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RESUME

L’initiative de bio raffinerie de I'industrie desapes et papiers vise principalement a diversifier
I'offre de produits incluant les biomatériaux désvde la lignine. La lignine peut étre récupérée
de la liqueur noire. L’approche chimique de préatmn de la lignine consiste a réduire le pH
de la liqueur noire & l'aide de dioxyde de carborte)s que les procédés LignoBoosét
LignoForce’, et d’acide sulfurique servant a la laver. Uneraphe électrochimique est
proposée pour précipiter la lignine de la liqueaire tout en produisant de la soude caustique.
Ce procédé est basé sur l'utilisation de membraagsniques. L’électrolyse de la liqueur noire
réduit le pH au point de précipitation de la ligninL’acide nécessaire au lavage de la lignine est
produit par électrodialyse du sulfate de sodiumggriere de la soude caustique comme sous-
produit. Le procédé ne requiert aucun produit afpird de source externe et ne génére aucun
effluent additionnel. La technologie offre une mgntation de production de pate pour les
usines kraft normalement limitées par la capa@téadcchaudiere de récupération et le systéme de

recaustification.

Dans la premiére partie de cette étude, nous adtowlié |'effet de divers parametres d’opération
sur la performance du procédé d’électrolyse deigaelr noire incluant en particulier les
réactions électrochimiques se déroulant aux élées,da distribution de la densité de courant et
la contribution des différentes composantes indigitts de la cellule au voltage total du

réacteur électrochimique.

En second lieu, le transfert de masse des ionslisspertinents (Naet H) migrant a travers la
membrane ont été soigneusement modelés en se lsagdidquation de transport de Nernst-
Planck tout en tenant compte de I'équilibre ionigige Donnan entre deux milieux différents.
Les profils de la concentration du sodium dans éanforane ainsi que les ions et le profil du

pH ont été développés pour des conditions typigimseration. La performance de ce procédé
membranaire a été évaluée a I'aide du coefficierttahsfert de masse et de la productivité de la
soude caustique.

Dans la troisieme étape du projet, I'effet des partaes d’opération les plus importants ont été
identifiés et étudiés. Ces parametres sont : fesitke de courant, la concentration de soude
caustique, le pH final de la liqueur noire ainsieqdifférents types et sources de liqueur.

L’objectif ultime était d’optimiser les conditiortBopération.
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Les résultats de ce travail montrent que I'intégrati’'une bio raffinerie dans une usine de pate
kraft implique plusieurs étapes dont inévitablementatelier de lignine. Ainsi, chacune des
sous-étapes de la récupération de la lignine obteleul’électrolyse de la liqueur noire a été
étudiée en détails, a savoir la coagulation, lzipration, la filtration et le lavage du produit
final. Les résultats expérimentaux ont montré dgietaux de filtration du produit était
relativement faible (64 kg/(h-3)), mais que I'addition de sulfate de sodium (120de NaSOy)
a I'étape de coagulation augmente le taux de tidnapar un facteur de 7.5. Un temps de
coagulation prolongé (4-5 h) améliore aussi laditlité. La lignine récupérée peut étre utilisée
comme matiére premiere par I'industrie chimiqueahme bio-carburant dans le four a chaux a
la place des combustibles fossiles comme 'huilede et le gaz naturel. Cette lignine, une fois
lavée, possede une qualité adéquate pour la fébricde polyuréthane. Si son contenu en
sodium est de 0.64 % en poids apres une seule é¢alg@age, il est estimé qu’il serait possible
de remplacer prés de 50 % du combustible fossileodua chaux par une telle lignine. Etant
donné la sensibilité du four a chaux au contensaium, une étape additionnelle de lavage
permettant de faire chuter le taux en sodium pduc@nduire a substituer plus de 90 % du
combustible fossile par cette lignine purifiée. bilan complet des composantes majeures
(solides, sodium et soufre) a été effectué fouamsses données essentielles pour l'intégration

du procédé au circuit de récupération des prodhitsiques de l'usine.

La derniére partie de cette étude a permis de déearda faisabilité technique du traitement
électrolytique de la liqueur noire (30 %) utilisalat cellule commerciale FM-21 qui a été
développée originalement pour lindustrie du chlaliali. Cette démonstration peut étre
considérée comme une premiére mondiale dans tertrant de la liqueur noire. La cellule a été
opérée pour un total de 38 heures durant lesquétilaence de la densité de courant (de 1.5 a
3.9 kA/nf), la concentration de la soude caustique proddées.4 & 9.5 %) et la température (de
62 a 71 °C) sur les performances de I'électrolyse aié étudiées. Il a été démontré que la
densité de courant est le paramétre principal gtérchine la performance du procédé. La
meilleure productivité en termes de volume de ligueoire traitée a été de 171 L/(H)nen
opérant & une densité de courant de 3.9 RAfnune température de 70 °C. La performance de
I'électrolyse a aussi été déterminée par le tauprdduction de la soude caustique et I'énergie
consommee pour produire une tonne de NaOH. Dansdaditions optimales d’électrolyse
indiquées ci-dessus, la cellule produisait 6.0 kéy@OH/(h-nf) & une concentration de 5 % et

consommait 4 030 kwWh/t NaOH. Ces résultats somtpawables a ceux obtenus avec la cellule
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de laboratoire. Il est recommandé de procéder favwage a contre-courant du compartiment
anodique (liqueur noire) sur une base réguliére deda soude caustique diluée afin de prévenir
I'encrassement de I'anode et de la membrane adrta ge performance a long terme.
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ABSTRACT

The biorefinery initiative in the pulp and papedustry aims at diversifying its product offering
to include value-added biomaterials from ligninheTchemical approach to precipitate lignin
from black liquor consists of reducing the pH usaagbon dioxide such as LignonoBoosind
LignoForce' processes and, sulfuric acid to wash the ligniwe have developed an
electrochemical technique to precipitate ligninnfrdlack liquor and simultaneously recover
caustic soda. This proposed electrolytic treatmertased on the use of cationic exchange
membrane. The electrolysis of black liquor redutesilkalinity electrochemically to the point
of lignin precipitation. It does not require cheals from an external source and does not
generate additional effluents. The technology ientn increased pulp production for Kraft

mills that are limited by their recovery boiler eajity or their causticizing system.

First, in this study, the effects of various basperating parameters on the performance of the
electrolysis of black liquor were investigated;particular the electrochemical reactions taking
place in the cell, the current density distributiand the contribution of individual cell
components to the total voltage of the electrockbahreactor.

Second, the mass transfer of most important iormigh the membrane during electrolysis was
modelled according to Nernst-Planck transport egoand Donnan phenomenon. We report on
the investigation of sodium, protons, hydroxylssatoncentration and pH profiles across the
membrane under typical operating conditions. Timembrane process performance was

evaluated based on mass transfer coefficient amsticssoda productivity.

In a third step, the effect of the most importapémting parameters were investigated including
current density, caustic soda strength, end pH ahdrs during the electrolytic treatment of

different types of BLs with the aim of optimiziniget process.

The integration of a bio-refinery to a kraft miitesincludes inevitably a lignin recovery plant |

a fourth step, the technical aspects of lignin jpitation from electrolysed BL were investigated:
coagulation, precipitation, filtration and washiofythe lignin product. The experimental results
showed that the filtration rate is relatively lo®4(kg/(h-n)), but adding NgSO, (120 g/L)
during the coagulation step improves the rate bgctor of 7.5. A longer coagulation time (4-5
h) increases filtration rate as well. The ligniancbe used as a feedstock for the chemical

industry or as bio-fuel for the lime kiln. The vissl lignin has an adequate purity for utilisation
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in the chemical industry, for example, for makingypirethane. On the other hand, given the
sensitivity of the lime kiln to sodium, it is estted that the electrolysed lignin containing 0.64
% of residual sodium after one single water washccceplace about 50 % of the lime kiln fossil
fuel. However, it can be expected that one addhliovater wash of the lignin cake would

achieve a lower sodium level allowing for almogataeplacement of fossil fuel.

A complete mass balance of the major componentdadging the required data for future work
on the simulation of the integration of this praceso a kraft mill has also been developed.

The last experimental work demonstrated the teeahméasibility of the electrolytic treatment of
black liqguor from a kraft mill using the commerci&M-21 membrane cell that was developed
originally for the chlor-alkali industry. This elolytic treatment involves simultaneous
desalkalinisation of 30 % solids black liquor aé thnode and co-production of NaOH at the
cathode. The cell was operated for a total of @&# during which the impact of current density
(from 1.5 to 3.9 kA/M), NaOH strength (5.4 to 9.5 %) and temperaturet(6Z1 °C) were
investigated. The current density had the mostachpn the process performance. The best
productivity achieved in terms of black liquor tie@nt was 171 L of BL /(h-fiwhile running

at 3.9 kA/nf and about 70 °C. Under these conditions, the wa producing 6.0 kg of
NaOH/(h-nf) at 5 % NaOH strength and the energy consumptias & 030 kWh/t NaOH.
These results are compared to the experiments rpextb with a laboratory cell. 1t is
recommended that the anode compartment being babkeraa regular basis with dilute caustic

soda to prevent long term fouling of the anode medhbrane.
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CHAPITRE 1 INTRODUCTION

L’introduction du bioraffinage dans l'insdustrie dpates et papiers comprend une approche
d’optimisation d’intégration de procédés pour migartabiliser cette industrie au Canada [1].
Cette industrie a toujours été a la recherche deeiles sources de revenus visant la production
de bioproduits a haute valeur ajoutée. En eféet;dncept de bioraffinage dans le secteur des
pates et papiers n'est pas récent et date mémeealgugs décennies. Magdzinski [2] rapporte
guelques exemples de bioraffineries intégrées aines de pate et papier datant des années 1940
et 1950. Dés 1942, West Virginia Pulp and Papeng@any (Westvaco, maintenant WestRock) a
Charleston en Caroline du Sud opérait un atelidigténe produisant de I'Indulf[3] En 1944,

la compagnie Howard Smith Co. produisait de I'étiagt de la vanilline a partir des liqueurs
usées du procédé de mise en pate au sulfite. t& os@me époque, cette compagnie avait
développé un produit appelé Arborit¢4] fabriqué a partir de lignine précipitée deligueur
noire. Sous la direction de Domtar, le procédéd® en pate au sulfite fut converti a la mise en
pate kraft et la compagnie construisit un atelgeerétupération de lignine sur le site de leur usine

de pate située a Cornwall en Ontario.

Cette tendance de diversification a récemmentseaf&il'intérét dans le cadre du développement
durable et de I'économie circulaire [5]Le développement durable est une conception de la
croissance économique qui s'inscrit dans une pergpede long terme et qui integre les
contraintes liées a I'environnement et au fonckoment de la société.'économie circulaire est

un concept économique qui s'inscrit dans le cadral@eloppement durable et qui s'inspire
notamment des notions d'économie verte, d’éconodeiel'usage ou de I'économie de la

fonctionnalité, de I'’économie de la performancdectécologie industrielle

Cette diversification se fait particulierement gnét® dans les usines de mise en pate chimique de
type kraft. L'usine de Thurso au Québec appartenanbidress Advanced Bioproducts (Fortress
AB) Inc., une division deFortress Global, s’est lancée dans la fabricatienxglitol, un
edulcorant hypocalorique, produit a partir de lavarsion des sucres d’hémicellulose extraits
des copeaux de bof6]. Ce nouveau produit permet de transformer l'usi@géate kraft en une

bio raffinerie alimentée en matiére premiére de@organique renouvelable.

Domtar a annoncé la construction d'un bioparc cem@nt une bio-raffinerie prés de son usine
de pate kraft située a Windsor au Québec. La kdssmgénérée par la papetiere sera transformée



en biomatériaux tel que la cellulose nanocristallin] ainsi que la production de bio-carburants

pour maintenir sa compétitivité [8]

La lignine constitue de 18 a 35 % de la composities copeaux de bois dépendamment de
I'espece et cette ressource naturelle est tresottéevpour alimenter les bios raffineries. La
liqueur noire produite par le procédé de mise ee péaft est une source de matiere premiere
pour la production de biomatériaux a base de lignin consortium norvégien composé de
trois compagnies Preem, RenFuel et Rottneros daj@e un bio-carburant a base de lignine,
le lignol, pouvant servir de substitut au diesdUne étude de faisabilité est en cours pour
construire une usine de transformation de la ligren bio combustible, une premiére mondiale
[9].

En 2013, Domtar a démarré son usine de ligniné@asitu Plymouth en Caroline du Nord aux
Etats-Unis, d’une capacité de 75 t/jour d’un prodie lignine appelé BioChoice® Lignin [10].
Stora Enso produit de la lignine a I'échelle indigdie depuis 2015 a son usine de Sunila en
Finlande [11]. C’est le plus grand producteuridgaihe (140 t/jour) dans le monde, une partie en
est utilisée pour fabriquer du Lineo, un substitutphénol. La compagnie West Fraser Timber
produit de la lignine (30 t/jour) a son usine deéepiéraft située a Hinton Alberta depuis mars
2016 [12]. Cette lignine sert de matiere premigoer la fabrication de colle utilisée dans la

manufacture de panneaétamelles minces orientées (OSR)3].

Les procédeés les plus répandus pour la récupérdédignine a partir de la liqueur noire sont :
(1) la technologie LignoBoost [14] brevetée parriigBoost AB et commercialisée par Valfet

et (2) LignoForce [15] développée par FPInnovatians est offerte par NORAR Ces deux
technologies sont basées sur le procédé chimigueadmnatation de la liqueur noire qui en
réduit le pH au point de précipitation de la lignii6-18].

Ces procédés chimiques utilisant du &@mme agent d’acidification font partie de la piem
génération de technologies de récupération denkget nécessitent des produits chimiques de
sources externes comme l'acide sulfurique pouavade de la lignine et de la soude caustique

comme appoint de sodium. Cette approche chimiquéfre de limitations majeures pour leur

! OSB : Oriented Strand Board

2 http://www.valmet.com/products/pulping-and-fibéwmical-recovery/lignin-separation/

? https://fpinnovations.ca/ResearchProgram/Pagesires-program-biorefinery-energy.aspx
* http://www.noram-eng.com/news-room/lignoforce.html



intégration durable dans une usine de pate kraficpiérement en ce qui concerne le circuit de
liqueur de procédé affectant le bilan du soufreuesodium [19].

La deuxieme génération de technologies de récupérde lignine repose sur une approche
électrochimique plutdét que chimique sans utiligatae produits chimiques de source externe
[19]. Lélectrolyse permet de réduire l'alcaliniet le pH de la liqueur noire au point de
précipitation de la lignine. L’acide sulfuriqueqreés dans I'étape de lavage provient du
traitement du sulfate de sodium par électrodialyseembranes bipolaires tout en produisant de
la soude caustiqgue utilisable directement pour demdes besoins de [I'opération.
Conséquemment, l'intégration de cette technologiesdune bio raffinerie élimine le besoin
d’approvisionnement externe en produits chimiques accord avec les principes du

développement durable.

A date, aucune étude de I'électrolyse de la liquearété effectuée permettant de déterminer les
phénomenes de transfert de masse dans la membmaéoernir les données nécessaires pour le
design et l'intégration judicieuse en usine deslzhhologie d’électrolyse pour la précipitation de
la lignine. Cette présente étude porte sur le ldgpement d’'un procédé de traitement
électrolytique de la ligueur noire comme moyen téahimique de produire de la lignine a partir
de la liqueur noire d’une usine de pate kraft.ligaeur noire de bois résineux et de feuillus, soit
oxydée ou non oxydée sera alors traitée dans uheecd'électrolyse munie d’'une membrane
pour réduire le pH au point de précipitation déigaine. Ensuite, cette liqueur électrolysée est

soumise a une étape de coagulation suivie d’utratfdn et d’'un lavage de la lignine récupérée.

Les travaux de cette étude permettront de mieuxpoendre les phénomeénes de transfert de
masse impliqués, d’optimiser les conditions d'ofiéraet de générer les données nécessaires
pour le design d’'une installtion commerciale etddgerminer I'impact des bilans massique et
énergétique sur le circuit de récupération. Desplcette étude expérimentale permettra
ultérieurement de positionner I'approche électiglye par rapport a I'approche chimique de

précipitation de la lignine.

Dans la premiere étape du présent projet, les phénes électrochimiques impliqués lors du
traitement électrolytique sur le fonctionnementlaecellule seront été étudiés. Les réactions
chimiques prenant place durant I'électrolyse semmdlysées et interprétées. Le profil de la

densité de courant le long de la cellule sera nsé&lélLa distribution du voltage total entre les



composantes individuelles de la cellule, les sohdiet les réactions chimiques impliquées
incluant I'influence du pH de la liqueur noire sies performances de I'électrolyse seront
étudiées.

Dans la deuxieme étape du programme expérimeatafrincipaux phénomenes de transfert de
masse impliqués dans ce procédé électro-membrasarmmnt étudiés en détails en utilisant
I'équation de Nernst-Planck et en considérant iidae de Donnan a l'interface des solutions et
de la membrane. Le transport des ions sodiumpd#sns, des ions hydroxyles et le profil de
leur concentration et du pH a travers la membraat@mique sera modélisé en utilisant des

conditions expérimentales typiques d’opération.

Les travaux de la troisieme partie de cette étuoktepont sur I'optimisation du traitement
électrolytique de la liqueur noire. L'effet des@@eétres suivants sur la performance du procédé
sera investigué : le type de liqueur noire, le pldpdration, la densité de courant, la
concentration de la soude caustique produite ngpéeature des solutions et I'addition de sulfate
de sodium a la liqueur. Les parametres de perfoceagui seront évalués comprennent:
I'efficacité du courant, la productivité de soudmistique et le débit de liqueur noire traitée par

unité de temps et de surface de membrane.

