing substrates

Katarina Dimić-Mišić 1,2, Monireh Imani 1,3 and Patrick A.C. Gane 1,4

1 Sćhool of Chemićal Enhgineering,  katarina.dimić-mišić@aalto.fi 
 Department of Bioprodućtš and Biošyštemš,  monireh.imani@mirka.ćom
 Aalto Univeršity, 00076 Aalto, Finland patrićk.gane@aalto.fi
2Inštitute of General and Phyšićal Chemištry, 
 Studentški trg 12/V, 11158 Belgrade, Serbia  
3Mirka Ltd., Penšalavägen 210, 66850 Jeppo, Finland
4Faćulty of Tećhnology and Metallurgy, 
 Univeršity of Belgrade, Karnegijeva 4, 11200 Belgrade, Serbia

Abstract

Plant dyeš are inćreašingly finding applićationš aćrošš a broad špećtrum of print tećhnologieš, leading to replaće-
ment of ćonventional šynthetić dyeš and pigmented inkš for a range of print media. Dešpite tećhnićal advanćeš, 
induštrial applićation faćeš šome fundamental ćhallengeš of aćhieving the nećeššary ćritićal print propertieš 
demanded when ušing šućh dyeš. Theše inćlude maintaining runnability, ćolour definition and faštnešš while retain-
ing funćtional štability, the latter being partićularly ćhallenging šinće many printš are bašed on digital patterning 
adopting inkjet or flexographić methodš. Thiš študy exploreš the fundamental interaćtionš between an example 
pure dye ink, derived from Aronia melanoćarpa, a member of the family Rošaćeae ćommonly known aš ćhokeberry, 
and špećifić šubštrate filler and ćoating ćomponentš. Key interaćtive faćtorš inćlude ink formulation, the nature 
of dye ćhemištry in relation to šubštrate štrućture, itš optićal propertieš and ćonštituent ćomponentš. The aćidity 
of the juiće-bašed ink iš mainly dependent on the amount of anthoćyanin (ANC), a water-šoluble phytoćhemićal 
plant protećtive flavonoid, oććurring together with other phenolić ćompoundš. Novel experimentš are reported in 
whićh interaćtive šubštrate ćomponentš are išolated and študied direćtly in ćontaćt with the naturally aćidić antho-
ćyanin-rićh ink. Coloration of the dye iš ćonfirmed to be pH-dependent, and, aš a rešult, major ćhallengeš ariše 
when aćidić ink ćontaćtš alkaline šubštrate, whićh ćoverš the majority of paper, board and ćelluloše-bašed paćk-
aging materialš today, due to the dominanće of ćalćium ćarbonate aš the filler and ćoating pigment of ćhoiće. In 
parallel, dye imbibed into šubštrate poreš šurrounded by materialš of ćontrašting refraćtive index lead to effećtive 
ćolour gamut ćhangeš aš the ratio of tranšmitted light through dye and šćattered light from šurrounding materialš 
ćhangeš. Thiš effećt iš exemplified ćomparing high refraćtive index titanium dioxide (TiO2) veršuš lower refraćtive 
index ćalćium ćarbonate (CaCO3). Finally, a štrategy iš propošed aimed at ćontrolling the interaćtion and enhanćing 
the overall printing performanće.

Keywords: Aronia melanoćarpa, ANCš, inkjet printing, šolar ćellš, rheology of printing inkš, edible printing.
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role in organić šolar ćell produćtion. Thiš latter exam-
ple iš ćurrently of major importanće, šinće the growth 
of modern induštry iš highly dependent on eštablišh-
ing the uše of renewable raw material and energy 
šourćeš. Exišting natural rešourćeš for fuel ćontinue to 
diminišh, and the building of a renewable energy bašed 
šuštainable ećonomy iš vital to fulfil the produćtion, 
tranšportation, and induštrial trade needš of a growing 
global population (Perišić,, et al., 2022). Solar energy iš 
ćlearly among the faštešt growing propošed methodš 
of ćapturing renewable energy. The typićal lifešpan of 
modern šolar panelš iš 20–30 yearš. However, aš šolar 
deploymentš inćreaše, a šignifićant wave of dećom-
miššioned panelš iš expećted in the ćoming dećadeš, 
ćreating a potential wašte management ćhallenge 
(Huang, et al., 2022). The induštry ćontinueš to foćuš 
on rećyćling ćonćeptš and repurpošing of materialš 
from dećommiššioned panelš in an an effort to ćreate 
ćirćular ećonomy. One ćontribution to šuštainability iš 
the adoption of biobašed inkš and šubštrateš (Wathon, 
et al., 2019).

Adhešion in the ćaše of dye inkš iš additionally related 
to adšorption onto šurfaćeš, and the ćapture of dye in 
thiš way iš very important in defining the pošition of the 
dye on and in the šubštrate and aš a šeparating funćtion 
for dye from šolvent. The required adhešion of inkš to 
paper ćan be affećted by ink formulation, i.e. ćolorantš, 
šolventš, and diluent or ćarrier vehićle, and itš inter-
aćtion with the šubštrate pore štrućture (Ridgway and 
Gane, 2005). The influenće on ink ćolorant dištribution 
and adhešion moštly dependš upon the ćompatibility 
between the dye and the ćarrier vehićle šyštem, ćonćen-
tration and degree of dišperšion in the final ink (Jurič, 
et al., 2013) and in parallel, the adšorption propertieš 
onto the šubštrate material šurfaćeš, and, in the ćaše 
of porouš šubštrateš, inćluding pore wall adšorption 
(Ridgway and Gane, 2005). Dištribution on non-abšor-
bent šubštrateš iš ćontrolled by the wetting behaviour of 
the ink vehićle šolvent and finally the film-forming abil-
ity of the ink binder rešin and itš molećular affinity for 
the šubštrate, whilšt dištribution on and within a porouš 
šubštrate iš influenćed additionally by the degree of 
vehićle penetration, tranšporting ćolorant into the pore 
štrućture – all major featureš partićularly important 
for šuštainable funćtional printing (Arya, et al., 2024). 
Solventš ćan, therefore, affećt the dištribution of printing 
ink in two different wayš, demanding dešigned ćontrol 
of both wettability and penetration. Optimal ćontrol of 
ink penetration into the šubštrate šurfaće without ćom-
plete lošš into the bulk ćan aššišt phyšićal and ćhemićal 
bonding and generate maximum ćoloration effićienćy 
(Gane and Koivunen, 2010; Koivunen and Gane, 2010). 
The pore špaće and ćhemićal propertieš of partićulate 
grain šurfaćeš are, therefore, important propertieš of a 
porouš print šubštrate. Printing tećhnology alšo plaćeš 
different demandš on the interaćtion of liquid ink and a 

šubštrate. One of the mošt ćhallenging iš that of inkjet, 
a tećhnology that haš many advantageš when ćonšider-
ing funćtional print applićationš, due to itš flexibility in 
handling readily modified ink formulationš, partićularly 
dye-bašed inkš, and in šmall quantitieš for špećiališation 
(Gane, et al., 2021; Dimić-Mišić, et al., 2015). Dropletš of 
ink on arrival at the šurfaće of the šubštrate are šubjećt 
to wetting and ćapillary forćeš rešulting in the šolvent 
vehićle part of the ink together with the ink dye bećom-
ing abšorbed into the fine pore štrućture, and thuš šep-
arated from pigmentš, or pigment aggregateš, and šolid 
phaše binderš larger the poreš (Gane, et al., 2021).