Le quatriéme volet du développement de la techmelgprtera sur la précipitation et la
récupération de la lignine de la liqueur noire ttdgsée incluant les étapes de coagulation, de
filtration et de lavage. L’emphase sera portéelayperformance de I'étape de filtration et de
lavage du produit final de lignine. L’effet desriables suivantes sur le taux de filtration sera
investigué : (1) le temps de coagulation (2), legetgle liqueur noire (3), la température (4), le
niveau de vide (5), le pH final and (6), I'additi@le sulfate de sodium. Les résultats de la
performance de la filtration de la lignine seroomparés aux autres méthodes de précipitation
telles que le C@ et l'acide sulfurique. Les résultats obtenus aladignine seront aussi
comparés aux taux de filtration du Cag@cupéré comme sous-produit dans latelier de
caustification. La qualité de la lignine aprésdge a I'acide et a I'eau sera déterminée. Un bilan
détaillé des étapes d’électrolyse, de filtratiordetlavage sera fourni dans le but de recycler et

d’intégrer les filtrats au circuit de liqueur dadine kraft.



L’électrolyse de la liqueur noire se fera dans oebule FM-21, fabriquée par Ineos, ont été
désignées pour la production de chlore et de soadstique et pour la production d’hydrogene

en milieu alcalin.

La cinquieme et derniere partie de cette étudeisiena a démontrer la faisabilité technique du
traitement électrolytique de la liqueur noire eilisént la cellule commerciale FM-21 et a

déterminer sa performance pour cette applicatibes effets de la densité de courant, de la
température et de la concentration de soude caessqgr la performance du procédé seront
étudiés. Les parameéetres de mesure de performamoerendront I'efficacité de courant, la

consommation d’électricité, la productivité de sewdustique ainsi que le débit de liqueur noire
traité par unité de surface de membrane et de tenyes résultats obtenus avec la cellule

commerciale FM-21 seront comparés a ceux de laleale laboratoire.



CHAPITRE 2 REVUE CRITIQUE DE LA LITTERATURE

2.1 Bref historique de la fabrication du papier

Le produit de papier a évolué de papyrus, a partchetrfinalement a papier [20]. Les premieres
feuilles de papier (dérivé de papyrus) sont faléngguen Egypte antique a partir de fines
bandelettes de papyrus. Toutefois, le processuleme de transformation de la pate en papier a
été inventé en Chine a peu pres au début de nogre Eorsque cette technique migre vers
'Europe a la fin du premier millénaire, les peadimnimaux sont le matériau de choix pour
fabriquer le papier qu'on appelle parchemin. Leoidt élevé méne a la recherche de matieres
premiéres plus abordables, a savoir de vieillesitjas de coton et de lin. Au XIXe siécle on
choisit le bois comme matériau plus économiques fp®cédés de mise en pate de la fibre de
bois s’étendent de la séparation physique (mécajides fibres a la dégradation chimique et
I'enlevement de la lignine. lls peuvent se diviseartrois grandes catégories : la mise en pate
chimique, la mise en pate mécanique et la misédenges fibres recyclées. Cette présente étude
concerne le procédé de mise en pate chimique ikraghté par Dahl en 1879 dont le brevet a été
publié en 1884 [21]. La premiere usine de patesatit cette technologie fut ouverte en Suede en
1890 [22]. L'invention de la chaudiére de récuti@napar G.H. Tomlinson [23] a la fin des
années 1930 a été une étape importante dans kamant du procédé kraft. Elle a permis la
récupération et la réutilisation des produits chjueis de facon qu'une usine de pate a papier

fonctionne presque en circuit fermé mise a patelier de blanchiment.

Les pates chimiques sont utilisées largement danfabrication du papier mais sont aussi
transformées en une vaste gamme de produits tellegunouchoirs, le papier hygiénique. Dans
le cadre de l'initiative de bioraffinage [1], de mbreuses recherches sont en cours visant la
production de bioproduits a valeur ajoutée tels tpse nanofibres, les biocombustibles et

certainement la lignine.

2.2 Le procédé de mise en pate kraft

Le procédé kraft consiste en une mise en pate gbhemieposant sur la cuisson de copeaux de
bois dans un réacteur appelé "lessiveur" [24].cligson s’effectue en présence d’'une solution
de sulfure de sodium (N&) et d’hydroxyde de sodium (NaOH) a une tempéeamaintenue



entre 150-180 °C pendant une durée d’environ haues. Le but de ce procédé est de réduire
le contenu en lignine de la pate pour en facilgdslanchiment. Le rendement varie d’environ 42

a 55% due aux pertes de lignine et hémicellulodpeddamment de I'espece de bois et surtout de
son contenu en lignine. La présence de sulfureodaum dans la solution de cuisson améliore

les propriétés physiques de la pate ainsi queriderent par rapport au procédé a la soude
caustique. Certaines modifications ont été appert#u procédé kraft pour en améliorer le

rendement : entre autres l'addition d’anthraquinode polysulfures et la délignification

prolongée [24].

La pate kraft blanchie est surtout utilisée danflsication du papier d’écriture : livres, revues,
photocopies et comme agent de renforcement dangesapapiers tels que le papier journal et le
papier d’annuaires alors que la pate non-blancsieutlisée pour la fabrication de sacs et de

boites de carton pour l'industrie de 'emballage.

2.3 Le systéme de récupération des produits chimiques

La liqueur usée provenant de la cuisson et les eaulavage d’'une usine de pate kraft sont
récupérées pour former la liqueur noire faible @sit alimentée a l'entrée du systeme
d’évaporation [25]. Cette liqueur contient les Stialnces organiques dissoutes durant la cuisson
et les produits chimigues essentiels pour la caisd@s deux principaux objectifs du systéme de
récupération d’'une usine kraft sont de produirelalevapeur a partir de la combustion des
organiques et de convertir les produits chimiquedadliqueur noire pour en faire la liqueur de
cuisson. Les principales unités d’'un systeme cotimenel de récupération sont représentées a la
Figure 4.1. Elles comprennent I'évaporation etclancentration de la liqueur noire, la
combustion dans la chaudiere de récupération ustifi@ation de la liqueur verte et la production
de chaux nécessaire a I'étape de caustificationd@p La chaudiére de récupération est le cceur
du systéme de récupération. Elle produit presqueetda vapeur de l'usine ainsi que de

I'électricité grace au systéme de cogénération.

La liqueur noire faible qui contient environ 15% delides est alimentée dans le train
d’évaporateurs a effets multiples pour en sortecaune teneur en solides d’environ 50%. Cette
solution plus concentrée appelée "ligueur noireteforest alors soumise a une étape

d’épaississement dans un concentrateur spécialeznagti pour amener la teneur en solides a



environ 70-75%. A une telle teneur en solidediglaeur noire peut alors étre brilée comme un

combustible dans la chaudiére de récupération.

6 1
BOIS
FOUR A CHAUD =P CUISSON
/ K 2
/ NaOH PATE
CaCO; \
Na,S LIQUEUR
* NOIRE DILUEE
CAUSTIFICATION
EVAPORATEURS | 3
S Na,CO- y 4
LIQUEURVERTE N, s Na, S LIQUEUR NOIRE
\ CONCENTREE
CHAUDIERE '
EAU + LIQUEUR BLANCHE f | Adaptée de
4 Tran et al [26]

Figure 2.1 : Schéma du systeme de récupératioredisime de pate kraft

L’environnement réducteur maintenu au bas de laidieee permet de convertir les composés
oxydés de soufre de sodium @S&,, NaS;03) en NaS. Le CQ produit par la combustion des
matieres organiques réagit avec les vapeurs demsgabur produire du N&O;. La majorité de

la quantité des deux sels fondus {8laet NaCQOs) récupérés a la sortie de la chaudiére sont
dissous dans I'eau pour former la liqueur vertett€liqueur verte est alors alimentée au systeme
de caustification ou la chaux ajoutée convertiNeCO; en NaOH et CaC{selon la réaction

suivante :
NaCO; + CaO— NaOH + CaCQ@ Q)

La solution de N#ZCO; et de NaOH sortant de la caustification formeidmdur blanche ou
liqueur de cuisson. Le CaG@®st récupéré et traité dans un four pour prodiera chaux selon

I'équation (2) :
CaCO— CaO + CQ (2)

La partie des sels qui s’échappe avec les gaz adbustion est capturée par le précipitateur

électrostatique pour étre recyclé dans le circailigueur noire. En bref, grace au systeme de



récupération, la liqueur noire est reconvertieigndur de cuisson avec production de vapeur et,

d’électricité pour les usines équipées d’'un systdmeogénération.

2.4 Options de précipitation de la lignine

La chaudiéere de récupération doit traiter la ttdalie la liqueur noire provenant du procédé de la
mise en pate. La production de pate des usinds ésh souvent limitée par I'engorgement
thermique de cet equipement dispendieux. Dansinsrtas, la charge de matieres solides est

une contrainte additionnelle a 'augmentation dzedpction.

Le codt tres élevé d’'une nouvelle chaudiére dapéa@tion (au-dela de 100 M$ pour une usine
de 1000 t/j de pate) est un obstacle majeur popondre a une demande de production
additionnelle. Il est pratiqguement impensable e@mplacer cette unité de facon rentable. Il est
plus économique pour l'usine de maximiser la préidac en améliorant le systéme de
récupération déja existant a I'aide de technolodiaput telles que la précipitation de la lignine.
L’extraction d’une partie de la lignine de la ligqwenoire réduit la charge thermique entrant a la
chaudiere. Cette réduction de charge est alorpensgée par une augmentation de la production
de pate générant une quantité additionnelle suatisae liqueur noire pour rétablir la charge
thermique a la chaudiére. Plusieurs approchegténproposées pour récupérer la lignine de la
liqueur noire dont certaines ont été commerciadiséd 'extraction de la lignine peut étre
accomplie par la réduction du pH de la liqueur @@in point de précipitation (pH 9.0-10.0) [14-
17]. Elles peuvent étre regroupées en deux apesoamjeures : l'acidification chimique et

I'acidification électrochimique de la liqueur naire

L’acidification chimique a été commercialisée bggre le nombre d’installations demeure limité.
Elle consiste a neutraliser l'alcalinité de la kgu noire par I'addition d’agents acidifiants tels
que l'acide sulfurique et le dioxyde de carbonéaui¥e part, I'acidification électrochimique qui
vise aussi a réduire I'alcalinité de la liqueurregpour précipiter la lignine, ne nécessite aucun
ajout d’agents neutralisant de source externe.tr@oations électrochimiques se présentent pour
réduire le pH de la liqueur noire au point désie mtécipitation de la lignine [19]: (1)
I'électrodialyse conventionnelle de la liqueur ®Qi(2) I'électrodialyse a membranes bipolaires,
(3) l'électrolyse directe de la liqueur noire e#l) (la production électrochimique d’acide
sulfurique a partir du sulfate de sodium.
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2.4.1 Options chimiques

La Figure 4.2 montre lintégration d’'un systeme réeupération de lignine par acidification
chimique au circuit de récupération de liqueur @aiiun procédé kraft. Une fraction du débit de
liqueur noire contenant 30 % de solides est dédiéeircuit de récupération conventionnel et
alimentée dans une étape d’acidification. La piétion chimique de la lignine consiste a
ajouter des agents acidifiants a la liqueur nats jue I'acide sulfuriqgue @3$0,) et le dioxyde

de carbone (C® afin de réduire le pH au point de précipitatiba. lignine est alors récupérée
sous forme solide par filtration. A la sortie dist®me de séparation, on récupére d’une part une
liqueur résiduelle (filtrat) appauvrie en ligninkedéautre part la lignine partiellement déshydratée
Le filtrat est retourné dans le circuit de liquewnire de l'usine, plus précisément en amont du
systeme d’évaporation. La lignine peut servir debustible dans la chaudiere a écorces et le
four a chaux ou comme matieres premiéres a unentéé transformation chimique pour la

production de produits dérivés a valeur ajoutée.

4 A
Liqueur X Liqueur blanche
. CHAUDIERE
EVAPORATEURS RECUPERATION CAUSTIFICATION
Noire Vers cuisson
—
H,SO,
ACIDIFICATION
ou CO,
pH | 910
FILTRATION Lignine vers | Chaudiére a écorces
ET LAVAGE Four a chaux
Usine chimique

Filtrats

Figure 2.2 : Récupération de lignine par acidifmaichimique de la liqueur noire a I'aide d’acide

sulfurique ou de dioxyde de carbone O

2.4.1.1Acide sulfurique (H2SOy)

L’acide sulfurique peut étre utilisé comme ageracdlification de la liqueur noire étant donné
son contenu en soufre compatible avec la compodéat® de la liqueur de cuisson. L’acide

chlorhydrique (HCI) est a éviter a cause de I'acalation du chlore élémentaire dans le circuit
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de récupération causant I'entartrage des échangeuchaleur de la chaudiére en présence de
potassium [26]. De plus, assumant que le filt@itaminé de chlore puisse étre déversé aux
eégouts, cette pratique génere des pertes consiéerdb sodium sous forme de chlorure de

sodium qui doivent étre compenseées par I'addite@salde caustique (NaOH).

Bien que l'acide sulfurique soit acceptable dansciteuit de liqueur, toutefois il doit étre
accompagné de Il'addition de sodium sous forme d®HNgour maintenir le rapport Na/S
spécifigue a chaque usine. Cependant, la quaditigde permise est limitée aux pertes de
soufre de l'usine. Au-dela de cette limite, lafisiité® de la liqueur de cuisson dépassera les
cibles opérationnelles. Alors, afin de mainterdt équilibre (Na/S), I'excés de soufre doit étre
purgé en déversant aux effluents une partie desspmes récupérées par le précipitateur
électrostatique traitant les gaz de combustionadehbudiere de récupération. Ces poussieres
essentielles au procédé de mise en pate contieprianipalement du sulfate de sodium (94 %)
et du carbonate de sodium (6 %) [27]. Cette puetignplique donc la perte simultanée de
sodium qui doit étre compensée par I'addition d®Na La rentabilité dépend fortement du codt

des produits chimiques [17, 28-29].

Afin de minimiser I'impact négatif de l'utilisation’acide sulfurique de source externe sur la
sulfidité de la liqueur de cuisson, trois sourcesrnes peuvent étre considérées pour précipiter la
lignine de la liqgueur noire: (1) les rejets acidiksgénérateur de dioxyde de chlore [30], (2) la
conversion du soufre des gaz non condensablesiga salfurique [31, 32] et (3), de l'acide

sulfurique provenant de la conversion électrochimaidqu sulfate de sodium [33, 34].

Quelques vieilles usines kraft sont équipées d'énégateur de dioxyde de chlore de type
Mathieson, Solvay et R2 d’ERC@ui générent un effluent acide (GWAcomme sous-produit
de réaction de la production du dioxyde de chi8fe B6]. Cet effluent peut contenir jusqu’a 500
g/L d’acide sulfurique [37] et autant de sulfatestelium. Il sert d’appoint pour compenser les
pertes de soufre et de sodium du circuit de liquélette source d’acide pourrait étre déviée vers

un atelier de précipitation de lignine [30, 38].

> Sulfidité (%) = NaS/(NaOH +NaS)
® ERCO: http://www.ercoworldwide.com/index.php/comp&ompany-overview/?lang=fr
" GWA : Generator Waste Acid
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Andritz [31] a développé un procédé alternatif pauprécipitation de la lignine appelé WA
lequel produit et utilise de l'acide sulfurigue cme agent acidifiant. La particularité de cette
approche réside dans le fait que I'acide sulfurigolecentré est produite a I'usine méme a partir
des composés de soufre contenu dans les gaz noernsables générés durant la cuisson des
copeaux de bois. Cependant, la capacité maximale atelier de lignine est dictée par la
production d’acide laquelle dépend directementadguantité de composés sulfureux produite

lors de la mise ne pate et récupérée sous fornoad’a

2.4.1.2Dioxyde de carbone (CQ)

L'utilisation du CQ comme agent d’acidification présente un avantaggun par rapport a
'acide sulfurique. Le C®Ilui-méme n’affecte pas le bilan soufre-sodium ddidueur. Par
contre, le recyclage du filtrat de I'étape de lavad’acide présente le méme inconvénient, mais a
un moindre degré. Pour une efficacité optimalgricédé au COdoit opérer avec une liqueur
contenant environ 30 a 35% de solides [16-18, 88].pH final d’environ 9-10 semble étre idéal
pour I'étape de carbonatation donnant un rendemienviron 65 a 75% et produisant ainsi une
lignine plus facile a filtrer. En 2008, Araujo [U&apporte une seule installation commerciale de
précipitation de lignine kraft appartenant a WestR@nciennement Westvaco, utilisant le CO
comme agent acidifiant. Kouisni [15] et Tomani]éht développé de récentes versions de cette
technologie, LignoBooSt et LignoForcé commercialisées par Valmet et NORAM,
respectivement. Les difféerences majeures entredés< technologies sont les suivantes :
LignoBoost" comprend une étape de remise en suspension daugdeelignine pour le lavage
alors que dans le cas du procédé LignoForee liqueur noire est assujettie & une étape
d’oxydation permettant d’améliorer la filtrabilitke la lignine.

En 2013, Domtar a démarré une usine de ligninelép@ioChoice® Lignin, située a Plymouth
en Caroline du Nord aux Etats-Unis, d’'une capadéé’5 t/jour [10]. Stora Enso produit de la
lignine & I'échelle industrielle depuis 2015 a sine de Sunila en Finlande. C’est le plus grand
producteur de lignine (140 t/jour) dans le mondatdme partie est utilisée pour fabriquer du
Lineo, un substitut du phénol [11]. La seule udgleelignine au Canada a été construite par la

compagnie West Fraser Timber qui produit 30 t/jawon usine de pate kraft située a Hinton

8 WSA : Waste Gas Sufuric Acid
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Alberta depuis mars 2016 [12]. Cette lignine sermatiere premiere pour la fabrication de colle
utilisée dans la manufacture de panneaux a lammeileses orientées (OSB) [12].

Toutefois, cette option chimique de précipitatianld lignine a I'aide du COne s’applique pas
nécessairement a toutes les usines. Certainesaitdes peuvent en limiter le potentiel tel que

démontré dans le chapitre 2 de ce document.