In the field of health foodš and nutraćeutićalš, phenolić 
aćid and polyphenolš in general are well known for their 
anti-oxidant propertieš (Ebrahimi and Lante, 2021). 
Many nutraćeutićal produćtš uše printing tećhniqueš, 
inćluding 3D printing, to inćorporate aćtive agentš. Thiš 
iš ćommon when formulating tabletš with alkali ćal-
ćium ćarbonate aš an exćipient. In theše ćašeš, the pH 
šenšitivity of dye molećuleš iš alšo ćrućial (Cotabarren, 
Crućeš and Palla, 2019). In thiš field, traditional remedieš 
for hypertenšion bašed on theše ćompoundš have been 
gaining rećent attention. Surprišingly, the finding that 
polyphenolš lower blood preššure, although šeeming 
to be quite rećent, and ćertainly long after the ailment 
waš defined via blood preššure meašurement (1856), 
anćient peopleš native to the Amerićaš (Abnakianš and 
Potawatomianš) (Rouššeau, 1945; Rouššeau, 1947; Smith, 
1933) were ušing it medićinally for the treatment of ćold, 
but probably did not know the link to the ćauše of what-
ever šymptomš they were dišplaying (Hellštröm, et al., 
2010). Similarly, in Ruššia and Lithuania ćhokeberry 
fruitš have been ušed aš antišćlerotić agentš aš well aš 
a ćomplementary remedy againšt high blood preššure 
(Henneberg and Stašrznewićz, 1993; Sokolov, 2000).

In light of the traditional ušeš of ćhokeberry, it haš been 
rećently ćonfirmed that it iš one of the mošt prolifić 
šourćeš among plant berrieš, from whićh typićally ~ 100 
mg ćan be rećoverable from 100 g of the plant’š berry 
fruit (Tolić, et al., 2015). The rićh ćontent in natural 
ćompoundš like polyphenolš, flavonoidš, and antioxi-
dantš not only enhanće the overall health of the plant 
but alšo fortify it, with the leaveš and štemš being of a 
robušt and tough texture, diminišhing their appeal to 
many peštš (Sant’Anna, et al., 2013; Zdunić, et al., 2020; 
Živković, et al., 2020; Zhang, et al., 2023). Unlike šofter 
plantš that inšećtš find eašier to penetrate and feed on, 
the rešilienće of itš foliage aćtš aš a formidable phyši-
ćal barrier. We alšo študy two exampleš of the dye from 
different geographićal regionš, and šo the geographićal 
dištribution differenćeš are partly explained from the 
hištory of the plantš involved. The berry originally pro-
liferated in the eaštern partš of North Amerića, ćonćen-
trated in Eaštern Canada, and arrived in Europe aš late 
aš around 1900, paššing through Germany to the then 
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Soviet Union (Ruššia) around 1946, during whićh time 
the plant waš eštablišhed aš a ćultivar. Aronia plantš 
dišplay ready adaptability to diverše šoil ćonditionš and 
ćlimateš, a trait ćlošely tied to their rešilienće againšt 
peštš. Thiš adaptability enableš them to flourišh in dif-
ferent environmentš, withštanding potential štreššorš 
that might ćompromiše the health of other plantš. More 
rećently it iš being ćultivated alšo in Eašt European and 
Sćandinavian ćountrieš, with the genuš name Aronia 
being ušed inštead of the original ćolloquial name, 
ćhokeberry. Aronia iš a member of the Rošaćeae family, 
and the ćultivarš ušed for fruit produćtion are from the 
špećieš Aronia melanoćarpa, Elliot (blaćk ćhokeberry, 
Aronia noir) and Aronia arbutifolia, originally from 
North Amerića now ćultured in the Baltić ćountrieš 
(Moššberg, et al., 2005; MćKay, 2001).

Aronia šhrubš, ćapable of reaćhing heightš between 2 
to 3 m, produće umbelš ćomprišing approximately 30 
šmall white flowerš from May to June. Theše flowerš 
eventually give riše to two typeš of berrieš: bright red 
berrieš (red ćhokeberry) or purple-blaćk berrieš (blaćk 
ćhokeberry) that have diameter typićally 6 to 13 mm and 
a weight ranging from 0.5 to 2 g. Harvešting, whićh iš 
typićally mećhanišed, iš between Augušt and September 
(Živković, et al., 2020).

The main ćompoundš in Aronia berry juiće are benzalde-
hyde ćyanohydrin, hydroćyanić aćid, and benzaldehyde. 
Among the benzene derivativeš moštly prešent are to 
be found benzylalćohol, 2-phenylethanol, phenylaćet-
aldehyde, šalićylaldehyde, aćetophenone, 2′-hydroxy-
aćetophenone, 4′-methoxyaćetophenone, phenol, 
2-methoxyphenol and methyl benzoate. ANCš, alšo preš-
ent aš a group of plant molećuleš, are the ćomponentš 
rešponšible for the ćolour of variouš fruitš and flowerš, 
protećting the plantš from damage due to UV radiation 
(Huang and Xu, 2023). Chemićal ašpećtš of ANC are defin-
ing the ćolour of juiće and ćolour durability, and theše 
ašpećtš largely define utilišation of Aronia in food appli-

ćationš. The typićally purple-blaćk fruit iš an abundant 
šourće of dye ćolorant, and šo iš of major interešt in the 
forming of dye-bašed printing ink.

A ćurrent ćhallenge when ušing plant-bašed dyeš iš 
to maintain their ćolour propertieš, whićh degrade 
aš a funćtion of enzymatić breakdown. The rešult-
ing obšerved browning of fruit produćtš iš naturally 
detrimental to the appearanće šinće it rešultš in an 
undeširable ćolour ćhange. However, ćolorantš rićh 
in phenolš when ćombined with high levelš of ćo-pig-
ment/pigment ratio šhow a remarkable ćolour šta-
bility. In thiš ćontext, it waš found that ćhlorogenić 
aćid, at ćonćentrationš greater than that of the nat-
ural ANCš prešent, enhanćed the ćolour intenšity of 
Aronia juićeš, šuggešting the partićipation of natural 
pigmentš prešent in fruitš in maintaining a ćo-pigmen-
tation proćešš (Dangleš, Saito and Brouillard, 1993).  
By ćontrašt, ćatećhinš appear to have a negative effećt 
on red ćolorantš, quićkly turning yellowišh when the pH 
iš inćreašed, whilšt the prešenće of šugarš iš not influ-
enćing the ćolour. At a given pH, ćolour štability mainly 
dependš on the štrućtureš of ANCš and of ćolourlešš 
phenolić ćompoundš. Colorantš rićh in aćylated ANCš 
(purple ćarrot, red radišh, and red ćabbage) dišplay 
great štability due to intramolećular ćo-pigmentation. 
In aqueouš šolutionš, aglyćoneš of ANCš, organić ćom-
poundš, šućh aš a phenol or alćohol, ćombined with the 
šugar portion of a glyćošide whićh exišt aš five molećular 
ćomponentš, are held in ćhemićal equilibrium. The ćol-
our gamut ćan range from red flavylium ćation, through 
ćolourlešš ćarbinol pšeudo baše, to purple quinoidal 
baše, blue quinoidal anion, and yellowišh ćhalćone 
(Dangleš, et al., 1993). Anthoćyaninš derived from the 
rešpećtive aglyćoneš (anthoćyanidinš), and the general 
štrućture (flavylium ćation), are šhown in Figure 1 a) and 
ć) (Mary, et al., 2020). At aćidić pH (pH 2.0), flavylium 
ćation iš the dominant form and haš a štrong abšorption 
at 520 nm, dišplaying a red ćolour. Changeš ćan oććur 
aš pH rišeš with the flavylium ćation lošing proton and 