2.4.1.3Acides organiques

Namane et al [42] ont effectués des essais depmaan de lignine utilisant non seulement des
acides inorganiques (80;) mais aussi des acides organiques tels que I'amdaque, citrique

et formique comme agents acidifiants. lls ont tatésque la lignine précipitée avec les acides
organiques contenait moins de soufre que cellesail de I'acide sulfurique, ce qui pourrait
représenter un avantage pour certains produitvétede la lignine. Cependant, I'utilisation
d’acides organigues augmente la charge thermiglae chaudiere de récupération lorsque les
effluents de filtrat sont retournés au circuit dguéur. De plus, les acides organiques sont
généralement plus dispendieux que les acides miréra

2.4.2 Options électrochimiques

La deuxieme génération de technologies de récupgrde lignine repose sur des traitements
électrochimiques pour réduire l'alcalinité de lgueur noire au point de précipitation de la
lignine. Les procédés de traitement direct dadaelur noire incluent : (1) le dessalement par
électrodialyse conventionnelle, (2) I'électrodiayd membranes bipolaires et (3) I'électrolyse a
membranes. L’électrodialyse a membranes bipolatd&lectrolyse récupére le sodium et le
convertit en soude caustique alors que I'électigsiaconventionnelle récupére le sodium sous
forme de sels alcalins. De facon indirecte, lggnaent électrochimique du sulfate de sodium est

une option dérivée qui fournit I'acide sulfuriqueyvant étre utilisé comme agent acidifiant.

Les traitements électrochimiques tels que I'élatitigse et I'électrolyse de liqueurs de cuisson
usée de l'industrie des pates et papiers ont é&popes au début des années 1940 comme
alternative au traitement chimique. Ces deux ptésédnt été investigués dans le but de séparer
et de récupérer des composés organiques d’abolal ldgieur résiduelle de la mise en pate au

sulfite [43-48] et puis de la liqueur noire de lesenen pate kraft [49-80].
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2.4.2.1 Electrodialyse conventionnelle de la liqueur noire.

La liqueur noire consiste en un mélange de matiérganiques et inorganiques comprenant

principalement les électrolytes alcalins suivantéaOH, NaCO; et NaS [27] fournissant les
cations de sodium et les anions HCOHS et OH. L’électrodialyse (ED) conventionnelle

permet une déminéralisation partielle de la liqueoire, notamment par extraction des sels de

sodium alcalins pour en réduire le pH afin de giéer la lignine.

Contrairement a I'électrolyse, le traitement éledialytique ne neutralise pas I'alcalinité de la
liqueur noire. Il extrait les sels alcalins réduisainsi le pH de la liqueur noire. La cellule ED
contient des membranes cationiques et des membi@mesiques (Figure 4.3) [19]. Les
membranes cationiques étant chargées négativem@nparméables aux ions positifs de sodium
(Na") et imperméables aux anions (HECHS et OH). Les membranes anioniques qui sont
chargées positivement laissent passer les anioissrapussent les cations. Les anions qui sont
attirés vers I'anode traversent la membrane anienfgpur se combiner aux ions sodium qui ont
traversé la membrane cationique se déplagant datliselction opposée vers la cathode. Les sels
extraits de la liqueur noire sont piégés entrentesnbranes du compartiment adjacent alimenté
de liqueur noire jusqu’a leur sortie de celui-cicentribuent a I'enrichir en sels alcalins pour
ensuite étre retournés au circuit de récupératDiautre part, la liqueur noire appauvrie en sels
est dirigée vers I'étape de précipitation de lailig. Cette option du traitement électrochimique
pause un probleme d’entartage de la membrane gn®rniés sensible aux composés chargés
négativement tel que la lignine. Lorsque le pHadkgueur noire atteint 10-10.5, le voltage de la
cellule augmente de facon drastique [19, 73] adigodirectement la consommation d’énergie. |l
est donc nécessaire de développer une méthoderatmpe appropriée incluant un cycle de
lavage pour éliminer ou réduire I'entartrage. Mespl'électrodialyse qui opére a des densités de
courant plutét faibles (50 mA/cnlimitées par la membrane anionique comparé adtéblyse
(300 mA/cnf) requiert des surfaces de membranes nettemenélaiuées. Par le fait méme, plus
d’empilements de membranes (stacks) sont requigse#ant une plus grande surface de

plancher affectant doublement les colts d’une liasi@an.
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Figure 2.3 : Arrangement interne d’'une celluleet&lodialyse conventionnelle
2.4.2.2 Electrodialyse & membranes bipolaires

L’électrodialyse par membranes bipolaires est ypt®n de traitement de la liqueur noire qui
permet de baisser le pH a partir des iorisgénérés par la membrane bipolaire (Figure 4.4).
Cette membrane composite est formée d’une memlar@Enaique et d’'une membrane cationique
qui sont collées dont I'interface comprend un gai@lir. A cette interface, grace au catalyseur, la
molécule d’eau est séparée en ions hydroxyles’)(@ine part qui traversent la membrane
anionique pour se joindre aux ions'Naur former de la couse caustique et d’autre @aibns

H* qui traversent la membrane cationique pour nesérl’alcalinité de la liqueur noire. Il faut
souligner que cette option ne requiert pas de mamasr anioniques mais seulement des
membranes bipolaires et cationiqgues moins susdeptdu colmatage en milieu organique. La
faisabilité technique a déja été démontrée danseges 1990 [62]. Depuis, les membranes
bipolaires se sont beaucoup améliorées. Cependefin I'étude de Haddad [77] pour
I'acidification de la liqueur noire, le problémeeditartage causant une augmentation drastique de
voltage s’est avérée similaire a I'application @elctrodialyse conventionnelle malgré I'absence
de membranes anioniques. Il est donc de mise digtudavantage ce phénomeéne pour
développer une meilleure compréhension du mécarienoelmatage.
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Figure 2.5 : Arrangement interne d’'une cellule avegnbranes bipolaires et cationiques pour le

traitement de la liqueur noire (MBP : membrane l@pe, MC : membrane cationique)

2.4.2.3 Electrolyse de la liqueur noire

Le pH de la liqueur noire peut étre réduit par waitément électrolytigue en vue de la

précipitation de la lignine. L’électrolyse de l@ueur est alors effectuée dans une cellule
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comprenant une anode, une membrane cationiqueeetathode (Figure 4.6). Un empilement
(stack) peut contenir plusieurs dizaines de cedllulaitaires (Figure 4.7). Dans ce procede,
I'alcalinité de la liqueur noire est réduite suatéa réaction des ions hydroxyles (QH la surface

de I'anode formant de I'eau [81]. Cette réactiend@salcalinisation contribue a réduire le pH au
point de précipitation de la lignine. Plusieursdéts sur I'électrolyse de la liqueur noire ont été
revues [19] rapportant I'effet de la densité deraat) du pH final, du type d’anode, du type de
liqueur noire, de I'addition de sels, de la tempéet de la concentration du NaOH produit. La

faisabilité technique du procédé a aussi été déa@er’in opération continue [68, 74].

L’électrolyse de la liqueur noire joue deux roéleB’abord, elle permet la précipitation de la
lignine par désalcalinisation électrochimique. @ianément, elle extrait le sodium de la liqueur
noire pour le convertir sous forme de soude caustidl est a noter qu’avec I'électrolyse directe,
il y a production d’hydrogene a la cathode et digye a 'anode. L’hydrogene peut étre utilisé
comme combustible dans le four a chaux alors quediene peut servir a oxyder la liqueur noire

ou encore a l'atelier de blanchiment pour la défigation de la pate [24].

Toutefois, malgré les nombreux bénéfices, les aliffés d’opération en mode continu et
d’intégration au systéme de récupération convenghnsemblent avoir été un frein a la
commercialisation de cette technologie. Il est irmpEd’avoir recours a un design de cellule
adapté spécifiquement [65] a la liqueur noire aseade son grand potentiel de colmatage. La
cellule électrolytique doit pouvoir tolérer la peése de particules solides de lignine et le systeme
doit aussi permettre le dégazage de la solution l&#@égagement de I'oxygéne formé a I'anode

ainsi que le C@génére suite a la décomposition du carbonatedlarad74].

Liqueur noire NaOH

O2 (\ appauvrie en Na O f’ Ha

S N 1O

ANODE >-2ho OH-<«—| CATHODE
4 OH~ T
LIQUEUIiNOIRE EAU

Figure 2.6 : Principe de I'électrolyse directe ddidueur noire
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Figure 2.7 : Arrangement interne d’une cellule eaftolyse pour le traitement de la liqueur noire
(A : Anode, C : Cathode, MC : Membrane cationique)

2.4.2.4 Acide sulfurigue de source électrochimique (N£0O,)

La précipitation de la lignine peut étre réaliséeabaissant le pH de la liqueur noire par I'ajout
d’acide sulfurique tel que décrit a la section ILH. Mais, I'acide peut étre produit en usine par
la conversion électrochimique du sulfate de sodidhexiste deux sources de sulfate de sodium
dans une usine kraft : a) les poussieres collegi@esle précipitateur électrostatique de la
chaudiere de récupération et, b) le résidu saligé&herateur de dioxyde de chlore (QI82].

La quantité totale de sels peut atteindre 180 dayfts les usines de pate blanchie et non blanchie
(Tableau 2.1). Dans les usines de pate blanckge pertes de sel sont compensées par le
recyclage d’'une partie des rejets du génératel€l@e alors que l'usine de pate non blanchie

doit combler ses pertes par un approvisionnemeetrex

Tableau 2.1 : Sources de sulfate de sodium (tj¥ dee usine de pate kraft

Usine de pate Usine de pate
Sources non blanchie blanchie
Min Max Min Max
PPES 50 140 50 140
ClO, - - 20 40
Appoint 20 40 - -
Total 70 180 70 180

° PPES : Poussiéres du précipitateur électrostatique
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Deux procédés de nature électrochimique peuvent @&insidérés pour la production d’acide
sulfurique a partir de sulfate de sodium. |l stade I'électrolyse membranaire et de
I'électrodialyse a membranes bipolaires. Ces mésémpliquent la production simultanée
d’acide sulfurique et de soude caustique. Seuwetibn d’électrolyse est considérée ici
produisant un acide de concentration suffisanta. effet, I'électrolyse peut produire de l'acide
suffisamment concentré, jusqu'a 25 a 40 % [33, BRdBors que I'électrodialyse a membranes
bipolaires est limitée a moins de 10 %, concemmnasiu-dela de laquelle I'efficacité de courant
est réduite en bas de 50 % [84] rendant I'application rentable. Cependant, dans le contexte
de la récupération de la lignine, cet acide biea djlué, serait de concentration suffisante pour

combler les besoins d’acide de I'étape de lavada tignine.

L’électrolyse du NgSO, produit de I'acide sulfurique, de la soude causdjce I'oxygene et de
I'hnydrogéne utilisable dans l'usine. L’acide pdite utilisé pour la précipitation de la lignine
pour augmenter la production de pate d'une usinat da production est limitée par
I'engorgement de la chaudiere de récupération.sdiale caustique et 'oxygéne peuvent servir
dans les étapes de blanchiment et I'hydrogene lxiiféur a chaux. La rentabilité du procédé de
conversion du sel en produits chimiques seulensamts I'option de précipitation de la lignine
peut offrir un investissement intéressant donetaabilité dépend fortement du prix de I'acide et
de la soude caustique [85]. L'utilisation de l@eipour la précipitation de la lignine dans le but

d’augmenter la production de pate est une valesma@uique ajoutée au procédé.

Il est important de souligner que la productioncitla et de lignine a partir du sulfate de sodium
est limitée par la quantité de sel disponible darssne. La disponibilité de sulfate de sodium est
d’environ 0.1 t par tonne de pate produite. Baséus taux de conversion de 60% du sel et une
consommation d’acide de 0.6 t par tonne de lignore peut estimer que la quantité d'acide
produite permettrait de précipiter 0.07 tonne dmitie par tonne de pate. Cela signifie une
augmentation potentielle maximale de production’clelre de 7%, en supposant que chaque
tonne de lignine produite permet d’augmenter ladpotion d’une tonne de pate additionnelle.
On peut donc conclure que l'utilisation du sulfae sodium comme source d’acide offre un

potentiel d’augmentation de production plut6t liénit
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2.4.2.5 Design de cellules spécialisées pour le traitemeshé la liqueur noire

L’électrolyse peut étre utilisée pour traiter lguéur noire dans le but soit (1) de précipiter la
lignine tel que décrit dans la section 4.4.2.3 B {le 'oxyder en produits dérivés. Quant a
I'électro-oxydation anodique, elle vise a modifi@ilignine par dépolymérisation [76, 78] dans le
but de la transformer en produits a valeur ajottd® que des acides organiques entre autres
I'acide vanillinique et I'anthraquinone [71, 76].

Une premiere tentative du traitement électrolytiqies la liqueur noire a été rapportée par
Dyfverman en 1942 [49]. Depuis, quelques desiges cdllules ont été proposés pour
I'application dédiée spécifiquement a la liqueuir@o Le traitement électrolytique de la liqueur
noire représente un plus grand défi technologique tps applications électrochimiques
conventionnelles telles que la production de chlowe d’hydrogene. Durant le traitement
électrolytique de la liqueur noire, la lignine teagbrécipiter sous forme de particules colloidales
[18, 86] pouvant causer I'entartrage du compartimerodique. |l est alors essentiel que le
design de la cellule assure une vitesse suffisdatdluide pour maintenir les particules en
suspension pour prévenir la sédimentation dansrgartiment et éventuellement le blocage de

celui-ci.

Le premier concept breveté du traitement électigpgt de la liqueur noire pour précipiter la
lignine a été attribué & Kennedy and Jernigan &9 190]. L’équipement proposé comprenait
un tambour rotatif servant d’anode lequel est t@mprtiellement dans un bassin de liqueur
noire. Lorsque le courant est appliqué a I'éldgtep une mince couche de matériel ligneux se
dépose sur I'anode. Le film de lignine est arres&c de I'eau pour le ramollir et est
subséquemment enlevé a l'aide d’'un grattoir. Aecapplication commerciale de ce dispositif

n'a été rapportée.

La cellule électrolytique développée par Edel ef58] comprend un compartiment anodique
séparé de la cathode par une membrane. La liouoéne alcaline est désalcalinisée a 'anode ou
le pH descend au point de précipitation de la ighi Une mousse brune légere est formée et
flotte a la sortie de la cellule ou la lignine eStupérée. La particularité de ce design est la
flottation du produit de lignine dans le compartimh@nodique alors que I'on fait appel a la
sédimentation dans les procédés conventionnels rdeippgation de la lignine. Aucune

application commerciale de ce design de cellulenota plus été rapportée.



21

Azarniouch et Prahacs [64] ont proposé un procéetérélytique pour extraire la lignine de la
liqueur en utilisant deux étapes d’électrolyse.urLbrevet repose plutot sur les conditions de
traitement et les bénéfices de la technologie satgion du type de cellule ni des détails sur le
design de la cellule utilisée. Par contre, subsgument, Cloutier et al [66-68] ont repris le
concept pour investiguer la performance du procéfilésant la cellule de laboratoire MP
fabriquée par ElectroCell A% L’inconvénient majeur de cette cellule est lasmmmation plus
élevée d’énergie di d’abord aux compartiments aped et cathodiques plus épais causant un
voltage plus élevé et puis la présence d’'un prounale turbulence qui a tendance a s’encrasser

de particules de lignine.

Herron et al. [65] ont développé une cellule d'élglyse spécifiquement pour le traitement de la
liqueur noire. La particularité de la cellule repasur un design a haute turbulence a la surface de
la membrane avec un changement continu de direati@@ par la forme ondulée du
compartiment anodique. La cellule comprend ungé&ard’anodes tubulaires entourées par deux
membranes cationiques. Cette configuration crépassage étroit (4 mm) pour la liqueur noire
et un écoulement turbulent permettant de maintkssr particules colloidales de lignine en
suspension. Des essais pilote en usine ont égrtedis [87], mais aucune installation

commerciale n’est connue a date.

Stiefel et al. [76] proposent un design unique elkute pour le traitement de la liqueur noire dont
le but est la dépolymérisation de la lignine. Lebjectif n’est donc pas simplement de précipiter
la lignine mais plutét de briser les molécules idaihe et de récupérer des produits deérivés a
valeur ajoutée. La cellule comprend deux anoddisdriques et une membrane tubulaire de
nano-filtration en céramique. Une membrane aniomientoure la membrane de céramique entre
la cathode et le perméat contenant le produit dédr lignine. Ce design requiert des efforts

additionnels de développement avant d’atteindmtamercialisation.

Belo et al. [80] revendique d’avoir développé uruvel électrolyseur pour le traitement de la
liqueur noire qui permet de récupérer la lignine gactrodéposition. Cet électrolyseur est basé
sur le design de la cellule électrochimique de tiiitre-presse. Le principe semble similaire au

design de Kennedy [50] ou la lignine se déposel’anode. Un grattoir est nécessaire pour

1% http://www.electrocell.com/products/electrocherhibaw-cells/electro-mp-cell
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enlever la lignine de la surface de I'anode. Conaventage, il apparait que cette approche ne
requiert pas de systeme de filtration. Il n’y @aue mention de la méthode de récupération et de

lavage de la lignine. Il est évident que cett@imetogie est encore au stade expérimental.

2.4.2.6 Le choix de la cellule commerciale FM-21

Aucune des cellules électrolytiques décrites préaddent ont le stade de la commercialisation
pour le traitement de la liqueur noire. Par cqgnlaecellule FM-21 semble étre un candidat
d’électrolyseur commercial approprié pour le tn@iént de la liqueur noire grace a sa praticabilité
et sa versatilité [88, 89]. Cet électrolyseur@dveloppé par ICI (maintenant INEOS) dans les
années 1980 pour la production de chlore et esttgffar INOVYN [89], une filiale d’'INEOS.
Quelques aspects de sa praticabilité incluent ufl)lesign compact, (2) des électrodes uniques
de type lanterne, Iégeres et faciles a remplaces lgabesoin d’un pont roulant pour les soulever,
(3) les lanternes sont fabriquées en pressantawnidefmétallique simplifiant le surfacage et, (4)
le design innovant des électrodes lanternes pedmaemplacer la plomberie externe par un
collecteur interne des écoulements dans la celluteversatilité des applications comprend entre
autres : la production de chlore et de soude apuestide chlore et d’hydroxyde de potassium
(KOH), de polysilicone, d’hypochlorite de sodium9]8et, d’acide sulfurique et de soude
caustique a partir du sulfate de sodium [33, 82].

La cellule FM-01 (64 cfpar unité cellulaire) représente la version latmra de la cellule
commerciale FM-21 (2 100 énpar unité cellule unitaire) correspondant & uneiacde mise a
I'échelle de 33. Les résultats expérimentaux peuétre facilement extrapolés a la version
commerciale avec confidence selon le concept diasité développé par Sulaymon [90] et basé
sur les similarités : (1) géométriques, (2) cindtig) et, (3) de distribution de courant et de

potentiel électrique.

Les cellules FMO1 et FM-21 ont fait I'objet de namibses études pour diverses applications [91,
92]: du lignosulfonate a la vanilline [93], 'oxytlan des ions cérium [94], les dérivés de la
catecholamine [95], l'oxydation des composés desard96], I'oxydation destructive des
teintures indigo dans I'industrie du textile [97}2R crésol et de la vinasse [100], I'enlevement
de I'arsenic [101], la réduction des ions de fgminde en ions ferrocyanide [102] et, la réduction

des ions de cuivre [103]. Ces deux cellules o6t gtandement caractérisées en termes
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d’hydrodynamique, de mélange turbulent, de trahsfermasse, de performance et de mise a
I'échelle [90, 92, 104-118].

2.5 La modélisation des phénomeénes de transport dans taembrane

Le transport de masse dans les cellules électraghes est le résultat de trois phénomenes : (1)
la diffusion, (2) la migration due au potentielatteue et, (3) la convection [81]. Le transport
d’'ions dans une membrane échangeuse d’ions est gécr’équation de Nernst-Planck [12].
Carlberg [119] propose un modele simplifié de tpamsde masse basé sur I'équation de Nernst-
Planck dans laquelle il réduit le nombre de dimemsidans la géométrie et le nombre de
variables. Il a développé trois rapports adimemséts pour caractériser chacun des phénomenes
impliqués dans le transport d’'ions : (1) le rappmtvection/diffusion (C/D) correspondant au
nombre de Péclet, (2) le rapport migration/diffus{/D) et (3) le rapport migration/convection
(M/C). Cette simplification lui a permis de dévep®r une solution analytique permettant de
développer le profil de la concentration des iorteagers la membrane en opération de régime

permanent.

Tel que proposé par Moshtari Khah [120], les calau profil de la concentration des ions dans
la membrane doivent absolument tenir compte ddetebonnan qui sévit aux interfaces
solutions-membrane causant un saut de concentratitne les deux media. Ce phénomene
concerne le comportement des particules chargéetgs d'une membrane semi-perméable qui
parfois ne sont pas distribuées également de crddéeale la membrane. La cause principale est
la présence de différentes substances chargéeseguieuvent pas traverser la membrane
(protéines ou ions non diffusibles), ce qui crée charge électrique inégale. L’effet Donnan
crée ce gradient subi de la concentration entrigléde et la membrane selon le potentiel
d’équilibre chimique. L’équilibre de Donnan estbasur le fait que le potentiel chimiqug),(

par exemple, dans la phase liquide a l'interfageidie-membrane est égal au potentiel chimique

dans la phase solide de la membrane a cette icterfa

Moshtarikhah [121] rapporte que la différence démscomposition de I'anolyte affecte la

conductivité de la membrane et donc la perte deagela travers celle-ci. En effet, I'auteur a
observé que lors des essais avec des concentrdiftérentes de I'anolyte et du catholyte, la
concentration de I'anolyte avait une forte influersur la conductivité de la membrane. De plus,

une augmentation de la concentration de la solutienNaOH résulte en une baisse de la
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conductivité de la membrane et augmente ainsi ldectle voltage a travers la membrane. La
conductivité de la membrane atteint un maximum & wgancentration de NaOH de 15 %
correspondant a la conductivité typique de la souodestique. Concernant l'effet de la
température sur l'efficacité de courant du procéddsectrolyse a membranes, Moshtarikhah
[121] explique gu’'une température plus élevée aungenda mobilité des ions favorisant le

transport des ions.
2.6  La précipitation et la filtration de la lignine

2.6.1 Coagulation brownienne

La précipitation et récupération de la lignine @didueur noire requiert une étape de coagulation
sans égard a la technique utilisée: I'acidificaanCQ, a I'acide sulfurique, la désalcalinisation
par électrodialyse conventionnelle ou électrolyse, dacidification par électrodialyse a
membranes bipolaires. En fait, la lignine commeaqg@écipiter de la liqueur noire a pH 10.5-
11.0 [86] formant de fines particules colloidale€es particules sont tres difficiles sinon
impossibles a filtrer blogquant les pores du filtregne étape de coagulation est nécessaire pour

promouvoir la croissance de gros flocs voluminacilitant la filtration.

La coagulation et la précipitation de la ligninesoausées par un mouvement aléatoire continu
des particules qui entrent en collision pour fing@t se coller ensemble, appelé la coagulation
brownienne et formant ainsi une agglomération dessgs particules [122]. Le phénomene
consiste en un processus physique de collisionasitigues et de I'attachement de particules les
unes sur les autres [123]. Le mouvement browniemntique de particules accompagné de
turbulence, de champs de cisaillement, et de fomdsrnes telles que gravitationnelle et

électrigue peuvent causer la coagulation [123].inéleet al. [124] ont rapporté que plus la

concentration de particules en suspension est &l§uéqu’a 35 %) meilleur est le taux de

coagulation d0 a la plus grande probabilité deisiohs. Kannangara [18] explique que durant
I'acidification de la liqueur noire au GQla lignine est déstabilisée et que les particules

colloidales portant des charges électriques comemtr@cse former a pH 10.8.
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Le taux de coagulation de la lignine peut étre jprgar la théorie DLV®' développée a la fin
des années 1940 par Derjaguin et Landau en 19éreey et Overbeek en 1948 [123]. Trefalt
[125] a formulé un sommaire du concept DLVO. lest postulé que les forces d’interactions
dans une suspension aqueuse colloidale peuveng@meximées par une superposition des
forces de Van der Waals et des forces inhérenties dbuble couche lesquelles doivent étre
réduites afin de favoriser I'agrégation des paltisu Norgren [86] a appliqué ce concept a une
solution de lignine kraft et mentionne que I'effid@ de la coagulation de la lignine dépend de la
température, de la force ionique et du pH. Le tdexcoagulation peut étre amélioré en
augmentant la force ionique de la solution pardiidn d’'un sel a la concentration critique de
coagulation (CCC) [86, 126] laquelle varie d’'un adlautre.

Durant I'étape de coagulation, une agitation légioié étre maintenue en opérant l'agitateur a
faible vitesse durant la coagulation afin de gamgderrégime laminaire dans la solution. Par
contre, le niveau d’'agitation doit étre suffisaming&ievé pour favoriser la collision des particules
contribuant a la formation de gros flocs sans ldaseb mais pas trop lent pour éviter la
sédimentation et maintenir les particules de lignien suspension [127-129]. Lors de
I'optimisation de I'étape de filtration, Kannangdia] rapporte qu’une vitesse de rotation de 122

révolutions/min fournit la meilleure performancefidiation.

Deux régimes de cinétique ont été identifiés poyptiquer I'agrégation causée par le mouvement
brownien : (1) diffusion rapide limitée par 'agedmpn de grappes et (2) I'agrégation limitée par
la vitesse de réaction. La CCC est en fait démEmau point de changement de régime passant
d’un processus limité par la réaction tranquillaraprocessus limité purement par la diffusion.
Cette transition de régime a été bien illustrée ljgaidition de 1.3 M NaCl a une solution de
lignine de type Indulin® Kraft at pH 10.5 and 70FL8, 86]. A plus grande force ionique de la
solution de plus gros agrégats sont formés favatriataux d’agrégation. Norgren [86] a aussi
rapporté qu’une augmentation de la températurendienia CCC. Malheureusement, I'utilisation
de NaCl n’est pas acceptable dans une usine kiads chlorures en présence de potassium
peuvent causer un entartrage sévere des échardgeiwleur de la chaudiére de récupération
[26, 27]. En pratique, le N8O, disponible en grande quantité et déja présent @ahgqueur

noire serait d’'usage acceptable et inoffensif plaurchaudiere de récupération. Mais, sa

' DLVO : Derjaguin, Landau, Verwey, et Overbeek
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concentration doit étre maintenue en dessous delshilité pour éviter sa cristallisation dans les

évaporateurs [29].

2.6.2 Théorie et modes de filtration

L’équation fondamentale de filtration dérivée dédiade Poiseuille et Darcy décrit I'écoulement
d’un fluide a travers un médium poreux [130-13QJuatre modeles sont proposés par Ripperger
et al [130]: (1) filtration par le gateau, (2) fdtion bloquante, (3) filtration en profondeur ()
filtration tangentielle. Le mode de filtration plargateau lui-méme est le modele le plus utilisé.
Deés que la premiere couche de gateau est formée §iltre, la filtration est accomplie par le
gateau lui-méme et le filtre joue un réle de suppbiysiqgue seulement. Ce modeéle présente les
avantages suivants: (1) simplicité, (2) un seulmique filtre pour la filtration, le lavage et
I'essorage, (3) application d'une pression négabwepositive sur le gateau. Dans le cas d’'une
filtration sous vide, la différence de pression @gidemment limitée conséquemment le taux

d’humidité du gateau est plus élevé qu'avec urefét pression [130].

Ripperger [130] propose une méthode simple poumestla résistance du meédium filtrant et
celle du gateau. Il s’agit de tracer les donnée#\d vs V obtenues lors d’un essai de filtration,
ou t est le temps pour collecter le volume V diedil Normalement, la courbe représente une
ligne droite, mais cette courbe peut dévier denéakrité dépendamment du mode de filtration.
Dans le cas de la filtration du Cag@n produit commun et familier a I'atelier de dé#itation
d’'une usine de pate kraft, la courbe de filtratdévie d’'une droite au-dela d’'une certaine
épaisseur du gateau [131]. Selon Ripperger [1&3£§ signifie que I'opération comprend une
combinaison de modes de filtration. Il expliquéeeléviation par la présence de fines particules
se déplacant a travers le gateau et bloquant kes pie celui-ci ou celles du filtre. Le processus
peut étre caractérisé comme une filtration blogeiant-dela d’'une certaine épaisseur de gateau

provenant du volume correspondant de filtrat cédlec

Ripperger [130] suggére aussi la formulation dodiée pour évaluer la filtrabilité d’un produit.
Cet indice consiste au produit de la résistancgédeau par la viscosité du filtrat. 1l a déterminé
que la plage de lindice varie de ®1@our une filtration rapide & b pour un produit
pratiguement non filtrable. 1l est connu que latrdiion de la lignine peut étre lente

dépendamment des conditions de coagulation etltdatiin. De nouvelles techniques se sont
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développées pour améliorer le taux de filtratioBntre autres, Kouisni [15] a démontré que
I'oxydation avancée de la liqueur noire permet dBiarer substantiellement la filtrabilité.

Le pH final de la liqueur noire acidifiée affeceethux de filtration de la suspension de lignine et
son impact a été minutieusement investigué [15,13Q)]. Par exemple, Ohman [132] a montré
gue plus le pH est élevé plus la résistance datfih est importante et conséquemment, plus le
taux de filtration est faible. Cependant, Kannaada8] rapporte que le pH a relativement peu

d’influence sur le taux de filtration.

La plupart des gateaux sont compressibles se éasasit par une porosité qui décroit et une
résistance a la filtration qui augmente avec |agion. La compression du gateau est causée par
la contrainte de compression sur la structure @escples, laguelle est causée par les forces de
trainée du liquide [130]. La compressibilité pétre démontrée expérimentalement en variant le
niveau de vide ou de pression appliqué au gateaule Sateau est compressible, une
augmentation de la différence de pression d’'urefack se traduit par une augmentation du taux

de filtration d’un facteur inférieur a x.

La qualité de la lignine est tres importante poom sitilisation comme matieres premieres et
dépend essentiellement de I'efficacité des étapdaviaige. Selon Heiskanen [133], une lignine
de haute pureté devrait contenir moins de 1.0 %eaelres et préférablement moins que 0.5 %

pour certaines utilisations.

Apres filtration de la suspension de lignine, lenige en suspension du gateau a été proposee
pour améliorer I'efficacité de lavage produisamtsaiune lignine de haute pureté avec une faible
teneur en sodium. Ohman et al [132] ont dévelappnouvelle méthode de lavage produisant
une lignine de haute pureté. Il recommande qupHefinal des eaux de lavage acides soit
inférieur & 3.75 pour une meilleure efficacité deadge. Une plus faible teneur en sodium peut
aussi étre obtenue en augmentant le nombre détdpelmvage [30, 41, 132, 134] ou en

soumettant le gateau de lignine a un champ éleetfiB33].

2.7  Limpact sur 'opération de l'usine

L’intégration d'une bioraffinerie dans une usine géate kraft comprenant un atelier de
récupération de lignine affecte la plupart des émibpérationnelles spécialement si une
augmentation de production de pate est considéRdasieurs usines souhaiteraient augmenter
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leur production de pate mais la capacité de ladieae de récupération a brdler la liqueur noire
additionnelle est limitée par la charge thermique.solution la plus convoitée par I'industrie est
de réduire la charge organique donc thermiqueméthode la plus commune est I'extraction de
la lignine puisque parmi les composés de la liquieulignine représente le constituant majeur
(30-45%) de la liqueur avec un pouvoir calorifidaglus élevé (25 110 a 26 900 kJ/kg) apres les
substances extractibles (16 220 a 37 710 kJ/kg) [Quant aux substances extractibles, elles ne
constituent que 3 a 5 % de la composition de laelig noire et leur présence n’est pas en

quantité suffisante dans la plupart des usinegjpeita teneur dépend des espéeces de bois.

2.7.1 Chaudiere de récupération

Il existe certaines limites physiques a pousseafscité d’une chaudiere de récupération a braler
de la liqueur noire. La surface du foyer de lahaise, le volume de la cavité et la dimension du
tambour a vapeur imposent des limites pratiquedédit de liqueur noire que peut traiter une
chaudiére [135]. Valimaki et al [136] ont trouv@egle taux de dégagement de chaleur du foyer
(HHRR') et la température adiabatique de la chaudiéreé dem paramétres critiques qui
déterminent la quantité maximale de lignine quitpdre extraite basée sur le pouvoir calorifique
minimum de la liqueur résiduelle a brdler. Cependéultime limite d'une chaudiere est la
production de vapeur dont le maximum est dictégaapacité nominale du design original qui a
parfois été bonifie. Cette limite ne peut étre af§ge en aucun temps pour des raisons de
sécurité et d’assurance. En pratique, cela saitr@dr une charge thermique maximale qui
limite le débit de liqueur noire entrant dans laautiere et conséquemment plafonne la
production de pate.

L’'une des stratégies adoptées consiste a extenlignine de la liqueur noire pour en abaisser la
valeur calorifique et réduire ainsi la charge thgue a la chaudiere [17-18, 30]. Cependant,
cette approche réduit la puissance disponible tréardéficit de vapeur pour I'opération. La

puissance énergétique nominale de la chaudiemastrétablie en augmentant la production de
pate générant ainsi une quantité additionnelleigieelir noire suffisante mais toutefois sans

dépasser la charge thermique maximale permise.

12HHRR : Hearth heat release rate
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Benali et al [137] ont établi que la valeur caligiie minimale de la liqueur noire qui garantit une
opération efficace et sécuritaire de la chaudigtedgnviron 12.5 kJ/kg. Basé sur cette limite
calorifique inférieure, on estime qu’il est possild’atteindre les 15 % d’augmentation de
production de pate. Cependant, il faut s’assunerlg valeur limite inférieure du HHRR établie a

2.5 W/nf et la température adiabatique minimum opérabli 480 °C soient respectées [136].

Les taux d’extraction peuvent atteindre 60 % setotimite physique des équipements [136].
Cependant, a 30 % d’extraction, la partie inféede la chaudiére de récupération commence a
montrer des signes de problémes opérationnels0 6 4l’extraction, la limite du surchauffeur
est atteinte [138]. A 50 % d’enlévement de lailign il est possible de maintenir la température
adiabatique requise, mais le débit du salignonusiofi (smeff) devient un facteur limitant
[136]. Afin de maintenir la limite inférieure daux de dégagement de chaleur du foyer, on ne
peut dépasser un taux d’extraction de lignine ds gk 50 %. Vakkilainen, and Valiméaki (2009)
[138] ont étudié I'effet d’augmenter le débit dgueur noire dans la chaudiére pour conclure que
la limite des surchauffeurs pouvait tolérer 60 %xtfaction de lignine. Cependant, pour des
taux d’extraction élevée de la lignine dépassanil@15 %, il est possible que des modifications

majeures s'imposent dans les unités adjacentesodedgiion.

2.7.2 Evaporateurs

L’augmentation seule de production de pate de 105% génere autant de liqueur noire faible
additionnelle créant une surcharge équivalente éuaporateurs. A cette charge additionnelle
s'ajoutent les eaux de lavage de la lignine siallent retournées au circuit de liqueur noire. La
pratique actuelle des installations existantessatit le CQ comme agent acidifiant est de les

déverser a l'effluent di au probléme de bilan defreoet sodium engendré par l'utilisation au

lavage d’acide sulfurique de source externe tel djgeuté antérieurement. Dans le cadre du
développement durable, I'option électrochimique] [iénéficie de I'avantage de pouvoir recycler

les eaux de lavage. Conséguemment, la chargaeaadditle aux évaporateurs sera d’autant plus
élevée et nettement supérieure a celle rapportéePgan-Levasseur [139]. Cependant,

I'approche électrochimique de précipitation de ignihe peut compter sur le bénéfice de

13 Smelt : sels fondus récupérés de la combustida ligueur au bas de la chaudiére de récupération former la

liqueur verte



30

réduction de la viscosité suite au traitement ébbgique [86] et de la réduction de la teneur en
lignine [140] pour récupérer une certaine capadié&aporation. Le traitement électrolytique
peut réduire la viscosité de la liqueur noire cornige par un facteur de dix [87]. Une réduction
de la viscosité de la liqueur noire par un factdarcing double la valeur du coefficient de
transfert de chaleur (U, Wm?C) ainsi donc de la capacité d’évaporation [14dJautre part, la
viscosité du filtrat de I'étape d’extraction lorgqd0 % de la lignine a été enlevée est réduite de 2
a 100 fois dépendant de la teneur en solide etadéermpérature comparées a la valeur
correspondante de la liqueur noire originale [14Bien que la charge additionnelle d’eau
provenant de 'augmentation du débit de liqueurenet des eaux de lavage soit substantielle, le
coefficient de transfert de chaleur pourrait éetement amélioré suite a une baisse globale de
viscosité. En cas de limite de la capacité dep@nateurs, une unité de compression mécanique

de la vapeur pourrait s’avérer nécessaire pour tEmds besoins manquants [143].