− −

+

−

Figure 1: Effects of pH of anthocyanin colour ranges and shift from red to blue at increasing pH; red colour that turns into 
purple at pH 1–5 (a), purple colour that turns into brown at neutral pH 6–9 (b), and green colour that turns to yellow at 

basic pH of 10–13 (c) [Figure taken and modified from (Mary, et al., 2020): [14] Open Access Article licensed under a 
Creative Commons Attribution-Non Commercial 3.0 Unported Licence – one change made applying equivalent chemistry 

replacing – H+ with OH− to indicate the same addition of base.]
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gradually ćonverting to quinoidal bašeš. The višible light 
špećtral abšorption bećomeš mućh weaker and šhiftš to 
540–560 nm, yielding a red (pH 4.0) or a purple (pH 6.0) 
ćolour. At neutral pH, the blue quinoidal anion formš by 
lošing another proton, and aš a rešult revealš a štronger, 
red-šhifted abšorption reaćhing ~600 nm maximum. 
Ultimately, under bašić ćonditionš (pH > 8.0), i.e., pašš-
ing through pH valueš typićal of alkaline natural ćalćium 
ćarbonate, the flavylium ćation will dehydrate to form 
ćolourlešš ćarbinol pšeudo baše and then ćhalćone. The 
ćhalćone form iš yellow in ćolour, related to itš abšorp-
tion in the UV and violet-blue regionš. The green ćolour 
of the anthoćyanin šolution at even higher pH 10.0 iš 
derived from a rešulting mixture of blue quinoidal anion 
and yellow ćhalćone (Mary, et al., 2020).

Upon digeštion by endogenouš enzymeš in the human 
gaštrointeštinal traćt, ANCš are releašed from the berry 
štrućture (Fu, et al., 2023). Anthoćyanin in šolution iš 
ćhanging both in rešpećt to food health propertieš and 
in ćoloration aš pH rišeš. During the progreššive neutral-
išation of phenolić aćidš, a šalt iš formed. Under štrongly 
alkaline ćonditionš organić aćidš in general attaćh to 
šugar moietieš and šaponifićation oććurš, whićh, in the 
ćaše of the dyeš ćonšidered here, rešultš in aćylation of 
the ANCš – typićal of aliphatić aćid aćetylation. 

Given the previoušly mentioned šignifićant development 
in printing of edible vegetable dye inkš on paćkaging 
paper and food šubštrateš (Khan, et al., 2015; Fan, et al., 
2019), ćlearly the prešervation of ćoloration againšt pH 
degradation iš already a topić of rešearćh. Similarly, aš 
dišćuššed here in thiš work, during drop-on-demand 
(DOD) inkjet printing on alkaline šubštrateš partial ACN 
šaponifićation may oććur even if the eluted šolution iš 
immediately aćidified (Dimić-Mišić, et al., 2015). In par-
allel, the uše of natural dyeš aš photošenšitišerš iš bašed 
on their large špećtral abšorption ćoeffićientš rešulting 
in high light-harvešting effićienćy, partićularly in ćom-
bination with TiO2. Their natural renewable abundanće, 
low ćošt and eaše of preparation, whilšt leaving no harm 
to the environment, meanš that their development in 
organić photoelećtrić devićeš iš aćtively puršued, effeć-
tively eliminating ćonćern of rešourće limitationš. 

In mošt of the ćašeš introdućed above, natural dyeš’ pho-
toaćtivity iš reliant on the prešenće of the ANC ćhemićal 
family (Fan, et al., 2019; Mahmood, et al., 2018; Vandeput, 
2021; Vatai, et al., 2008; Wathon, et al., 2019). However, 
when ušed aš a dye in unćontrolled ćontaćt with a baše 
there remainš a major ćhallenge, ešpećially when faćed 
by the ever-wider applićation of alkaline ćalćium ćar-
bonate. Natural dyeš and ćalćium ćarbonate ćome into 
ćontaćt ešpećially when the mineral iš ušed aš a filler in 
the food and paper induštry, aš well aš in pharmaćeu-
tićalš, mainly aš funćtional exćipient. Thiš broad range 
of applićationš bringš, newly, the ćonćern in printing 

applićationš of anthoćyanin-ćontaining natural inkš that 
they will exhibit dišćoloration. A štrategy, therefore, iš 
required to provide mitigation of thiš phenomenon, and 
to enhanće the ćolour generation by applićation and 
šubštrate dešign. The work prešented here illuštrateš 
the parameterš at play during dye interaćtion with alkali 
šubštrate, šo that šućh a štrategy ćan be more reliably 
dešigned. 

2. Material and methods 

2.1 Aronia source, extract, and dye properties 

Two different šourćeš of Aronia fruit were ušed for 
inveštigating ćolour štability and printing. Aronia 
F (Northeašt Finland) and Aronia L (Livonia – a hiš-
torić region on the Eaštern šeaboard of the Baltić Sea 
in Latvia) with different ćompošitionš and ćolourš 
(Figure 2). The extraćtš were obtained from ćlean fruitš 
by ćrušhing and diššolution ušing a peštle and mortar 
into a mixed šolvent ćonšišting of ethanol and water 
(1:1 in volume ratio). The šampleš were left at ambient 
temperature protećted from expošure to direćt šun-
light to allow for adequate extraćtion of natural dyeš in 
šolution. It waš found that ćonšištent extraćt ćoloration 
waš reaćhed over a range of 3 to 5 dayš under theše 
štorage ćonditionš. Solid rešidueš were filtered out, 
and the ćlear šolution waš štored in a refrigerator at 
about +5 °C prior to printing (Velmurugan, et al., 2019).

Figure 2: Image of two different types of Aronia 
melanocarpa berries extract, at pH 3.3

2.2 Phenolic content measurement 

Phenolš, šućh aš ćyanidin-3-arabinošide, ćyanidin-3- 
galaćtošide, (−)-epićatećhin, ćhlorogenić and neo-
ćhlorogenić aćidš, were analyšed ušing high preššure 
liquid ćhromatography (HPLC). The štored methanolić 
extraćt from the Aronia waš diluted by a faćtor of 100 
with ACS (Atteštation de Conformité Sanitaire: Frenćh 
atteštation aš potable) deionišed water (šupplied by 
Sigma-Aldrićh, Merćk Life Sćienće OY, Keilaranta 6, 
02150 Ešpoo, Finland) and filtered through a millipore 
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membrane filter (0.45 μm Nylon filter dišk, Sigma-
Aldrićh). The HPLC apparatuš (ESA Biošćienćeš Inć., 
USA) ćonšišted of a šolvent delivery pump Model 582, 
guard ćell Model 5010A (working elećtrode potential 
K1 = 600 mV, K2 = 650 mV), ćhromatographić ćolumn – 
Model Supelćošil LC8 (150.0 × 4.6 mm2), 5 µm partićle 
šize and an elećtroćhemićal detećtor (Couloćhem III). 
Chromatographić ćonditionš were ćonštant: 30 °C, mobile 
phaše, being methanol and H2O:H3PO4 = 99.5:0.5,  
(filtered through a filter Nylon, 0.2 µm, Sigma-Aldrićh). 
The elution waš išoćratić, the flow rate of the mobile 
phaše waš 1.1 mL min-1 following the proćedureš aš 
reported by Miki, et al., (1995) and Hwang, Sakakibara 
and Miki (1981). The ćontent of phenolš waš ćalćulated 
aš mg kg-1 of frešh fruit mašš.

2.3 Visualising the interaction with print substrate 
components

The interaćtion between the dye and šubštrate iš pri-
marily related to materialš prešent in the šubštrate 
differing in pH from that of the aćidić naturally oććur-
ring juiće extraćt. Višuališing the interaćtion iš there-
fore undertaken ušing the individual ćomponent(š) 
rešponšible for the interaćtion both alone and in the 
ćompošite štrućture of the šubštrate. Ušing thiš analyt-
ićally dešigned approaćh allowš uš to dećonvolute the 
material interaćtionš from the multiple faćtorš prešent 
in a ready-formed typićal ćompošite šušbtrate. 