Dans le cas de I'option chimique de précipitati@nlal lignine, le CQ qui est barboté dans la
liqueur pour en réduire le pH réagit avec I'hydrdeyde sodium formant ainsi du carbonate de
sodium (NaCQ;). Cette réaction implique inévitablement une aegtation de la concentration
en carbonate et la formation de burkeite (29@-NaCQO;). La concentration pourrait excéder
la limite de solubilité [29, 144-147] et causer entartrage des échangeurs de chaleur des
évaporateurs suite a une cristallisation du sedtteCsituation démontre a nouveau l'importance
de porter attention a tout changement de la cortipogile la liqueur noire lors de I'intégration
d’un atelier de production de lignine, d’ou I'indéret les bénéfices de I'approche électrochimique

ne nécessitant aucun produit chimique de souragrext

2.7.3 Systeme de caustification

L’atelier de caustification comprend deux unitésjeuees : le réacteur ou extincteur de chaux
pour la conversion du N@O; de la liqueur verte en NaOH pour produire la liguelanche ou
liqueur de cuisson et, le four a chaux qui serbrvertir le CaC®@ en chaux vive (CaO) Figure
4.1). Lors de linstallation d'un atelier de rééugtion de lignine avec augmentation de
production de pate, ces deux unités sont directeaféattées. Une augmentation de production
génere un deébit additionnel de liqueur verte et guantité de CaCfOqui peuvent surcharger
I'extincteur de chaux et le four a chaux, respeatient. De plus, avec I'option chimique de
précipitation de la lignine, le CQutilisé comme agent acidifiant de la liqueur naiomvertit le
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NaOH de celle-ci en N&Os; ajoutant une charge additionnelle au systeme dstifiaation. La

consommation de combustible fossile sera augmeméeque les émissions de GES.

Quant a l'intégration de I'option électrochimique @récipitation de la lignine, le systeme de
caustification n’est pas aussi sollicité et n’ea$ goumis a un engorgement de production. Les
besoins additionnels de soude caustique peuveatfétrnis par I'étape d’électrolyse de la

liqueur noire ou de I'électrodialyse du 6.

Le four a chaux demeure la seule et derniere opiégationnelle d’une usine kraft qui consomme
du combustible fossile. 1l a été proposé a maingpsises d’utiliser la lignine pour remplacer
soit I'huile lourde ou le gaz naturel comme combtlst A cet égard, Richardson [148, 149] a
démontré avec une unité pilote de four a chauxlguignine séchée était un combustible aussi
efficace sinon meilleur que le gaz naturel. OhriEB0] a obtenu un brevet concernant la
combustion de la lignine dans un four a chaux. e@dpnt, la teneur en sodium de la lignine
limite son utilisation dans le four a chaux. Basé un bilan de sodium, Uloth et Wearing [30]
ont calculé que la lignine précipitée a pH 9.0 mirsise a deux étapes de lavage a l'acide ne
contenait que 0.3 % de sodium. Elle pouvait domarrfir plus de 98 % des besoins de
combustible du four a chaux sans causer de prohienfiermation d’anneaux de dépéts de sel de
tres grande dureté sur les parois du four. Bergtiml [142] ont effectué des essais de
combustion de lignine dans un four a pleine échdleont réussi a opérer avec 100 % de lignine
comme combustible. Cependant, ils ont observéugdéda de 90 % de substitution, les
emissions de S{provenant du soufre de la lignine ont augment&espent. Dans leur étude de
combustion de la lignine, Moosavifar et al [151¢ammande de mélanger la lignine avec de la
chaux au niveau de saturation (0.8 mmol Ca/g dan@ permettant de réduire de 50 % les

émissions de soufre.

2.7.4 Bilans massique et énergétique

Tel que montré précédemment dans cette sectioniédiiation d’'un atelier de production de

lignine dans une usine de pate kraft affecte lapaiu des unités opérationnelles. Les
équipements existants seront davantage sollicitéese quantités de solides sont appelés a
augmenter ainsi que les besoins énergétiquesst lllanc important d’examiner I'impact d’un

atelier de production de lignine sur les bilans sitages et énergétiques de l'usine.
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2.7.4.1 Bilan massique

Lorsque l'atelier de production de lignine est anpagné par une augmentation de production de
pate, la plupart des équipements de l'usine sopelép a manipuler des quantités accrues de
solides au point d’'atteindre leur limite physiqu€ette situation d’engorgement des unités est
propre a chaque usine. Par contre, le respediides de sodium (15-20%) et de soufre (3-5 %)
et leur proportion respective (Na/S[B-4) [27] dans la liqueur de cuisson est fondanierga
intrinséque au bon fonctionnement du procédé dee reis pate kraft. L'excés de soufre
provenant de la récupération des eaux de lavagk dignine a l'acide sulfurique doit étre
obligatoirement purgé, soit en déversant une pdesepoussiéres du précipitateur ou une fraction
additionnelle du sulfate de sodium sous-produigénérateur de CiOnormalement retourné au
circuit ligueur noire pour compenser les pertessddium et de soufre. Selon I'approche
chimique de récupération de la lignine utilisantd€®, comme agent acidifiant ou I'acide
sulfurique de source externe est utilisé pourvade de la lignine, il est de pratique courante de
déverser aux égouts les eaux de lavage pour atditiomnées par le systeme de traitement des
effluents afin de rencontrer les normes environngaies. D’autre part, il a été démontré que
I'approche électrochimique promet de maintenirilarbde sodium et de soufre sans changer la
composition de la liqueur noire ni celle de la Bgu de cuisson [19] sans rejet additionnel aux

égouts.

2.7.4.2 Bilan énergétique

L’aspect énergétique de l'intégration d’une bidredfie comprenant un atelier de production de
lignine a fait l'objet d'études de limpact sur lehaudiere de récupération, le systeme
d’évaporation et le four a chaux menant a I'optatien et la réduction des besoins énergétiques
[152-153]. Benali [136] et Périn-Levasseur et &Bf] ont déterminé la valeur calorifique

minimum (12.5 kJ/K) de la liqueur pour soutenir wanbustion efficace dans la chaudiere de
récupération. Par contre, cette liqueur a faitdéewr calorifique pourrait étre accompagnée
d’'une baisse de production de vapeur de l'ordrephlss de 20 % selon certaines études
dépendamment de la composition initiale de la liguwire. Les travaux de Périn-Levasseur et
al [139, 154] ont démontré que l'intégration du q@dé de la précipitation acide de la lignine

dans une bioraffinerie d’'une usine kraft a un imsagnificatif sur la demande de vapeur laguelle

pourrait atteindre 27 % créant une contrainte nrajesur les besoins énergétiques des
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évaporateurs. Les auteurs suggérent de révissrdeégie énergétique de l'usine. Ce besoin
additionnel de vapeur pourrait étre compensé pagdapération de chaleur interne au procédé
kraft, par la récupération des produits chimiquepag le recyclage de I'eau. Afin de rétablir
partiellement le bilan énergétique de l'usine, Kamgara [18] a revu quelques études de cas et
propose de débuter un programme de révision éngugéavec une analyse de pincement pour
identifier les nouvelles opportunités d’économiérairgie.

La lignine extraite de la liqueur noire utilisaattechnologie LignoBoost a été testée avec succes
dans plusieurs applications de combustion tellegngfour a chaux, une chaudiere a lit fluidisé
au charbon et une chaudiere a écorces. Selorstiesés de Tomani et al [155] provenant de la
modélisation du bilan énergétique, si la ligninérake de la liqueur noire était brilée dans une
chaudiere a biomasse telle que la chaudiere a&ol@ production de puissance une fois la
chaudiéere optimisée serait supérieure de 20 a par¥apport au cas de référence sans extraction

de lignine indiquant que le bilan énergétique glqeat étre rétabli.
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CHAPITRE 3 PROBLEMATIQUE ET SOLUTION PROPOSEE

3.1 Problématique

La rentabilité d’'une usine de mise en pate kraftose en grande partie sur le systeme de
récupération des produits chimiques sans lequpt@s2dé n’est pas rentable. La production de
pate de plusieurs usines kraft est souvent linpaela capacité de la chaudiere de récupération,
composante principale du systeme de récupératiame des raisons pour laquelle I'utilisation
maximale de capacité requiert autant d’effort astlifficulté excessive d’augmenter la capacité
d’une chaudiére existante. A cette limite, s’agmiitoccasionnellement celles des capacités de
I'atelier de caustification, du train d’évaporateet du systéme de traitement des effluents. Etant
donné le colt élevé d'un systeme de récupératioasti impératif de tirer le maximum de
bénéfice de cet investissement majeur et d’en magimla rentabilité en développant des
solutions novatrices implantant des amélioratiogshnologiques incrémentielles telle que la
récupération de lignine. L’'approche conventiorsede précipitation de la lignine par des
moyens chimiques présente des limites techniquepawvent étre résolues par une approche
électrochimique.

3.1.1 Engorgement des principales unités

Le colt tres élevé d’'une nouvelle chaudiere dep@&aition est un obstacle majeur pour répondre
a une augmentation de production de pate afin pendre a une croissance du marché. Il est
plus économique pour l'usine de maximiser la préidac en améliorant le systéme de

récupération déja existant a I'aide de technolodiaput telle que la précipitation de la lignine.

Il existe certaines limites physiques a poussearalgacité d’'une chaudiere de récupération. La
surface du foyer de la fournaise, le volume deawaté et la dimension du tambour a vapeur

imposent des limites pratiques au débit de liqueire que peut traiter une chaudiere.

L’ultime limite d’une chaudiére est la productioe dapeur dont le maximum est dicté par la
capacité nominale du design original. Cette limigepeut étre dépassée en aucun temps pour des
raisons de sécurité et d’'assurance. Cela se trnpauune charge thermique maximale qui limite

le débit de liqueur noire entrant dans la chaudéénséquemment la production de pate.

La capacité de la chaudiére peut aussi étre linpggela quantité de solides de liqueur noire a

braler. Une quantité excessive de solides provaguentrainement dans les gaz de combustion
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des particules qui n'ont pas eu le temps de bribenplétement. Cette condition d’opération
cause inévitablement un encrassement des tubesédemgeurs de chaleur affectant la

production de vapeur.

Le systeme de caustification comprend deux unit@scipales qui peuvent aussi limiter la

production de liqueur de cuisson et conséquemnediat de la pate : (1) le réacteur qui convertit
le carbonate de sodium en soude caustique parn@addié chaux produisant ainsi la liqueur de
cuisson et (2), le four a chaux qui convertit lebomate de calcium, sous-produit de I'étape
précédente, en chaux servant a la réaction. Gettele de recyclage a l'intérieur du systéme de
récupération est essentielle et se doit de fonatioa pleine efficacité pour fournir la quantité de

liqueur de cuisson requise pour I'opération.

Toute usine de mise en pate kraft est munie dam td’évaporateurs a effets multiples
comprenant habituellement 5 a 6 effets. La liquasge de cuisson ou liqueur noire faible
contenant 15 a 18 % de solides et les eaux dedadada pate sont concentrées jusqu’a environ
50 % par le systeme d'évaporation. Puis, la termusolides de ce mélange concentré est
bonifiee davantage (a plus de 70 %) dans un drssiglet cette liqueur a haute teneur en solides
est alors brllée dans la chaudiére. La capaoi¢agdoration est affectée principalement par la
viscosité de la solution affectant le transfert dealeur et la teneur en burkeite (2
NaoCOs-NaSOy) qui risque de cristalliser sur les tubes des wghars de chaleur si la

concentration excede la solubilité, réduisant dmsurface d’échange.

Le systeme de traitement des effluents d’'une usstelimensionné en fonction de la production
de pate. Une augmentation de production apportessé@irement une charge additionnelle au
systéme de traitement. De plus, I'implantationnddystéme conventionnel de récupération de
lignine au CQ déverse incontestablement une charge supplénertairmatiéres organiques
provenant du déversement des eaux de lavage dgmiael. L’unité de traitement des effluents
peut alors représenter une limite quant a la cégpde production d’un atelier de récupération de

lignine.

3.2 Solution proposée

Afin d'offrir une augmentation substantielle de guction de pate dans une usine dont la
production est limitée par la capacité du systemeédupération des produits chimiques et afin
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de surmonter les limites de I'approche conventitiange précipitation de la lignine par des
moyens chimiques, il est proposé d'évaluer une agbh@ électrochimique consistant en

I'électrolyse de la liqueur noire comme alternative

3.2.1 Limitations de I'approche chimique

La premiére génération de technologies de récuparde lignine de la liqueur noire utilisant le
dioxyde de carbone (Csoufre de limitations majeures. Le £qui est barboté dans la liqueur
pour en réduire le pH au point de précipitationalégnine réagit avec I'hydroxyde de sodium
formant ainsi du carbonate de sodium {8@;). Cette réaction implique inévitablement une
augmentation de la concentration en carbonate &irhaation de burkeite (2N&O; Na,COys)
dont la concentration pourrait excéder la limitesdéubilité et causer une cristallisation sur les
échangeurs de chaleur des évaporateurs. De p@tis, quantité additionnelle de carbonate de
sodium augmente la charge a l'atelier de caustifinaet conséquemment les émissions de GES.
De surcroit, la lignine précipitée doit étre lawdec de I'acide sulfurique pour réduire la teneur
en sodium et autres impuretés. Apres neutralisaliés eaux de lavage acides sont soit déversées
aux égouts causant une surcharge au systeme t@eneeat soit recyclé au circuit de récupération.
Dans ce dernier cas, le rapport sodium-soufre dwitide liqueur est débalancé par I'excés de
soufre provenant de I'acide sulfuriqgue. Afin deakdir I'équilibre, on doit purger I'excés de
soufre en rejetant une partie des poussiéres rémgppar le précipitateur électrostatique des gaz
de combustion ou déverser aux égouts le sulfadeim du générateur de Gl@ormalement
récupéré comme appoint chimique. Les rejets diérgéeur ainsi que des poussiéres sont
composées principalement de sulfate de sodium faitede purger le soufre sous cette forme
implique une perte inévitable de sodium qui daie &omblé par I'addition de soude caustique
contribuant aux colts additionnels d’opération.n®ke cas ou les eaux de lavage sont retournées
au circuit de récupération, la teneur en cendrda tigueur noire augmente et conséguemment sa
valeur calorifique est diminuée affectant sa cortibili$é et limitant alors le potentiel de
récupération de lignine et d’augmentation de prtidoale pate.

3.2.2 Avantages de I'approche électrochimique
La deuxieme génération de technologies de récupgrde lignine repose sur des traitements
électrochimiques pour réduire l'alcalinité de lgueur noire au point de précipitation de la

lignine. Ces procédés incluent : (1) I'électrogéal conventionnelle de dessalement, (2)
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I'électrodialyse a membranes bipolaires et (3)ebflolyse a membranes. L’électrodialyse
conventionnelle extrait les sels alcalins de ladigr réduisant ainsi le pH. L’électrodialyse a
membranes bipolaires réduit le pH suite a la gédioéral'ions H par la membrane bipolaire.
Durant I'électrolyse, I'alcalinité est réduite suid la réaction des ions hydroxyles (PHe la
liqueur a la surface de I'anode formant de I'edlette réaction de désalcalinisation contribue a

réduire le pH au point de précipitation de la ligi

L’approche électrochimique de récupération de dmitie par électrolyse de la liqueur noire

présente les avantages suivants par rapport abmdkegies chimiques:

(1) Aucun besoin d’approvisionnement en acide sigjfie et soude caustique de source externe a

l'usine n’est requis

(2) Les eaux résiduelles des étapes de lavageidd’at a 'eau peuvent étre ajoutées au circuit

de récupération sans affecter le bilan de sodiude sbufre,
(3) Aucune charge additionnelle de matiéres orgasdu systéme de traitement des effluents,

(4) Une réduction de la teneur en inorganique (ms)dle la liqueur due a I'extraction de sodium
sous forme de NaOH ce qui contribue a augmentemalaur calorifique de la liqueur avant

I'étape de précipitation offrant un potentiel pkisvé de production de lignine et de pate,

(5) Un désengorgement du systéme de caustificasimmvent surchargé et réduction des

émissions de GES,

(6) Une oxydation directe in-situ des sulfures aelism dans le compartiment anodique

éliminant la formation de $6 indésirable lors de I'étape de lavage a I'acide e

(7) Une réduction significative de la viscositélddiqueur traitée pouvant aller jusqu’a 10 fois la
valeur normale contribuant a absorber les besaiddiannels d’évaporation des eaux de lavage.

La technologie proposée élimine I'approvisionnemamtacide sulfurique et soude caustique de
source externe. Ces produits chimiques sont feysar le sulfate de sodium présent a l'usine
(poussieres du précipitateur et sous-produit dieigdaur) qui est soumis a I'électrodialyse a
membranes bipolaires. En outre, de la soude cpastest aussi récupérée de I'étape
d’électrolyse de la liqueur noire.
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Cette approche électrolytique permet d’ajouterdsués eaux de lavage de la lignine au circuit
de liqueur puisque le soufre contenu dans l'acideisque pour le lavage provient du sulfate de
sodium de source interne n’affectant pas le bikisa@tium-soufre de la liqueur. Le recyclage en
entier des eaux de lavage dans le circuit de lig@imine alors la charge additionnelle

organique au systeme de traitement des effluents.