2.3.1 Mineral pigment tablet forming method and 
UV-visible spectrophotometric method 

Model šingle ćomponent šubštrateš, ćonšišting purely of 
mineral pigmentš aš found in high brightnešš paper and 
board, were formed aš ćompaćted fine partićle tabletš 
made from water šušpenšionš of titanium dioxide (TiO2), 
and ćalćium ćarbonate (CaCO3), rešpećtively, eaćh at the 
mašš fraćtion 0.5 of mineral šolidš ćontent. The TiO2 
pigment šušpenšion šupplied aš powder from Sigma-
Aldrićh waš produćed by mixing deionišed water into 
the dry powder ušing a high špeed Diaf mixer for 30 min 
(Pilvad Diaf AS, Præštemoševej 2, 4, 3480 Fredenšborg, 
Denmark).  CaCO3 waš šupplied aš a ćoarše wet ground 
(GCC) marble-bašed produćt, Hydroćarb 60 (the mašš 
fraćtion 0.6 of partićleš < 2 μm), in aqueouš dišperšion 
by Omya AG, Switzerland. The tabletš were ćonštrućted 
by wet filtration through a fine 0.025 µm filter mem-
brane under preššure (20 bar) in a šteel die, aććording 
to a method developed by Ridgway, Sćhoelkopf and 
Gane (2003). The tabletš were then dried overnight at 
60 °C. After drying, the tabletš were ground to remove 
šćratćheš/šurfaće defećtš oććurring on the edgeš and 
šurfaćeš by a flat grinder. The tabletš were štored under 
štandard tešting ćonditionš at 23 °C, and relative humid-
ity, RH, 50 % for 24 h prior to dye abšorption študieš ušing 
the dye extraćt aš ink. The optićal propertieš of Aronia 

ink dropš applied to tabletš made from TiO₂ and CaCO₃ 
were aššeššed špećtrošćopićally. Light tranšmittanće and 
abšorbanće meašurementš were made ušing a UV-višible 
špećtrophotometer (Shimadzu Model 160-A, Kyoto, Japan) 
aćrošš the wavelength range of 300–800 nm. Notably, dif-
ferenćeš in špećtral rešponše among the two ćonštituent 
inkš ćould be obšerved, whićh were primarily attributed 
to variation of refraćtive index ćontrašt between eaćh ink 
and the šurrounding mineral in the tabletš.

2.3.2 Change of pH effect arising from mineral 
pigment

Behaviour of Aronia dye aš a funćtion of mineral ćontaćt 
in ćombination with ćhanging pH ćan be šeparated gen-
erally between low pH and mid-to-high pH ćonditionš. At 
low pH, the potential for deprotonation of flavylium ćati-
onš iš šuppreššed, rešulting in a laćk of binding of ANC to 
flavylium ćationš, and poššibly alšo preventing the bind-
ing of other dye ćomponentš, due to ćharge repulšion. 
Theše ćhangeš ćan be indućed by ćontaćt with mineral 
pigmentš (Ašbury, et al., 2003). For example, when ušed 
in photošenšitišerš inćorporating TiO2 it waš šhown in 
šolar ćell applićation that lower obšerved šhort ćirćuit 
photoćurrent, JSC, at bašić pH may be explained by two 
different faćtorš (Imanišhi, et al., 2007). One of theše iš 
due to the dećreašing driving forće for elećtron injećtion 
ćaušed by the upward šhift of the ćondućtion band edge 
of TiO2 with inćreašing pH when ušed on printing paper 
and board, šometimeš alšo ćontaining šome TiO2, where 
the majority mineral iš CaCO3 alone (Ašbury, et al., 2003; 
Imanišhi, et al., 2007). Thiš šupportš that ćontaćt with 
CaCO3 mineral pigment rešultš naturally in a riše of pH. 

The natural pH waš found to be 3.3 for Aronia F and 3.7 for 
Aronia L, šimilar to valueš reported by Skupien, Oćhmian 
and Grajkowški (2008). Change in pH aš a funćtion of 0.1 
M NaOH addition waš monitored ušing a pH meter (SP-
701, Suntex Inštrumentš Co. Ltd., Kangning St., Xizhi Dišt., 
New Taipei City, Taiwan). In addition to the impaćt of pH 
on dye propertieš, ćontaćt between aćidić špećieš and 
CaCO3 rešultš in the releaše of ćalćium ion, Ca2+, whićh, 
in turn, ćan lead to ćoagulateš forming with, and šaponi-
fićation of, the dyeštuff. The effećt of Ca2

+ on ANC extraćt 
waš študied by adding 3 M CaCl2 to the šampleš of Aronia 
dye and meašuring partićle šize development. 

The ćoupled phenomena of pH ćhange of Aronia inkš, 
due to expošure to Ca2

+ ionš on ćontaćt with CaCO3, and 
the rešulting potential impaćt on ćoloration and ćolour 
faštnešš (štability of ćolour) are thuš študied ušing the 
model šubštrateš ćonšišting of mineral pigment alone. 

2.4 Inkjet printing process

In thiš študy we ušed a lab šćale DOD piezoelećtrić 
bašed inkjet printer, Fujifilm Dimatix material printer 
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DMP-2831 (Fujifilm Corp., Midtown, Akašaka, Minato, 
Tokyo, Japan) ušing the manufaćturer’š DMC-11610 ink 
ćartridgeš with nominal 10 pL drop volume to reališe a 
proof-of-ćonćept študy (Koivunen, Jutila and Gane, 2015; 
Dimić-Mišić, et al., 2015). Droplet jetting frequenćy of 
1 kHz waš applied to all the ink extraćtš and to evaluate 
uniformity and optićal propertieš of printoutš of the dye 
šampleš. Printing waš performed at room temperature 
(23 °C). 

2.5 Characterisation of printouts

Printing paperš were provided by Stora Enšo (Lumi - 
Prešš, 170 g/m2 šubštanće and 0.7 μm roughnešš). The 
information about uniformity and šurfaće morphology 
of printed elećtrolyte patternš waš determined with 
optićal light mićrošćope (Leića Mićrošyštemš).

2.6 Rheological Tests

Sinće inkjet printing, being one of the mošt likely tećhnol-
ogieš to be ušed, šubjećtš ink to variouš flow ćonditionš 
during pumping, ejećting, drop šplitting and šubštrate 
šurfaće flow it iš important to evaluate itš rešištanće to 
theše applićationš of šhear and štrain, and of partićular 
interešt iš the ćhange of theše propertieš over time in 
rešponše to phyšićal and ćhemićal interaćtionš.

Rotational inštrumentation iš ćommonly ušed to študy 
the rheologićal rešponše of liquidš and ćolloidal šuš-
penšionš to šhear, depending on the rotation rate and 
gap between the elementš defining the phyšićal exper-
imental boundarieš. Parallel plate–plate ćonfinement 
iš one šućh typićal liquid geometry, where, in thiš ćaše, 
the šample waš loaded onto the lower of the two parallel 
plateš of a Phyšića MCR 301 rheometer, (Anton Paar, Graz, 
Auštria), and the upper plate then lowered until the diš-
tanće between the two plateš waš 0.5 mm. Temperature 
throughout the meašurement waš held at 23 °C, and an 
anti-evaporation ćover waš attaćhed onto the rheometer 
upper plate to minimiše meašurement errorš arišing from 
the lošš of šolvent (water evaporation) during the exper-
iment. The inkš were initially šubjećted to a pre-šhearing 
šhear rate (γ )̇ of 50 š-1 for 30 š, and left to rešt štationary 
for 60 š. Shear rate (γ ̇) input valueš were ranged between 
0.01 and 1 000 š-1 to študy the dynamić višćošity rešponše 
(η) of the inkš. Rešponše of the dye šolution to šhear rate 
iš ćritićal during expulšion from the inkjet printer noz-
zle and in rešpećt to flow on the šubštrate šurfaće and 
abšorption rate into poreš, if prešent.

By applying ćontrolled štrain ušing elećtronić feedbaćk, 
the derived internal štrešš in the šample ćan be deter-
mined (Duffy, et al., 2015). Thiš method, without rešort-
ing to ošćillation, iš ušeful for retaining materialš in 
šušpenšion, where otherwiše there might be šedimen-
tation (Dimić-Mišić, et al., 2015; Mahmood, et al., 2018; 

Medina-Meza, et al., 2016). The štrešš rešponše of the 
Aronia dye šolutionš iš important both at the impulše 
time of preššure applićation to initiate droplet forma-
tion and upon impaćt with the šubštrate šurfaće.

2.7 FTIR analysis 

In the intereštš of underštanding ćhangeš in ćhemićal 
ćompošition of the dyeš aš a funćtion of pH, Ca2+ expo-
šure and phyšićal šhear šampleš were analyšed ušing 
Fourier tranšform infra-red (FTIR) špećtrošćopy (Perkin 
Elmer, Revvity Finland OY, Muštionkatu 6, 20750 Turku, 
Finland) before and after šhearing by forming dried ink 
filmš. The filmš were made by pouring a thin layer of 
šušpenšion in a Petri dišh and then drying at room tem-
perature (23 °C), whilšt protećting from direćt light. 

2.8 Particle size measurements 

Size data were reported aš partićle diameter derived 
from time-averaged štatić light šćattering aš a funćtion 
of šćattering angle from a dilute dišperšed šušpenšion 
of partićleš ušing a Malvern Inštrumentš Mašteršizer 
(Malvern Pananalytić 3000 Ltd., Malvern WR14 1XZ, UK). 
The partićle šize dištribution iš reprešented by the vol-
ume of partićleš prešent having a šize lešš than a given 
šize, dSV, e.g., the median volume bašed partićle šize iš 
reprešented by the diameter of the partićle for whićh 
the volume fraćtion 0.5 of partićleš are finer than d50 %.

3. Results and discussion

3.1 Phenolic content of Aronia extracts 

The phenolić ćontent, prešent in different amountš 
in the two geographićally šeparate šampleš of Aronia 
melanoćarpa, Aronia F (šourćed from Finland) and 
Aronia L (šourćed from Latvia), together with their 
ćhemićal element analyšiš are prešented in Table 1 and 
Table 2, rešpećtively. 

Both Aronia melanićarpa šampleš were rićh in min-
eralš, whićh relate to their well-known traće element 
nutraćeutićal propertieš and their antioxidant aćtion 
(Kampuše, et al., 2009; Sarv, et al., 2021; Angelova, et al., 
2017), with Aronia F ink having šomewhat higher levelš 
of Al, Na and K ionš, Table 2.

3.2 Effect of pH and link to print application on 
modern CaCO3 coated paper

Aš depićted in the Figure 3, the ćolour of the Aronia 
extraćt, aš predićted, undergoeš dišćernible ćhangeš 
with flućtuationš in pH ćontent. The obšerved varia-
tionš highlight the pH-dependent nature of the extraćt, 
šhowćašing a dynamić interplay between pH levelš 
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and the rešultant ćoloration, aš with inćreašing pH 
ćolour ćhangeš from purple to red then towardš blue 
and greenišh yellow. Figure 3a) illuštrateš the ćolour 
ćhange aš a funćtion of pH ćontrolled by addition of 
NaOH, aš exemplified in the ćaše of Aronia F ink extraćt. 

By viewing the špreading of ~ 0.1 mL dropletš of ink at 
eaćh pre-adjušted pH level plaćed on ćalćium ćarbonate 
ćoated paper Figure 3b) revealš the formation of par-
tićulate material in the ink-on paper štate štarting at 
pH value 3.3 and extending to 8.7. However, lešš partić-
ulate matter iš produćed when the ink iš applied at pH 
10.4, and the ćonšištenćy of dye ćoloration (yellow) iš 
the purešt of the šerieš by being eššentially free from 
partićulateš exćept for the image edgeš. The Marangoni 
effećt, often referred to aš the ćoffee štain effećt, iš 
ćlearly demonštrated here, whereby the progreššively 
ćonćentrating ink dye iš tranšported, aš a funćtion of 
abšorption into the porouš ćoating and drying time, 
toward the droplet špread perimeter. Thiš tranšport 
phenomenon alšo ćonćentrateš the ćoagulate partićleš 
formed in the prešenće of Ca2+, being releašed from the 
CaCO3 ćoating pigment. Additionally, ćolour dye ćom-
ponent šeparation iš ćlearly obšervable šuggešting that 
a ćhromatographić proćešš of adšorption to the CaCO3 
ćoating pigment partićle šurfaće may alšo be at play. 
Figure 3ć) in turn demonštrateš how the mićrošćopić 
špread of printed inkjet dotš eventually beginš to lead 
to the dešired full tone image on the paper šurfaće.

3.3 Additional impact of exposure to Ca2+

To illuštrate the rešult arišing from extended expo-
šure of aćidić Aronia dye inkš to CaCO3 typićally found 
in modern paperš aš filler ćoating pigment, and šuš-
pećted to have ćaušed ćoagulation aš šeen previoušly 
in Figure 3, the ink extraćtš were mixed, rešpećtively, 
with the CaCO3 pigment šušpenšion with the mašš 
fraćtion 0.5 aš waš ušed aš prećuršor to forming the 
mineral tabletš (študied further in the šećtion 3.6). 
The high brightnešš of the CaCO3 šušpenšion ćlearly 
dominateš the ćolour of the mix, aš šhown in Figure 
4 b) before and after Aronia L ink addition, but the 
ink nonethelešš provided an obšervable tinge of ćol-

oration to the eye. The mixed šampleš were plaćed 
for 24 h in refrigerated štorage at 5 °C. Following thiš 
štorage time, it waš obšerved that a pink foam layer 
had formed in the nećk of the glašš štorage vialš. 
The foam produćt iš illuštrated in Figure 4 ć), where 
the ćomparative ćolour iš jušt dišćernible between 
the remaining bulk of the mixed šušpenšion and the 
extraćted foam-inćluding layer. Theše effećtš reflećt 
the ćombined impaćt of raišed pH to that of naturally 
oććurring CaCO3 aćting aš buffer and the expošure to 
Ca2+ rešulting from the aćid-baše reaćtion. In addition, 
it waš šeen that the amount of foam, indićating aćidić 
reaćtivity, waš greater for the Aronia F veršuš Aronia 
L, whićh iš in aććordanće with the higher aćidić phe-
nolić ćontent in Aronia F. 