Contrairement a I'approche chimique qui néces&jfedt de produits chimiques ¢80,, NaOH

et CQ) a la liqueur contribuant a augmenter le taux @®edees et diminuer la valeur calorifique,
I'électrolyse extrait du sodium de la liqueur noseus forme de soude caustique (NaOH)
réduisant ainsi la teneur en matieres inorganiqu€ela contribue a maintenir une valeur
calorifique plus élevée aprés traitement permettientécupérer plus de lignine pour une cible

donnée du pouvoir calorifique assurant une bonngbastibilité.

La récupération de soude caustique de la liqueue b du sulfate de sodium offre une solution
élégante lorsque le systeme de caustificationueshargé permettant de produire plus de pate en
réduisant les GES.

Un autre avantage de I'électrolyse est 'oxydaties composés de soufre, entre autres le sulfure
de sodium (Ng5). L’oxygene produit a I'anode oxyde les sulfuess composés plus stables

éliminant la formation de #$ toxique durant I'étape de lavage de la lignitiacde.

Finalement, le traitement électrolytique réduit sidérablement la viscosité de la liqueur noire
offrant une opportunité d’absorber en partie larghaadditionnelle d’évaporation des eaux de

lavage retournées au circuit de liqueur noire.



39

CHAPITRE 4 OBJECTIFS, METHODOLOGIE ET ORGANISATION
DE LA THESE

4.1 Objectif principal de cette étude

L’objectif principal de la présente étude consetéévelopper une meilleure compréhension des
mécanismes réactionnels et de transfert de magdigu@s lors du traitement électrolytique de la
liqueur noire pour précipiter la lignine et, d’ameenla technologie a I'étape de pré-
commercialisation. |l est essentiel de mieux cangre les enjeux électrochimiques qui sont
actuellement trés peu connus et étudiés, d’appdafdes connaissances de cette application et
d’optimiser la performance du procédé. Il est eisede minimiser 'impact de l'intégration de
cette technologie de récupération de la lignine lsaropérations d’'une usine de pate kraft,
particulierement le systeme de récupération. GCatitde fournira les données fondamentales

nécessaires pour le design et I'intégration dedarnologie dans une bio-raffinerie.

4.2 Objectifs spécifiques

Les objectifs spécifiques de cette investigatiam segroupés en deux catégories :
1. le traitement électrolytique de la liqueur noire

2. la récupération de la lignine

4.2.1 Traitement électrolytique de la liqueur noire
Les objectifs détaillés de cette premiére partie auncerne le traitement électrolytique de la

liqueur noire sont les suivants :

1. Développer une meilleure compréhension desiogacthimiques et du transfert de masse
impliqués lors de I'électrolyse de la liqueur noire

2. Valider la faisabilité technique de la désalughtion de la liqueur noire pour la

précipitation de la lignine utilisant I'électrolysd’échelle laboratoire,

2. Etudier I'effet des principaux paramétres (dgnde courant, température, concentration de
la soude caustique, etc.) du traitement électipigtiet les phénomenes de transfert d'ions

(Na') affectant la performance du procédé;
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3. Confirmer la faisabilité technique du traiteméitdctrolytique de la liqueur noire a l'aide
d'une cellule de dimension industrielle (FM-21) ipettant d’amener la technologie au

niveau de maturité technologique de pré-commesaititin.

4.2.2 Reécupération de la lignine
Les objectifs détaillés de cette deuxieme parfiéeea la récupération de la lignine de la liqueur

noire électrolysée sont les suivants :

1. Déterminer les meilleures conditions (pH, terapée, temps de coagulation, etc.) pour

précipiter et récupérer la lignine de la ligueurr@@lectrolysée

2. Optimiser les paramétres de la filtration etal@ge de la lignine pour obtenir un produit

de lignine de qualité acceptable pour I'utilisataans le four a chaux.

3.  Comparer la performance de filtration de lailignde la liqueur noire électrolysée a celle

de I'option chimique au CO

4.3 Méthodologie

Le programme expérimental a compris trois partissrttes. La premiere partie se préoccupe
du traitement électrolytique de la liqueur noiraletl’'optimisation du procédé en laboratoire. La
seconde partie couvre linvestigation de la récapeén de la lignine de la liqueur noire
électrolysée comprenant les étapes de coagulatoprécipitation, de filtration et de lavage. Et,
la troisieme partie consiste a démontrer et cordirfa faisabilité technique de traiter la liqueur
noire avec la cellule électrolytique commerciale-EM La méthodologie utilisée est illustrée a
la Figure 3.1.



Préparation de l'essai

Réalisation de l'essai avec
répétitions

Analyses chimiques:
titrations, Na, S, ...

Mesure des volumes:
liqueur noire (LN) et NaOH

Calculs des quantités
de liqueur noire et de NaOH

Calculs des paramétres
de performance

Analyse des résultats

Recommandations

Essais d'¢lectrolyse

Figure 3.1 : Schéma illustrant la méthodologieisé# pour les essais d’électrolyse de la liqueur

noire et de filtration de la lignine
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Essais de précipitation
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4.3.1 Traitement électrolytique de la liqueur noire a I'&chelle de laboratoire
Les essais d’électrolyse de la liqueur noire oéteftectués avec la cellule de laboratoire ELSEP
comprenant 10 anodes (358 3rtubulaires de 2.54 cm de diamétre et 14 cm dguenr, deux

membranes et deux cathodes.

Le systeme d’électrolyse est opéré en mode d’aliatiem continue et de purge (feed and bleed)
a pH constant maintenu par I'addition de liqueuirano La concentration de soude caustique est
mesurée par la sonde de conductivité qui est nraieteonstante par I'addition d’eau. La cellule
opéere en mode galvanostatique, i.e. a courant @ainavec le voltage fluctuant. Les paramétres
suivants ont été mesurés et enregistrés a chaqgoetemi voltage, courant, température et
conductivité des deux solutions. La liqueur n@tda soude caustique sont alimentées dans la
cellule en mode co-courant et a température cotestahes réactions chimiques impliquées
durant I'électrolyse ont été détaillées et le praé transfert des ions a membrane a été modélisé
utilisant I'équation de Nernst-Planck et bonifié tenant compte du phénomeéene d’équilibre des
ions a linterface de deux milieux (liqueur noireembrane-soude caustique) développé par

Donnan.

La performance du traitement électrolytique soufdintes conditions expérimentales a été
déterminée pour l'efficacité de courant expriméepenrcent, la production de soude caustique
en kg NaOH/h-par frd’anode, de la consommation d'énergie en kWhMd®H produite et le
débit de liqueur par heure par unité de surfacenatle (L/(h-mM). Ces paramétres de
performance reliés a la soude caustique sont lsasda quantité produite dans un lapse de temps
suffisamment long pour assurer un régime permaném.montant de soude caustique a été
calculé a partir de la titration de la solutionNi@gOH produite multipliée par le volume recueilli
durant I'essai. Le débit de liqueur noire traitt basé sur la différence de volume dans le
réservoir d’'alimentation entre le début et la fia ltkssai divisé par la durée de l'essai. Les
résultats sont présentés sous forme graphique amiés barres d’erreurs calculées a partir de la
déviation standard des valeurs mesurées. Une amaties coefficients de corrélation a été
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développée rapportant la relation qui existe emdi®e différentes variables dépendantes et
indépendantes déterminée a I'aide du logiciel EXREQéveloppé par CANMET,

4.3.2 Reécupération de la lignine

Les essais de précipitation et de récupérationgdak ont été effectués dans un réacteur de 2 L
muni d’'un agitateur opéré a 100 rpm et un contd@eempérature pour I'étape de coagulation.
Par la suite, la solution de lignine précipitédéafdtrée sur un filtre a l'aide d’'une pompe aeid

Le gateau de lignine est lavé avec un volume déasidfurique (0.5 N) équivalent au volume du
gateau suivi d'un lavage a I'eau de méme volumes \olumes de filtrat récupérés ont été
mesurés et les débits calculés. Le gateau denbgmiété séché a l'air libre pour une période de
24 h et le poids de solide sec mesuré. Un éclantile lignine a ensuite été analysé pour son
contenu de sodium, d’humidité, de lignine et dedces. Les parametres de performance ont
compris le débit de filtrat par unité de surfacditlee exprimé en L/(h- 1) et le taux de filtration

de lignine exprimé en kg/(h3n L'efficacité de récupération de lignine a auss déterminée.

Un bilan massique global du procédé est présemigtant de valider I'essai.

4.3.3 Traitement électrolytique de la liqgueur noire aveda cellule commerciale FM-21

Les essais d’électrolyse de la liqgueur noire efféstavec la cellule commerciale FM-21 ont été
soumis a la méme méthodologie utilisant le mémetageexpérimental et soumis au méme
protocole expérimental que ceux exécutés avecllaleele laboratoire. Par contre, la surface
d’anode et de membranes était nettement supérea®la cellule FM-21 qui avait une surface
de 2 100 crhd’anode et de membranes comparées a quelquesnesntie crhavec la cellule de
laboratoire. Les débits de liqueur noire étaiehtf@s plus élevés en proportion de la surface
d’anodes. Les courants étaient aussi beaucoupfduss (jusqu’a 1 600 amperes) par rapport a
100 ampeéres avec la cellule ELSEP. Bien que lasaots étaient plus importants, les densités

de courant étaient similaires, de quelques miliéaspéres/m

1. https://www.nrcan.gc.ca/sites/www.nrcan.gc.cal/fdaametenergy/files/pubs/EXPLORE-
brochure_%20EN.pdf
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4.4 Organisation de la these

Cette these doctorale, organisée sous la formeediuese par articles, comporte dix chapitres.
Le premier chapitre comprend l'introduction qui gEgte le probleme étudié et les buts
poursuivis. Le deuxiéme chapitre décrit la proldéque de I'engorgement des composantes
majeures du systeme de récupération des produitsqeles d’une usine de mise en pate kraft
ainsi que les limitations de la technologie chingigle précipitation de la lignine de la liqueur
noire utilisant du CQ Les avantages de I'approche électrochimiqueebasgel’électrolyse de la
liqueur noire y sont présentés. Le chapitre 3nitélies objectifs de cette étude, la méthodologie
utilisée et I'organisation de la thése. Le chapitrcouvre la revue critique de littérature rekatv

I'intégration d’un atelier de production de lignidans une bioraffinerie d’une usine de péate kraft.
La section des résultats comporte les 5 chapitieasts:

Chapitre 5 - Article #1: Effect of the basic electnemical cell operating parameters on the
performance of the electrolysis of kraft pulpingdk liquor,

Chapitre 6 — Article 2: Electrolytic processingkoéft black liquor- Mass transfer investigation
Chapitre 7 — Article #3: Electrolytic treatmentkaft black Liquor- Process optimisation
Chapitre 8 — Article #4: Precipitation and washafdignin from electrolysed black liquor

Chapitre 9 — Article #5: Electrolytic processing #&faft black liquor using the FM-21

commercial cell.

Le chapitre 5 (Article #1) porte sur I'étude destpbmeénes électrochimiques fondamentaux
pertinents au traitement électrolytique de la liqueoire. Cela inclut les items suivants : (1) les
réactions chimigues anodiques et cathodiquesa(8jstribution de la densité de courant le long
de la cellule d’électrolyse et (3) I'analyse dectantribution des différentes composantes de la
cellule au voltage total. Ces composantes comperann(1l) les anodes, (2) les membranes, (3)
les cathodes, (4) les solutions comprenant la ligueire et la soude caustique et (5) les
réactions électrochimiques aux électrodes. La tisadidn de la densité de courant a permis de
recommander de réduire le diamétre des anodes gqiatenir une meilleure distribution du

courant. Cet article a été publié en 2017 danguenal intitulé Electrochemical Society

Transactions.
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Le chapitre 6 (Article #2) porte sur les phénomeémles transport prenant place durant

I'électrolyse de la liqueur noire. Le transfertsd®ns sodium et des protons a travers la
membrane a été modélisé ainsi que leur profil deeotration et celui du pH. Les résultats ont
conduit a la recommandation d’opérer a pH alcalincdté de la liqueur noire pour éviter la

précipitation des cations divalents dans la mengrabet article a été soumis pour publication
dans la revue Journal of New Materials for Eledtsnical Systems.

Le chapitre 7 (Article #3) consiste a I'optimisatidu procedé d’électrolyse de la liqueur noire en
termes d’efficacité de courant, de consommatiomelr'gie et de productivité de soude caustique
et de débit de liqueur noire traité per unité ddase. L'effet des parametres suivants a été
étudiés : (1) la source et le type de liqueur ndqRele pH de I'étape d’électrolyse, (3) la deésit
de courant, (4) la concentration du NaOH prodd&i}, l& température et I'addition de sulfate de
sodium a la liqueur noire. Cet article a été saupaiur publication dans la revue Journal of New
Materials for Electrochemical Systems.

Le chapitre 8 (Article #4) rapporte les résulta¢s @ssais de coagulation, de précipitation, de
filtration et de lavage de la lignine récupéréelaldiqueur noire électrolysée. L’analyse des
données expérimentales se concentre principalesaed performance de I'étape de filtration et
la qualité du produit de lignine apres lavage. ffetedes variables suivantes a été étudié : (1) le
temps de coagulation, (2) le type de liqueur, &fjempérature, (4) le niveau de vide, (5) the pH
final et (6) I'addition de sulfate de sodium. Lesultats de performance de la filtration sont
comparés avec ceux des méthodes de précipitatida kignine de la liqueur noire utilisant le
CO; et l'acide sulfurique. La performance de filtoatiest aussi comparée a celle du carbonate de
calcium, un sous-produit de l'atelier de caustifma qui semble avoir un comportement
similaire a la lignine. La pureté de la ligninevda est rapportée et un bilan massique des
éléments critiques est fourni pour l'intégratioregiuelle a I'opération de l'usine. Cet article & ét

soumis pour publication dans la revue Journal of N&aterials for Electrochemical Systems.

Le chapitre 9 (Article #5), le dernier de la sectites résultats, confirme la faisabilité technique
de l'électrolyse de la liqueur noire avec la c@ldommerciale FM-21 et rapporte que la
performance de cette cellule est comparable a dell€unité de laboratoire. Les essais ont
compris I'étude des paramétres suivants : (1) l@itle de courant, (2) la température et (3) la
concentration de la soude caustique produite spetmrmance de la cellule. Cette derniére a été
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caractérisée par l'efficacité de courant, la consation d’énergie, la productivité de NaOH et
du débit de liqueur noire traitée par unité deaef Cet article a été soumis pour publication

dans la revue Journal of New Materials for Eledtsonical Systems.

Finalement, au chapitre 10, on retrouve les cormmhss de cette étude et quelques

recommandations pour des travaux futurs.
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CHAPITRE 5 ARTICLE 1: EFFECT OF THE BASIC
ELECTROCHEMICAL CELL OPERATING PARAMETERS ON THE
PERFORMANCE OF THE ELECTROLYSIS OF KRAFT PULPING
BLACK LIQUOR

Jean-Noél Cloutié, Oumarou Savado§alean Parfs Michel Perriet, Raynald Labrecqdand

Pascal Champaghe

% Energy Technology Laboratories of Hydro-Québe@vBhigan, Québec, Canada

® Department of Chemical Engineering, Polytechnisfamtréal, Montréal, Québec, Canada

Paper published in Electrochemical Society Tramsastin 2017

The biorefinery initiative in the pulp and papedustry aims at diversifying its product offering
to include value-added biomaterials from lignin. eWave developed an electrochemical
technique to precipitate lignin from black liquandasimultaneously recover caustic soda. Our
approach, which is based on the electrolysis ofckbldiquor, reduces its alkalinity
electrochemically to the point of lignin precipitat. It does not require chemicals from an
external source and does not generate additiofltakefs. The technology entails an increased
pulp production for Kraft pulp mills that are lired by their recovery boiler capacity their
causticizing system. In this study, we investidatbe effect of various basic operating
parameters of on the performance of the elect®lysi black liquor; in particular the
electrochemical reactions taking place in the c#ie current density distribution and the

contribution of individual cell components to tlueat voltage of the electrochemical reactor.

5.1 Introduction

The biorefinery initiative is a part of a roadmapeixploit Canada’s natural advantage in the pulp
and paper industry. Black liquor from the Kraftiggng process is a source of raw material for
the production of biomaterials based on lignin [Mowadays, lignin is recovered by acid

precipitation using carbon dioxide technologieshsas LignoBoost [2] patented by LignoBoost
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AB and commercialized by Valmét and LignoForce [3] developed by FPInnovations and
offered by NORAM?®.

These first generation lignin recovery technologaffer from major limitations. The carbon
dioxide sparged into the liquor to reduce the plthpoint of lignin precipitation reacts with the
sodium hydroxide to produce sodium carbonate. ithmies a higher carbonate content and the
formation of additional burkeite (N@Os-2N&SQ,), which may exceed the solubility in the
evaporator. This additional sodium carbonate ees the load on the causticizing plant and
greenhouse gas emissions. Moreover, the preagdilegnin must be washed with sulfuric acid
to reduce its sodium content and other impuritieAfter neutralization, the residual acid
washings can either be discharged to the efflusdtment system adding to its load and
operating costs or be returned to the chemicalvexgosystem. In the second case, the sodium-
sulfur balance is disturbed and the appropriate ernof sodium sulfate, either electrostatic
precipitator (ESP) dust or C}@enerator saltcake, needs to be discarded toftherd to retain
the chemical balance. If the residual washingastres returned to the chemical recovery system,
the black liquor ash content increases and redtsealorific value, which affects combustibility

limiting the lignin recovery potential.

The second generation of lignin recovery techn@segielies on electrochemical processes to
reduce the alkalinity of black liquor to the poaeftlignin precipitation. These processes include:
(1) conventional desalting electrodialysis, (2)ddgy membrane electrodialysis and (3) standard
electrolysis. Conventional desalting electrodiedyselectively removes the alkaline salts from
the liquor and reduces its pH [4, 5]. Bipolar meane electrodialysis reduces the pH of the
electrolyte by the action of the*Hons generated by the bipolar membrane [6]. DRutime

electrolysis of the black liquor, the Okbns of the liquor are neutralized by the reactrihe

anode of the cell. This reaction contributes torelasing the liquor's alkalinity with a drop of its
pH [5, 7] to the desired value.