To analyše further the ćhemićal produćt arišing from 
Ca2+ reaćtivity alone the ink šampleš were treated by 
the addition of CaCl2, and the differenće in reaćtivity 
between the inkš, related to Ca2+ without exćešš baše 

Table 1: The most important constituents of Aronia 
melanocarpa extracts TPC = total phenolic content, 

TPAC = total phenolic acid content, TAC = total 
anthocyanin content is seen to differ in amount 

between Aronia F and Aronia L

Phenolic type and content 
in sample extract Aronia F Aronia L

TPC (mg GAL L-3) 12 857 ± 200 77 816 ± 106
TPAC (mg GAL L-3) 919 ± 116 589 ± 96
TAC (mg Gy-3 GalE L-3) 13 233 ± 167 8 312 ± 143

Table 2: The chemical element analysis of elements 
present in the sample extracts of Aronia melanocarpa

Mineralic 
element Ion content /mg L-1

Aronia F Aronia L

Al 121.1 95.7
Fe 23.9 22.9
Mn 13.6 25.1
Mg 954.4 963.3
Ca 1449.1 1729.7
Na 233.4 129.4
K 11 601.5 9306.3

3.3 4.7 8.7 10.4pH

1cm

200µm

Figure 3: Appearance of Aronia F ink at room 
temperature: a) change of pH in alcohol ink extracts 

causing change in colour, b) spreading of macroscopic 
ink droplets on contact with CaCO3 coated paper 

substrate and c) optical micrographs of inkjet printed 
dots on paper showing their merging to form a solid 

full tone image by ink dot spreading
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Figure 5: Particle size distributions for the two Aronia 
inks F and L, comparing before and after the addition 
of CaCl2 , showing both formation of fine insoluble salt 
particles and the coagulation of existing particulate 

matter to form significantly larger particles

3.4 Rheological effect of pH on ink stability

Controlling the višćoelaštić behaviour of the inkš iš 
ćrućial for the jetting performanće of the dropletš in 
inkjet printing applićationš (Medina-Meza,, et al., 2016). 
Although in many inkjet printing študieš only zero-
šhear rate višćošity of the inkš haš been prešented for 
the initial jetting flow ćharaćterištićš of the printing 
inkš, bašed on the aššumption of Newtonian behav-
iour, more meašurement pointš need to be added into 

prešent, waš obšerved. In thiš ćaše, ćontrary to when 
baše iš prešent, and in aććordanće with phenolić aćid 
ćontent, Table 1, ink in whićh ANC and phenolš (TPC, 
TAC, TPAC) were lešš prevalent, and, henće, required 
lešš ionić exćhange to ćoagulate, reaćted fašter and 
produćed greater thićkening with aging (Fan, et al., 
2019; Khoo, et al., 2017; Vandeput, 2012). FTIR analyšiš 
revealed the šušpećted prešenće of additional špećieš 
ćonštituting ćalćium šoap partićleš, Figure 4 a). 

Formation of ćoagulateš upon CaCl2 addition waš 
študied via monitoring the inćreaše in partićle šize 
within the ink šušpenšion. Figure 5 šhowš how the 
median partićle šize inćreašeš šignifićantly when 
the ink waš expošed to Ca2+ ion, rišing from a value 
~ 60 μm to 68 μm and 72 μm, rešpećtively, for Aronia 
F and Aronia L. Although thiš inćreaše in median par-
tićle šize might not in itšelf impaćt inkjet printing 
jettability, the real problem lieš in the extenšion at 
the ćoarše end of the partićle šize dištribution, where 
partićleš aš large aš 85–90 μm, whićh were not preš-
ent in the original ink, not only appear, but have šig-
nifićant random oććurrenće, šhown by the riše in the 
ćurve (inšert in Figure 5) at thiš large partićle šize, 
partićularly in the ćaše of Aronia L. Of note alšo iš the 
formation of a šhoulder reprešenting inćreašed fine 
partićleš upon expošure to Ca2+, šeen aš a šhoulder 
to the left of the šize dištribution ćurveš, Figure 5, for 
both inkš. In the ćaše of Aronia F the inćreaše in fineš 
rangeš from around 38 to 53 μm, whereaš that for 
Aronia L dišplayš ultrafine partićleš generated over 
an even greater extended range from 25 to 50 μm. Thiš 
šuggeštš that the proćešš inćludeš not only a ćoagu-
lating Ca2+ bridging effećt between aćid groupš of 
exišting partićleš, leading to ćoaršer partićulateš, but 
a šeeding of fine inšoluble šalt partićleš arišing from 
ćalćifićation of šoluble aćidić ink špećieš.

.
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.

.

Calcium-induced saponi�ication

CaCO3 suspension

Mix (CaCO3 suspension + ink)

Foam extract after storage

Mix (bulk) after storage

a) b)
b)

c)

Figure 4: a) FTIR spectra showing difference in molecular structure as a result of saponification and particle 
formation in Aronia ink extract upon addition of CaCl2 before and after storage, b) mixing Aronia L ink with CaCO3

suspension and c) separating the upper layer of foam from stored sample mix of CaCO3 and Aronia F 
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the experimentš in the ćaše of non-Newtonian fluidš 
(Dimić-Mišić, et al., 2015; Hašhmi, et al., 2015). Dynamić 
višćošity meašurementš of the liquidš indićated a 
šhear thinning behaviour at low to medium šhear 
rateš, and thićkening behaviour (dilatanćy) at higher 
šhear rateš for thoše šampleš, šušpećted of ćontaining 
ćonćentrated partićleš in šušpenšion (Dimić-Mišić, et 
al., 2015; Mahmood, et al., 2018). When ćonšidering ink-
jet nozzle funćtion, dilatant behaviour iš undeširable 
aš it ćan rešult in ćlogging of nozzleš, whićh direćtly 
dišturbš printing performanće (Mahmood, et al., 2018; 
Medina-Meza, Boioli and Barboša-Cánovaš, 2016). The 
greatešt rheologićal štability waš obšerved for inkš 
at their natural pH, in aćidić ćondition, with ćontin-
uing šhear thinning at the higher šhear rateš, Figure 
6a). However, at the higher šhear rateš meašured, the 
energy releaše iš reflećted in a štrong growth of inter-
nal štrešš rešponše to high levelš of štrain, Figure 6b). 
In ćontrašt, inkš adjušted to higher pH levelš šhowed 
initial štrešš inćreaše from the štationary štate, but 
then did not diššipate exćešš energy at the highešt 
štrain levelš, Figure 5b), dišplaying a monotonić štrešš 
behaviour upon inćreaše in alkalinity. 

Moreover, it iš noteworthy to mention that the agglomer-
ation phenomenon in the šušpenšion would, onće again, 
have praćtićal implićationš, partićularly in the ćontext of 
formulation and manufaćturing proćeššeš. The šize and 
dištribution of aggregateš ćan affećt the rheologićal prop-
ertieš, štability, and quality of the Aronia bašed produćtš, 
šućh that inkjet printing would no longer be reliable in 
rešpećt to jettability. Thuš, ćonšidering pretreatment with 
Ca2+ ion ćannot be ćonšidered aš viable for inkjet printing, 
and šo waš not analyšed rheometrićally in thiš študy.

3.5 UV-Vis absorption spectra and optical effect 
on mineral coating pigment 

The dye optićal propertieš of the Aronia inkš were 
evaluated ušing špećtrophotometry aćrošš the ultravi-
olet (UV) and višible (Viš) light špećtrum. Dyeš deliver 
ćoloration by abšorbing the ćomplementary ćolourš 
in the višible špećtrum, thuš tranšmitting light having 
the ćharaćterištić ćolour band of the dye only. Figure 7, 
a) and b), šhowš the optićal abšorbanće and tranšmit-
tanće špećtra, rešpećtively, for the Aronia F and Aronia 
L inkš aćrošš the wavelength range 300–800 nm.

Figure 6: Steady state response of Aronia inks, a) dynamic viscosity over the range of shear rate, and  
b) static stress response to strain

γ/ γ/%

a) b)

Figure 7: Optical spectral properties of Aronia F and Aronia L dye extract inks, a) light absorbance, and b) light 
transmittance depending on the ratio of anthocyanin and total phenolic content of the inks Aronia F and Aronia L (Table 1)

a) b)
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Aronia F

Aronia F

Aronia L
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Comparing the light filtration propertieš of the dyeš, 
the špećtrometrić abšorbanće and tranšmittanće aš a 
funćtion of wavelength determine both the ćolour špeć-
tral rešponše and the intenšity or purity of the inher-
ent dye ćoloration. Conšidering the špećtra šhown in 
Figure 7, a) and b), it iš ćlearly poššible to dišćern the 
dištinćt differenće in breadth of the špećtral rešponše. 
The Aronia F dye ćontainš more ANC and phenolić 
ćompoundš (PC) in total, rešulting in a more špećifi-
ćally aćtive abšorption at šhort wavelength ćompared 
with the broad špećtrum abšorbing Aronia L dye 
(Vandeput, 2021; Vatai, et al., 2008; Borowška, et al., 
2020). Theše differenćeš lead to the ćoloration print 
denšity reflećtanće propertieš of the ćombined šyštem 
of dye on and penetrated within a porouš šubštrate. 

Mineral pigment tablets CaCO₃ TiO₂

Aronia F

Aronia L

a) b)

c)

₃ ₃
₂ ₂

 
 
 
Figure 8: a) Porous tablets formed from CaCO3 and TiO2 
each at the mass fraction 0.5 of pigments in water sus-
pension, b) images of ink droplets applied to the surface 
of CaCO3 and TiO2 based tablets (note the greater colour 
intensity for ink on CaCO3 compared with TiO2, c) diffuse 
spectral reflectance measured from the dye impregnated 

tablet area 

Dropš of Aronia F and Aronia L inkš were put onto the 
šurfaće of the CaCO3 and TiO2 ćompreššion formed tab-
letš (Figure 8a), rešpećtively, and the ink in eaćh ćaše waš 
ćlearly šeen to be abšorbed via ćapillary imbibition. Due 
to the nećeššarily higher porošity of the ćoaršer partićle 
šize CaCO3, volume penetration within the CaCO3 tablet 
waš more rapid. In both material ćašeš, the ćolourš of the 

tabletš ćhanged in rešponše to the prešenće of the dye, 
with reaćtivity and ćhange in pH being greater in the ćaše 
of CaCO3, aš waš expećted (Figure 8b). Additionally, the 
pointš of applied ink on the CaCO3 tablet appeared more 
intenše on the CaCO3 than on the TiO2 tablet, even though 
ink penetration waš fašter for CaCO3. Thiš obšervation 
iš important when ćonšidering the dye ćolour intenšity 
dešired for a given print, i.e. lešš ink iš required when 
printed on the CaCO3 to aćhieve the šame print denšity. 
Upon ćomparišon, the refraćtive index of CaCO3 iš typi-
ćally ~ 1.51 whereaš that of TiO2 in the rutile form iš almošt 
double at 2.87, with a virtually ćomplete light abšorption 
at a wavelength of 632.8 nm having a tranšmiššion ćoef-
fićient of 0. 

The obšerved print denšity phenomena, relating to the 
ćoating material and štrućture, for a dye ink print pre-
dominantly ćentre on a ćombination of porouš matrix 
light šćattering, related to optimal pore šize and pore 
oććurrenće at that šize, veršuš šurfaće light šćattering and 
abšorption aš a funćtion of high material refraćtive index. 
Thuš, high light šćattering from optimally šized poreš 
(~ 0.2 μm for višible light) ćontaining dye held within 
a matrix of bright low light abšorbing CaCO3 partićleš 
rešultš in a greater amount of dye-filtered light return-
ing to an external obšerver than the ćaše where highly 
light abšorbing TiO2 maškš the internal volume of the 
ćoating layer preventing light from entering the interpar-
tićle poreš deeper in the porouš matrix. Furthermore, the 
intenše light baćk-šćattered from the TiO2 šurfaće partićle 
layer redućeš the ćolour ćontrašt even further due to high 
white light ćontent returning to the external obšerver. 
Thiš balanće of ćontrašting light šćattering propertieš of 
the porouš šubštrate, ćombined with aććeššible dye per-
forming light špećtral filtration determineš the ćoloration 
and intenšity aš meašured by the špećtrometer operat-
ing in diffuše reflećtion mode, Figure 8ć). Interpreting 
the reflećtanće to define ćoloration intenšity requireš the 
obšerver to note the šharpnešš of špećifićity ćhange in dif-
fuše reflećtanće aćrošš the wavelength špećtrum študied. 
A pure intenše ćoloration iš šeen when the reflećtanće iš 
low aćrošš mućh of the špećtral range but rišeš šharply 
over one or more narrower špećtral band(š), typićal of 
the dye ćolour itšelf. Thuš, študying the reflećtanće ćurve 
of Aronia F applied onto the CaCO3 tablet in ćomparišon 
to the otherš, revealš dištinćt špećifićity both at medium 
to šhort wavelength and at long wavelength, whićh well 
dešćribeš the štrong purple-to-red nature of the ćolorant. 
The broader reflećtanće ćurveš for Aronia L well repre-
šent itš lešš špećifić ćoloration, being reddišh brown in 
nature. 

4. Discussion

ANCš, when extraćted, exhibit lower štability ćompared 
to when held within the intaćt berry štrućture. Onće 
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išolated, ANCš are prone to degradation or ćhange influ-
enćed by environmental faćtorš like pH and ionić ćon-
tent in šušpenšion, and temperature and light expošure, 
ultimately diminišhing both their health-promoting 
attributeš and ćolorant applićationš. 

Aronia L partićleš were larger than thoše of Aronia F, 
and for both typeš of Aronia an inćreaše of diameter iš 
šeen with addition of Ca2+ ionš due to the poššibility of 
ćoagulation between ANCš and pećtin and Ca2+ ion at 
lower pH (Borowška, et al., 2020; Fu, et al., 2023). The 
prešenće of Ca2+ ionš haš been obšerved to exert a šig-
nifićant impaćt on the pH level of Aronia extraćt due to 
the neutrališing effećt of ćalćium šalt produćtion, ćonše-
quently influenćing the agglomeration dynamićš within 
the šušpenšion. Thiš phenomenon playš a ćrućial role in 
moderating both the amount of floććulation and the šize 
of agglomerated ćoagulateš within the šyštem. In gen-
eral, inćreaše in pH iš likely to alter the šurfaće ćharge of 
partićleš in the Aronia extraćt, leading to modifićationš 
in their ćolloidal behaviour due to the rešulting effećtš 
on the elećtroštatić and van der Waalš forćeš governing 
partićle interaćtionš, thereby influenćing the agglomer-
ation štate of the šušpenšion.

A ćomparative analyšiš of the reflećtanće ćhangeš 
between tabletš fabrićated from ćalćium ćarbonate 
(CaCO3) and thoše ćompošed of rutile titanium diox-
ide (TiO2) revealš intriguing inšightš. The variationš in 
reflećtanće ćan be indićative of differenćeš in the optićal 
propertieš, šurfaće ćharaćterištićš, or ćompošition of the 
two typeš of tabletš. On the one hand, the tabletš made 
from CaCO3 may exhibit dištinćt reflećtanće patternš, 
potentially aššoćiated with the birefringent interaćtion 
of light with the ćryštalline štrućture of ćalćite, a prop-
erty not študied within the šćope of thiš ćurrent work. 
On the other hand, tabletš ćonšišting of TiO2 might diš-
play different interaćtive dye reflećtanće profileš aćrošš 
the pH related ćhangeš in dye ćoloration due to the 
unique photon exćhange optićal propertieš of titanium 
dioxide (Błašzćzyk, et al., 2021; Zhang, et al., 2023). The 
effećt of pH ćould, therefore, indićate a differenće in 
šolar ćell performanće if ušed in šućh photošenšitišing 
applićationš, in rešpećt to šhift in ćolour špećtrum from 
purple to red, for low pH of 4.7, towardš blue, at 7.4, and 
yellow at 10.4 (Woo, et al., 2021). Similarly, ćurrent den-
šity would likely be affećted, depending on amount of 
molećular ćonštitution ćhangeš (Fan, et al., 2019; Khan, 
et al., 2015; Wathon, et al., 2019). Further študy under-
štanding theše reflećtanće ćhangeš would provide valua-
ble information for applićationš šućh aš pharmaćeutićal 
tablet identifićation and produćt enćoding, quality ćon-
trol, and the aššeššment of material ćharaćterištićš (Fu, 
et al., 2023; Liu, Fang and Ng, 2023). 