There are significant advantages of the electroat@napproach to precipitate lignin from a
Kraft mill versus the chemical precipitation prosedFirst, it is not necessary to use chemicals,

like caustic soda and sulfuric acid, from an exaésgource since they can be obtained in situ in

'3 http://www.valmet.com/products/pulping-and-fibéwmical-recovery/lignin-separation/
18 http://www.noram-eng.com/news-room/lignoforce.html
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the electrochemical reactor by splitting the sodsutiate present in the electrostatic precipitator
(ESP) dust or in the by-product salt cake from@@, generator. Part of the caustic soda can
also be provided by the electrolysis of black liqu&econdly, the proposed process generates no
additional discharge to the effluent treatment aitiee acid washings can be returned entirely to
the black liquor without modification of the Na/@&lance. Thirdly, contrarily to the chemical
approach, which adds external inorganics to thekblaguor reducing its calorific value, the
electrochemical process extracts sodium and lowegsinorganic content of the electrolyte.
Consequently, the black liquor calorific valuernsreased prior to lignin precipitation during the

black liquor electrolysis.

The electrochemical process offers a fourth adggnteecause additional lignin can be extracted
from the liquor at the same level of the minimalodéic value required for sustaining
combustibility. The recovery of caustic from blatiguor offers a solution to overloaded
causticizing systems allowing more pulp to be poaduwith less GHG emissions. The sodium
sulphide component of the black liquor @S&is oxidized into more stable sulfur compounds at
the anode [8] eliminating the,B formation during the acid wash of lignin. On titeer hand,
the electrolytic treatment of black liquor can alsslp pulp mills with overloaded evaporators

since it can reduce the liquor's viscosity by agimas tenfold [9].

This study is concerned with the electrolytic treant of black liquor to reduce its pH to the
point of lignin precipitation or lower. We inveséitgd the fundamentals of the electrochemical
phenomena involved and have reported on the spedifnctioning of the cell. The
electrochemical reactions taking place, the curdantsity distribution and the analysis of the
individual cell components' contribution to totalltage are topics that will be examined in this
study.

5.2 Background

This separation process relies on the selectiveigfbf the Nafiorf membrane for sodium ions.

5.2.1 Membrane Structure and Properties of Nafioff 324
In this work, Nafioff 324 based membranes, which contain two sulforiltes that differ in

equivalent weights and thicknesses (Table 5.1)uaes. It is known that the ion exchange
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capacity of that membrane is between 0.91 to 1. pez g, and we found that it is well suited
for the electrochemical splitting of salt applicats [10].



Table 5.1 : Properties of the Naffb824 membranes used in this work

Property Nafion® 324 Reference
Polymer matrix PTFE (Teflon) 10
lon exchange PFSA 10
Layer 2 11-13
Equivalent weight, g/m

Anolyte side layer 1100 11

Catholyte side layer 1500
Exchaige capacity 0.91.1.0 1
(meq g)

i - 4.5

(E(I)icr:]mc:;?# ) resistar ek 11-13
Thickness, cm (in)

Anolyte side layer 0.01270 (0.005") 14

Catholyte side layer 0.00254 (0.001")

, . B&®">Plf*>Sr">Cd ">Mg?*

Cation affinity 14

>Ag >K ' >NH*">Na'>Li"

The Nafiorf 324 features a special cluster type structureaioing aqueous ions imbedded in a
continuous fluorocarbon phase (Figure 5.1) [14he Tlusters of an estimated diameter of 40 A
and distanced by 50 A are interconnected by naottamnels (10 A) that determine the transport
properties (Figure 5.2) [15].
fluorocarbon/polytetrafluoroethylene backbone vgitiechains ending with hydrophilic sulfonic
acid (SQ) represented by the following molecular formulaClQCF(CFR),].OCFRCF,SO;H

[11,15].

YpEsa: perfluorosulfonic acid cation exchange

The microstructur@nsists of a strong hydrophobic
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Figure 5.2 : Membrane cluster network dimensions

5.2.2 Current Efficiency and Energy Consumption
Current efficiency and energy consumption are tteénnperformance indicators of an electrochemical

process. They impact the economic viability ofradustrial application.

Current or Faradaic efficiency is the ratio of nsotd product made from an electrolyte to the maximu
theoretical production, i.e., the equivalent numifemoles of electrons passed [14]. At constahime,

it is expressed as follows:
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CE = (z-n-F)/(I-t)-100 [1]
Where:

z is the valence (=1 for N

n = number of moles produced (VAEC),

F = Faraday’s constant (96 485 A s/mole),

Vol = volume (L),

| = current (Amps),

t =time (s) and

AC = incremental product concentration (Mole/L). éinstant concentration, the expression
becomes:

CE (%) = (z- F-@Vol)/(I-t)- 100 2]

In our case, the overall current efficiency is liasa the amount of NaOH produced. It depends
on the performance of the reactions at the eleetrahd the selectivity of the membrane for
sodium. Undesired reactions in the cell as wethasback-migration of hydroxyl ions influence

the current efficiency negatively.

Energy Consumption

The energy consumption is expressed in kWh/kg @Ng@roduct and is calculated as follows:
E (kWh/kg NaOH) = V-A-t/(3 600- 40-SVol) [3]

where:

V is the cell voltage

A, the current in amperes

C, the concentration in moles

t, the time in seconds and

AVol, the change of volume collected in litre.

The effect of current efficiency is taken into agobby the total amperes used (A t) and the

quanOtity of NaOH produced.
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The Nafioff 324 is commonly used in the chlor-alkali indusenyd has been proposed for
sodium sulfate splitting. It delivers a currenti@éncy of close to 90% for the electrolysis of

sodium chloride producing chlorine gas and NaOHhwaistrength of 10-20%.

That membrane was also tested to split sodiumtsuifdo sulfuric acid and caustic soda. The
current efficiency and the energy consumption ame@ngly dependent on the product
concentration (Table 5.2). A two compartment celhfiguration can be used to split sodium
sulfate producing acid that contains residual sodaulfate. In that particular case, beyond a
50% salt conversion rate, the current efficiencyeasy sensitive to the acid concentration as
demonstrated by Jérissem [16]. The membrane claogan acid state because of theibhs
that cross the membrane and moves to the cathalygze they neutralize hydroxyl ions. In
order to obtain a higher current efficiency whilaking more concentrated products, Martin [17,
18] suggested to keep the acid stream saturatédsedium sulfate to maintain the favourable
Na'/H" ratio as high as possible. That technique ine®asirrent efficiency to the vicinity of
90% while producing acid and NaOH with strengthsu@iund 20%. By taking advantage of salt
saturated acid, Cloutier et al. [19] demonstrateat the addition of sodium sulfate reduces
conductivity and increases the cell voltage. Towest energy consumption (3 700 kWh/t
NaOH) was achieved while producing acid and NaOHKti@ngths of 13 and 21% respectively
with a cell voltage of 5.2 V delivering a curreffti@ency of above 90%.

5.2.3 Influence of Impurities [14]

The counter-ion exchange affinity sequence (Tall¢ ifdicates that larger monovalent cations
have a greater affinity than sodium ions or muléua cations to the negatively charged fixed
sulfonate groups in the interior of the membraheah be intuitively assumed that this will affect
the desired sodium transport negatively by deangatsie current efficiency. Also based on the
pH, the presence of impurities can lead to preajpibs inside or on the surface of the
membrane. In our application, this can be avoidederating and maintaining alkaline the pH
of the black liquor therefore preventing the dissoh of divalent metals.
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Table 5.2 : Performance of Nafid824 in chlor-alkali production and sodium sulfapitting

using a two compartment cell configuration

Application Value Reference

Chlor-alkali: NaCl (315 g/L) - Cl, + NaOH (10, 14, and 20 %)
Cell voltage, V 3.53,3.53and 3.5

11-13
Current efficiency, % 88, 88 and 84
Na,SO, (38 %) - H,SO, (20.9 %)/NaSO, : NaOH (22.0 %)
Current efficiency, % 87.3 17-19
Cell voltage, V 7.23 19
Energy consumption, 19
kWh/t NaOH 5563
Na,SO, (35 %) - H,SO, (13.3 %)/NaSO,: NaOH (20.8 %)
Cell voltage, V 5.2
Current efficiency, % 94.2 19
Energy consumption,
kWh/t NaOH 3704

5.2.4 Sodium Transfer Mechanism

Carlberg [14] developed an ion transfer model throa Nafioff membrane for the electrolysis
of sodium sulfate producing sulfuric acid and sadilydroxide. The Nafidh membrane
promoted the selective transport of cation sodians ithrough the polymer by exchanging them
with the proton from the sulfonic acid and it aess a barrier against anions by repelling them
with negatively charged sulfonate groups [14]. Thedel is derived from the Nernst-Planck
equation, which describes the molar flux of ionsotigh the membrane combining diffusion,

migration and convection:
= - D dc/dx — DczF/RTE®/dx + cu [4]
N: The flux of species (Nyacross a plane perpendicular to x direction (lkemof-s™)

D: Diffusion coefficient of N& (m*s™)
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c: Concentration of Na(kmole m™)

x: Distance (m)

z Charge number of species

F: Faraday constant (96 485 kC/kequiv)

@: Potential field (V)

T. Temperature (K)

R: Gas constant (8.31 kJknoK™)

u: Electrolyte velocity in direction of flux (rs™)

The diffusion term is derived from Fick's law andpresents the flow of species due to a
concentration gradient. Migration is caused by gnadient of electrical potential and the
convective part is induced by the bulk movementie Buthor found that the main modelling
parameters were the bulk concentration and diffysinf ions. His findings were based on a
model mainly concerned with the migration of sodiand H ions through the membrane during
sodium sulfate splitting. Our application is atsmncerned with the conversion of sodium salts
but with a very low concentration of Hor the recovery of sodium as sodium hydroxide.

5.2.5 Nafion® Membrane Performance

To optimize the NaOH product concentration, theusoh on the anode side of the cation
exchange membrane (CEM) must remain at a high énphigto prevent the CEM from entering

an acidic state and the formation of an acidic loeuy layer on the cathode side of the CEM
[10]. However, a trade-off between the curreniceficy and NaOH concentration can be
mitigated by increasing the thickness of the CEM #&tuthe expense of a higher overall cell
voltage. The new trade-off results in a higher pidcconcentration and current efficiency with
high cell potential or a lower product concentmati@nd current efficiency with a lower cell

potential [10].

DuPont, the membrane manufacturer, specifies tfeNafiolf CEMs should be operated at a
current density range of between 150 and 600 mA: cibove the maximum current density,
physical damage occurs and current efficiency $$. Ielow the minimum current density, the

membrane will not be damaged but the current efficy will decline [10]. Membrane current
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efficiency depends on the ion exchange capacitychvimust be as high as possible, but the
electrical resistance of the membrane also incsej@€y.

Table 5.3 : Performance of Nafid824 in chlor-alkali production and sodium sulfapitting

using a two compartment cell configuration

Application Value Reference

Chlor-alkali: NaCl (315 g/L) - Cl, + NaOH (10, 14, and 20 %)
Cell voltage, V 3.53,3.53and 3.5

11-13
Current efficiency, % 88, 88 and 84
Na,SO;, (38 %)— H,S0;, (20.9 %)/N&SO, : NaOH (22.0 %)
Current efficiency, % 87.3 17-19
Cell voltage, V 7.23 19
Energy consumption, 19
kwh/t NaOH 5 563
Na,SO;, (35 %) — H,S0, (13.3 %)/NaSO,: NaOH (20.8 %)
Cell voltage, V 5.2
Current efficiency, % 94.2 19
Energy consumption,
kwh/t NaOH 3704

5.3 Experimental procedure

5.3.1 Black Liquor Electrolysis

Electrolysis is an alternative process in develamme recover lignin from black liquor. The
dual compartment electrolysis cell is composednch@ode and a cathode separated by a cationic
membrane, such as Naffdo824. The liquor is circulated through the anodmpartment where
the alkalinity is reduced until the pH reaches ploet of destabilizing the lignin and forcing its
precipitation out of the solution. In this sectiahe electrolytic cell, the sodium transport
mechanism through the membrane and the electrochéngiactions involved are described and

discussed.
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5.3.2 Electrochemical Principle

The principle of the electrochemical reduction loé talkalinity and pH consists of circulating the
black liquor through the anode compartment. Thaiegtion of voltage between the anode and
the cathode forces the positive sodium ions to mowe of the black liquor and cross the
membrane towards the negative cathode (Figure Ib.8yder to maintain electroneutrality in the
anodic and cathodic compartments, the hydroxyl emesoxidized to water at the anode and the
water is reduced at the cathode producing hydreagks. Consequently, the black liquor
alkalinity and pH are reduced while Oidns are formed at the cathode and combine witiugo

ions to produce NaOH.

O. < NeDEPLETED BL NaOH H,
"N ~H bV
1
o Nat 0O
o A
ANODE H,0 OH «—] CATHODE
2 iH'
l T
BLACK LIQUOR WATER

Figure 5.3 : lllustration of the principle of blabguor electrolysis lowering its pH

5.3.3 Electrochemical cell for the current potential polaisation curves

The cell used in our investigation had an unuswalfiguration (Figure 5.4) compared to the
more standard plate and frame design common ieldatrochemical industry. The anodes were
tubular, the membrane adopted a wave-like shapehencathode was flat. The cell we used can
accommodate a set of 10 tubular anodes (1.27 csideutliameter) 14 cm in length offering a
total surface area of 56 éreach [21]. The anodes are bordered by two N&f&## membranes
that are firmly maintained in place by a triangutarpport creating a waved channel that

promotes flow turbulence in a crossflow manner.

The design of an electrolytic cell plays an impotteole in the distribution of potential and

current density, which affects the process perfoiceasuch as mass transfer, yield and energy
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consumption. Unwanted products may be generatea @sult of an uneven distribution of
potential and current density on the working elmb#s [20]. The cell design parameters and
operating conditions are shown in Table 5.4 and 9be experimental set-up was operated in a
feed and bleed mode on both streams: black ligudrcaustic soda [7].

Alcali and sodium
depleted liquor
\ Z - \\?
Membrane § ( (/—\\\:\ % Anode (+)
Membrane Q \:\ . /% Anode
support \Q ;2'/ \% chamber
4 /‘\ N\ 7
iy
NN\ A7
. N\l
Caustic § )\ % Liquor
chamber R\ Z flow
)
\ iy
\g \T 4 /A Adapted
I from [21]
Black iquor

Figure 5.4 : Internal design of the ELSEP elecsisyell



Table 5.4 : Cell design characteristics

Anode materal TVIrO5-TaOs5
Anode diameter, cm 1.27
Anode length, cm 14.0
Anode area, crf 55.9
Anode-membrane gap, cm 0.40
Cathode-membrane gap, cm 0.40
Distance between anodes, cm 1.73
Anode-anode center distance, cnj 3.00
Membrane thichness, cm 0.015
Effective membrane length, cm 30.0
Effective membrane width, cm 14.0
Number of Nafion® 324 membran 2
Membrane effective area, cf 840
Table 5.5 : Cell operating conditions

Anode current density, mA/cm’ 0-180
Cell voltage, V 0-4.85
NaOH, % 54
Temperatrure, °C 71.5
Black liquor solids, % 30.0
Black liquor flow, L/min 30.9
Black liquor conductivity, mS 117
Black liquor pH 9.0
Caustic flow, L/min 16.3
Caustic conductivity, mS 357
Black liquor inlet pressure, kPa 67.5
Black liquor outlet pressure, kPa 12.4
Caustic inlet pressure, kPa 137.8
Caustic outlet pressure, kPa 101.3

60
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5.4 Experimental Results and Discussion

5.4.1 Current and Potential Distribution

Based on the cell design parameters (Table 5.4) apadlating conditions (Table 5.5), it is
possible to illustrate the distribution of curredgnsity (Figure 5.5) along the cell and in the
vicinity of the anode (Figure 5.6) using the COMS&ftwarée?®

245

210

4 175

105

Current density, mA/cm’

Figure 5.5 : Distribution of current density (mA/Qmalong the cell when a total voltage of 4.5 V
is applied to the cell.

For the purpose of the simulation, a current oaB8{ps was applied to the 10 anodes with 8 amps
per electrode corresponding to an average anodierdudensity of 142 mA/ctm As a
consequence, the total voltage measured acrosstheas 4.5 V. It can be observed that the

current density was not uniform along the cell (ff@5.5). Higher values (dark red segment)

Bhttps://www.comsol.com/
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existed on the outer surface of the anode faciagrtembrane. The simulation results also show
that the entire perimeter of the anode was actvdistributing the current through the surface
exposed to black liquor but with more intensity thie surface closer to the membrane (Figure
5.6). Therefore, the current density varied comsidly along the cell presenting a wave-like
shape (Figure 5.7). At 0.05 cm from the outer anedrfaces, the current density reached a
maximum value of 233 mA/ch In the sections where the membrane is facinqiémeoccupied
space between the anodes, the value dropped toA8@mh corresponding to a factor of 2.7.
Moving away from the anode (0.2 cm) towards the imame, the amplitude of the current
density variation was reduced by a factor of 1A such a position, the distance is halfway
between the membrane and the outer surface ofrindea Each membrane supported an
average current density of approximatively 73.0 om&/**but it is submitted to a higher density
in the sections of membrane facing the anodes.s€prently, at these positions, the membranes
transferred a higher flux of sodium from the bldigkior to the caustic stream, which could be a
limiting factor of the membrane’s life expectancy.

The results show that from 0.05 cm to 0.20 cm dgfrom the anode, a factor of four, the peak
current density is reduced by 25 % and the mininvatue increases by 10 %. Assuming that the
same factor would apply from 0.20 to 0.8 cm, wéneste a peak current density of 155 mAfcm
and a minimum value of 110.5 mA/érat the cathode. In a similar manner, we can esérthat
the membrane located at 0.4 cm would be submitteal peak density of 173.0 mA/érand a

minimum value of 105.1 mA/ctm

Theoretically, each membrane supports an averagentulensity of approximatively 95%

mA/cm’ but it is submitted to a higher density in the et of membrane facing the anodes.
Consequently, at these positions, the membranasférmed a higher flux of sodium from the
black liquor to the caustic stream, which could ébdimiting factor of the membrane's life

expectancy.