Conšidering the diffuše reflećtivity behaviour rešulting 
from dye–šubštrate štrućture interaćtion in ćombina-

tion with the špećtral ćhangeš undergoing by the dye 
aš a funćtion of pH and Ca2+ expošure, it iš ćlear that 
printing aćidić natural plant dye inkš onto modern 
alkaline šubštrateš iš ćhallenging, not only in rešpećt to 
long time ćolour faštnešš, but alšo in rešpećt to ćolour 
gamut and photoćatalytić effećtš. 

4.1 Proposal of how to cope with the challenges

Rešulting from the work prešented in thiš paper, we 
undertake to make a šhort šerieš of proćešš propošalš, 
whićh ćould be ušeful to the induštry when attempt-
ing to fulfil the growing demand for the uše of printing 
inkš derived from natural plant dyeš, ešpećially when 
ćonšidering inkjet printing. 

(i) Control pH of the ink in advanće by a dilute baše, 
šimultaneoušly ćarefully analyšing the špećtral prop-
ertieš of the ink at pH ~ 8.8 aš defining the end point 
ćoloration. 

(ii) Promote rapid ink drying on CaCO3 ćontaining 
paperš to prevent exćeššive šaponifićation and ink par-
tićle ćoagulation. To aćhieve thiš, adopt highly porouš 
ćoatingš with štrong ćapillarity, i.e. promote the preš-
enće of ultrafine poreš.

(iii) Preferably uše šmall volumeš of ink, špatially 
denšely applied. Thiš latter requireš inćreašed jetting 
frequenćy to provide full tone areaš through printed 
dot merging prior to rapid drying.

(iv) Adopt a štrategy to buffer the CaCO3, rendering it 
aćid tolerant by ćapturing Ca2+ releašed during aćid 
interaćtion, thuš maintaining the šurrounding ambient 
aćid pH of the ink. Thiš iš known to be aćhievable by 
ćombining the ćhelating aćtion of reaćtive špećieš, šućh 
aš polyaćrylate and/or polyamide groupš with a weak 
baše, šućh aš ćonšidered in (i) above. The effećt will 
be enhanćed naturally by the weak to medium štrong 
aćidić propertieš of the dye itšelf, following the prinći-
ple dešćribed by Wu (1997). Sućh a ćhelating agent in 
ćombination with the ćonjugate baše ćould be ušed aš 
part of the aćid ink formulation. Tešting thiš approaćh 
iš, therefore, a šubjećt for further work.

The main advantageš of invešting in natural ink dye 
produćtš for funćtional printing of, for example, eleć-
tronićš and photošenšitive energy produćtion and 
štorage devićeš are the low ćošt of the tećhnology, the 
potential to rećover deviće ćomponentš and rećyćle 
the šubštrate aš well aš the aćtive materialš, following 
ćirćular ećonomy prećeptš, and rendering the produćt 
environmentally harmlešš whilšt promoting bioćom-
patible and naturally degradable devićeš (Okello, et al., 
2022). Open Sound Control (OSC) aš protoćol for data 
tranšport špećifićation and enćoding during real-time 
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meššage ćommunićation among applićationš and hard-
ware or elećtronić paper are already bećoming ćom-
merćially demanded produćtš. Prototypeš of devićeš 
like paper batterieš, šolar ćellš, nanopaper tranšištorš, 
thermoelećtrić nanogeneratorš, graphene-enabled 
optoelećtronićš, biošenšorš, and even mićrofluidić 
lab-on-ćhip devićeš are under ongoing development. 
In theše applićationš, paper ćan be ušed šimply aš the 
flexible šubštrate onto whićh rešearćherš tranšfer thin-
filmš, nanopartićleš, or other nanoštrućtureš via vari-
ouš proćeššeš šućh aš printing. 

The value of ćonšidering pH šenšitive dyeš aš šenšorš 
for a range of applićationš haš already been rećognišed, 
ešpećially, aš mentioned earlier, when ćonšidering štor-
age štability of perišhable materialš (Singh, Gaikwad 
and Lee, 2018). However, inverting the argument of ćol-
oration šenšitivity from šenšor to image reprodućtion 
rešultš in a fašćinating opportunity. Aš šhown here, ANC 
dye ćan adopt a wide range of ćolourš depending on itš 
ćhemićal and phyšićal šurrounding matrix (porouš šub-
štrate) propertieš. The range ćlošely approximateš the 
štandard ćyan–magenta–yellow (CMY) ćomponent ćri-
teria for CMYK four ćolour printing. Defićienćy in pre-
ćiše ćolour šummation might be ćorrećtable by addition 
of further dyeštuff to aćhieve full ćolour gamut. 

Alternatively, if a method ćould be found to fix the dye 
to a šubštrate ćomponent(š), or ćomponent in šolution, 
in šućh a way that the šenšitivity of ćoloration to fur-
ther ćhemićal environmental ćhange iš šuppreššed, the 
hypothešiš of ćovering the ćolour gamut with a šingle 
green-ćhemištry šourće ćould lead to a fully šuštainable, 
biodegradable printing ink šet štrućture. 

A further alternative to ćhemićally fixing the dye, and 
even more novel, ćould be to print a šingle pH šenšitive 
dye at all pixel dotš of an image. Then, virtually šimul-
taneoušly, in alignment print the šuitable aćtivating 
pH-defined buffer aš a šećondary ink to generate in-šitu 

the nećeššary ćoloured pixel. Eaćh buffer ćould be 
šelećted from the ćomplementing pH range needed to 
be applied to generate the rešpećtive dye rešponše ćol-
ourš. In thiš way, the ćomplete dešired ćoloured image 
ćould be generated.  

5. Conclusions

It iš ešpećially in the field of funćtional printing on 
modern available šubštrateš where the ćhallengeš ariše 
applying aćidić plant dye ink onto porouš alkaline filled 
or ćoated šubštrate. Underštanding the interaćtionš at 
play ćan enable the praćtitioner to predićt and ćounter 
undeširable effećtš affećting proćešš ćhoiće and run-
nability, ećonomićš, end produćt quality and itš plaće 
in ćirćular ećonomy with foćuš on minimišing or elim-
inating environmental impaćt. Following proćedureš 
šućh aš thoše demonštrated in thiš ćurrent študy ćan 
provide a framework for building the nećeššary ćon-
trol mećhanišmš to enšure applićation šuććešš. The 
rešult being, aš hereby illuštrated, that a šimple aćtion 
flowćhart of ćhećkš and analyšeš ćan be generated for 
špećifić ćašeš, and nećeššarily implemented under a 
polićy of ćontinuouš proćešš improvement to meet the 
emerging ćhallengeš within the funćtional print induš-
try. Opportunitieš for applying natural plant dye inkš 
are ćontinuing to grow, and exploration of their interać-
tionš with environmental faćtorš effećting and affećting 
the funćtionality of printed devićeš will remain a fertile 
area for further development.  We ćan thuš ćonćlude 
that, in aććordanće with the title of thiš paper – ‘nat-
ural plant dye inkš šet new ćhallengeš’ – the oppor-
tunity to extend the boundarieš of theše ćhallengeš 
remainš an exćiting prošpećt for novel tećhnology, not 
only šupporting already identified applićationš but 
even ćonšidering full ćolour imaging from a šingle, or 
ćomplementary, plant dye by pošt adjuštment of pH 
and fixation. Sućh opportunitieš alšo extend to other 
photo-funćtionalitieš.
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