*Total amperage/(membrane length x width x No. ofipeanes) = 8 000 mA/(30 cm x 14 cm x 2) = 73.0 mi#t/c
“Total amperage/(membrane length x width x No. ofmfmenes) = 80 A x 1 000 mA/A x/(30 cm x 14
cm x 2) = 95.2 mA/cth
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Figure 5.6 : Current density in the vicinity of tarode
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Figure 5.7 : Current density along the cell at 0@30 and 0.40 cm from the anode surface

The profile of the current distribution is geneyalhfluenced by the cell geometry but in some

cases it could also be related to the overvoltpgéthe working electrode, which is related to the
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current density [20]. Therefore, the current distiion was obviously influenced by the
electrode polarization. This behaviour can be dlesd by the dimensionless Wagner number
(Nwa) [22], an important parameter which helps to determine dffect of the potential
polarization on the current distribution. The Weagmumber expresses the ratio of the
polarization resistance at the electrochemicalfiate over the ohmic resistance in the electrolyte
[23-Sulaymon et Abbar] and is defined as:

Nwa= (dV/dl) | (k-L) (5]

where k is the electrolyte (black liquor) conductivi(s/cm), dV = the interface electrode

potential,d/ = the current density , L = the inter-electrod@ @addV/dI represents the slope

of the polarization curve.

The current distribution became more uniform whbe slope b of the polarization curve
increased. Hine [20] demonstrated that a moreotmifcurrent density can be achieved Nay,
greater than 1. An important criterion in the seap of electrochemical reactors is the electrical
similarity that is respected when thgy, numbers have the same value at any site of the two

reactors [23].

The current density profile along the cell usedhis work could be improved by modifying the
geometry. For example, if we decrease the diametfahe anodes and increase their number per
unit length, that will shorten the distance betwdeem and decrease the anode-membrane gap
(L) as well. Therefore, a more uniform current dgnsould be obtained. The experimental
results reported by Sulaymon [24] for a cadmiunovecy process confirm this assumption. The
results could be explained through the understgndinelectrochemical reactions, the current
efficiency and energy consumption, the mechanismsadium transfer and the Naffdn

membrane performance.
5.4.2 Electrochemical Reactions During the ElectrolysisfoBlack Liquor

5.4.2.1 Electrolysis of Black Liquor And Salt Conversion.

Kraft black liquors contain a large amount of sadli(20%) from the cooking liquor and a small
fraction (1%) of potassium originating from the wio@8]. These liquors are mixtures of

inorganic compounds, principally sodium salts, sashNaOH, NgC0O;, NaSO;, N&S, and
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sodium salts of organic material along with a l@ewel of potassium salts. It is estimated that the
sodium is evenly distributed between inorganic arganic salts [7].

Due to alkaline salt components, the pH of blagkidir is rather high (13.0-14.0) [25]. In order
to precipitate lignin, the liquor is submitted to electrolytic treatment that can drop the pH to
the point of initiating lignin precipitation (pH 10.0) and possibly much lower (2.0-4.5) [8,
26]. During electrolysis, the sodium leaves thely@e compartment to be transferred to the
catholyte producing NaOH. With regard to maintagnielectro neutrality in the liquor
compartment, as long as the liquor is alkaline, @Hs are oxidized at the anode causing a drop

of the pH. This oxidation reaction occurs accogdim the following equation [27]:
40H - 2H0+0O+4€ E=+0.40V vs SHE [6]

When the electrolysis time increases, the pH dseseand water produced in equation [7] reacts
with the sodium carbonate to give sodium bicarber(aty. 7) and then carbonic acid (eq. 8).
Finally, at a pH lower than 5.0, carbon dioxider&gdeased from the solution (Figure 5.8)
according to equation 9.

N&CO; + 2 HO - NaHCQ + NaOH + 1/2 Q+ H; [7]

NaHCG; + 2 HO - H,COs; + NaOH + 1/2 Q+ H, [8]

H,COs + H,O — CO, + H, +1/2 G (pH<5) [9]
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Figure 5.8 : Distribution of carbonate and bicadterspecies as a function of pH

Initially, the anodic reaction proceeds via equai{6) in an alkaline medium while it transfers to

equation (10) in an acidic solution where the wedreing oxidized to oxygen and proton ions:
H,O - 2 H + 1/2 Q (Anode reaction) [10]

As the pH decreases with the continuous generatidfi” ions, salts are converted to their acid
form. For example, sodium sulfate is convertedswifuric acid and organic salts to their
respective organic acids, such as vanillin to Viarakid [26] and caustic soda.

5.4.2.2 Sulfide lon Oxidation.

The residual black liquor still contains 80% of thadium sulfide brought in with the cooking

liquor. In the solution, the sodium sulfur is hgtyized according to the following reaction:
2 NaS + HO - 2 NaSH+ 2 NaOH [11]

At the high pH (13.9) value of the liquor, the sulpecies are mainly H&0%) and $ (50%)
(Figure 5.9) [28]. As the pH drops to the 10.001dange, all the sulfur ions are present as HS
If, however, the pH of the liquor is reduced to ©lower, the HSions are transformed to

undesirable k5 gas.

“http://ion.chem.usu.edu/~sbialkow/Classes/3600/Gaath/Carbonate/CO2.html
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It has been a common practice in Kraft mills torattithe black liquor to an oxidation step using
air or oxygen prior to its concentration in muléptffect evaporators [29]. This results in the
formation of more stable sulfur compounds redua@nfjur emissions [30]. Depending on the
authors, the sodium sulfides could be convertegaigsulphides, thiosulfates or sulfates [30--
32], which are more stable sulfur compounds, redudibS emissions and helping to meet

regulations.

Both non-oxidized and oxidized black liquor conta@sidual sulfides. Non-oxidized black
liquor at 15% solids contains about 8.3 g/L (A9 $33] while oxidized liquor at 30 % solids
contains about the same concentration (8.1 g/L)TAat means that only half of the sulfide ions
have been converted to thiosulfate. The presehmsmlual sulfide ions in black liquor could be
an issue when the pH drops to low acid values géingr S gas (Figure 5.9) [28]. It would

create the formation of undesirableSHluring the acid wash of precipitated lignin [4].
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Figure 5.9 : Sulfur species distribution coeffiteeas a function of pH

The electrochemical oxidation of sulfides in blaeid white liquors has been studied [26, 34-37].
The oxidized product depends on the anode matf@8il S and $° on graphitejntermediate
sulfur compound on platinum, QOn boron doped diamond anode or polysulfide o ads-
IrO, at low current density. At low current densit86 mA/cnf), the sulfide ions are oxidized
to polysulfide. When the electrode potential iases along with current density, oxygen
evolution significantly increases [36]. At a higteairrent density>100 mA/cnf) where oxygen

production is predominant, the sulfides are oxidize thiosulfates and sulfates [35]. As



68

previously shown (equations 1-5), the electrochahtonversion of salts generates oxygen at the
anode at high current densities. That oxygen #@slable to oxidize the sulfur compounds of the
black liquor, such as N8 to sodium thiosulfate (N8,0s). The overall reaction can be written

as:
2NaS +2Q+ HO - 2 NaS;03+ 2 NaOH [12]

Fortunately, by the time the electrolyzed blaclkutig has reached a pH of 8.5, all the sodium
sulfide has been oxidized to a more stable pro@NetS,03) preventing undesirable,8 gas
formation (Figures 5.10 and 5.11) [8].

If electrolysis is pursued below pH 8.5, the oxidiatreaction continues and the thiosulfate can

then be oxidized to sodium sulfate (eq. 13) [3],&2ording to the following reaction:
NaS;03+ 2 NaOH + 2 Q - 2 NaSOy + H,0 [13]

In brief, regardless of the final oxidation produsilfide ions are converted to more stable sulfur
compounds eliminating the formation of undesirai8 gas at an acidic pH.
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Figure 5.10 : Change in pH as electrolysis proceeds
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Figure 5.11 : Oxidation of sulphide ions as eldgsis proceeds

5.4.3 Voltage Cell Balance

The current density profile expressed as a funatibthe total voltage for a 30% black liquor
solution was developed based on two pH valueswwadaustic concentrations (Figure 5.12). At
pH 9.0 for the treated black liquor, the caustinaantration had only little impact (6.6%) on the
curve slope. We noticed that, in the 5.4% NaOHectse curve slope decreased slightly in the
vicinity of 4 V (3.8 to 4.2 V) and returned to itstial value. No explanation can be provided for
that bend in the curve other than a possible deptmiking sodium transfer. However, reducing
the pH from 9.0 to 6.0 reduced productivity by 3B%sed on the current density at a constant
voltage. By dropping the pH to an acidic value (pH), the electrochemical equilibrium
reactions change and carbon dioxide would staffotm (Figure 5.8) increasing cell ohmic
resistance. On the other hand, the limiting curmensity is dependent on the pH which
determines the level of residual sodium. Basethercontinuous progression of current density
as the voltage increases, we can conclude thad & @, where less than 40% of the sodium is
removed from black liquor [8], the sodium conteftlwe liquor is high enough (approximately
48 g/L) so the process operates below the limitogent density and is not sodium-transfer
limited. However, in a previous study, it was sinotvat at pH 6.0 where 56.4% of the sodium
was removed from black liquor making the concemradrop to 28 g/L, a limiting current

density was observed around 200 mAF§T.
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Figure 5.12 : Current density profile as a functodriotal cell voltage

The terminal or total voltage 1\; of the cell during the electrolysis of black liqucomprises

three major contributions: (1) the equilibrium reak voltage E, (2) the total polarization, anode
and cathode overvoltagesaq andnca:) and the sum of the ohmic voltage dropsl(R) (Figure

5.13). The experimental values of the equilibriteaction potential and the overvoltage are in

agreement with the values determined theoretidedlgw.
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Figure 5.13 : Cell components' contribution to tetl voltage during the electrolysis of black
liquor at pH 9.0 and 73 °C while producing 5.4% MO
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5.4.3.1 Equilibrium Reaction Potential (Eg).

The equilibrium reaction potential is the minimuwltege at which the electrochemical reaction
takes place [38]. In our application, as mentiopesviously, the electrolysis of water was the
dominant reaction producing oxygen and hydrogehe ®verall reaction is represented by the

following equation:

H,O (1) - Ha(g) + 1/2 Q(g) [14]

The potential of the reaction can be determinedguequations 15 to 18 for water electrolysis.

AGR =AG®5 + RT Ln (K) [15]
where K = @, a"’02/an20 [16]
E. = AGT/(2-F) [17]

Both AGT and E vary depending on the concentration and temperdiacause the activities of
the chemical species involved in the reactionsrel@ed to their concentration and temperature
[21]. The operating conditions of the temperatmd pressure in both compartments are listed in

Table 5.5. The values of the parameters emploseediaen below:

AG°,5=236 330 J/mole

T =73 °C (346 °K), R = 8.314 J/(mole-K),

a0 = 1.0, a2=0.60 atm, the partial pressure of, lnd @, = 0.66 atm, the ©partial pressure.

Under these conditions, we calculate that=EL.20 V. However, at that voltage, one must add
the electromotive force related to the concentragadient of anion OHacross the membrane,

expressed as follows:

Eon-=RTLn (Q)H—cathodéaoH—anodé/F [18]

In order to proceed with the computations @fyEusing Equation 148, the concentration of
hydroxyl anion as the chemical activity for eachtloé cell compartments must be taken into
consideration. For example, at a typical concéomaof 1 M for OH- in the catholyte, the value
of @on-cathoddS €qual to 1. The value of@aanogeCan be estimated based on the pH of the anolyte
black liquor and its temperature. At pH 9.0 and T3 °C, and pK;o = 12.8, it can be
determined thatay. = 1.65E* mole/L and then, according to eq. [18h4£= 0.26 V. Adding this



72

value to the 1.20 V calculated previously, a thedymamic electromotive force {Fof 1.46 V is
obtained.

5.4.3.2 Electrode Overvoltages.

In this work, the anodic overvoltage was estimdigdneans of the data from Jin et al. [26] for
various electrolysis systems including black liquoFrom cyclic voltammetry and anodic
polarization curves, we observed a slope of 280 dadéde in the oxygen evolution region
(Figure 5.14) in the case of black liquor electsidyconditions. As mentioned by the authors, the
oxygen evolution reaction starts at 0.79 V insted®.57 V for a sodium hydroxide solution.
The complex composition of black liquor has an lmtimg effect. Assuming that black liquors
exhibit similar behaviour, we estimate that the deovervoltage in the higher current density
region 180 mA/crf) considered with our situation would be around\0.6This is in agreement

with experimental values obtained here as indicatédble 5.6.
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Figure 5.14 : Anodic overvoltage from cyclic voltaretry test with black liquor

Low carbon steel cathodes were used in chlor-alikadi alkaline water electrolysis due to their
low cost, easy availability and low overpotentiabgut 300mV) at a current density of 200-300
mA/cn’ at 80°C [39]. Olivares-Ramirez et al. [40] stutlibe hydrogen evolution in alkaline
medium on different stainless steel cathodes. Tdueycluded that SS-316 is the best cathodic
electrode due to its higher nickel content withpext to other stainless steel electrodes.
According to their cyclic voltammagram in 1 M NaOHlhe slope of the current density vs
voltage is 300 mV/decade. At an operating cathodicent density of 180 mA/cinthe cathode
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overvoltage of the hydrogen evolution reaction #41M NaOH was estimated at 0.54 V. This
value is also in agreement with the experimenttd datained here.

5.4.3.3 Ohmic Voltage Drop.

The total ohmic voltage of the cell comprises thiéofving constituents:

2 I-R =V + Vaime + Vm +Viaorme + Viaon [19]

Where:

VgL is the voltage drop across the black liquor cormpant,

VemL = the voltage across the black liquor boundargidanext to the membrane,

Vu = the voltage across the membrane,

VnaonmL = the voltage drop through the caustic boundaygriat the membrane interface and

Vnaon = the voltage drop through the caustic compartment
Based on Carlberg’s findings [14], the ter¥ig . andVnaonme can be overlooked.

The conductivities of the electrolyte solutions keg properties influencing the cell voltage drop
negatively impacting the energy consumption. Trlal. [33] studied the factors affecting the
conductivity of kraft black liquor. They found thid depends on the concentration of inorganic
compounds, such as NaOH, #/8a NaCOs; as well as the pulping conditions, such as cooking
time, caustic charge and temperature. The effed¢eroperature on conductivity profile was
found to be different for various concentrationsbddick liquor, which was also reported by
Cloutier [7]. Typically, the conductivity reaches maximum between 25 and 30% solids
depending on the temperature. We determined tlaak Hdiquor electrolyzed at pH 9.0 also
reaches a maximum conductivity at around 30% s¢kdgure 5.15).
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Figure 5.15 : Conductivity of electrolyzed blacfuor (pH 9.0) as a function of solids

The conductivity of 30% black liquor at pH 9.0 (16S/cm) is much lower compared to 357
mS/cm for the 1.44 M (5.4%) NaOH solution produ@edhe catholyte compartment. In fact,
since it represents one third of the caustic cotidty; the voltage IR in the black liquor

compartment is 3 times lower than in the NaOH camnpent.

The ohmic voltage drop across the black liquor da@H compartments is calculated as follows:

VgL = J (83 mA/crf) x Al (0.4 cm)k (117 mS/cm) x 2 compartments = 0.57 V [20]

Vnaon = J (83 mA/crf) x Al (0.4 cm)k (357 mS/cm) x 2 compartments = 0.19 V[21]
where J is the current density,

Al = the anode or cathode compartment gap and
K = the solution conductivity.

The ohmic voltage drop of both electrolyte solusigblack liquor and caustic) totalizes 0.76 V.

The voltage drop across the membrane could be &stihbased on Ohm'’s law (V= R-I). By
using the membrane conductivity reported in literat(73.0 mS/cm) [25] and assuming a linear
relationship, at a current density of 180 mAfcthe voltage drop is estimated at 0.18 V. Using a
resistance of 4.8-cnf provided by the manufacturer (in 0.6 M KCI), 081is obtained. The
method tends to overestimate the voltage drop edpem the high ranges of current density.



75

On the other hand, Moshtarikhah [41] determinecedrpentally that the voltage drop across the

membrane does not follow a linear relationship vatinrent density. His results indicated that

the voltage increases up to a current density 6fre@/cnt and then levels off (Figure 5.16). It

is observed that the slope corresponding to the breme resistance increases linearly at low
current density but stabilizes at higher currentsitees. He suggests that increasing the current
density results in the swelling of the membrane tduan increase in the channel diameter and the

number of pores taking part in ion transport.

We applied the results of his findings to our ditbaand determined that, at the current density
that each membrane is exposed to (83 mAycthe voltage drop would be 0.14 V (Figure 5.16)
for each membrane and 0.28 V for both. This vadueore representative since it is based on

experimental measurement as opposed to theoreéimallations.
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Figure 5.16 : Measured voltage through a N&fiorembrane as a function of current density.

Gas bubbles, oxygen at the anode and hydroger athode are formed during the electrolysis
of black liquor. These bubbles disperse in thatgmis causing the streams to become two-phase
flows. The bubble effects are classified as (¥) shrface area reduction on the electrodes, and
(2) the generation of a gas void fraction in thecgblytic solutions thereby increasing its
resistivity [20]. The gas void fraction is closeiglated to the bubble size and current density.
During water electrolysis in a 20% NaOH solutione tvoltage drop due to bubble effects is
estimated at 5% of the total cell voltage. Accogdio our experimental results, when operating
at a current density of 180 mA/énthe total cell voltage is 4.85 V (Figure 5.18ased on the
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similarity of the solution composition in our apgdtion and the electrode reactions, we estimate
the contribution of bubbles to be 0.24 V.

The voltage contribution of each cell constituenshown in Table 5.6. In order to balance the
sum of the contributions with the total voltage, added a hardware IR drop as suggested by
Hine (1.4%) [20] and other contributions accountifggy a total of 0.16 V. The other
contributions could be secondary electrochemicactiens unaccounted for outside the

predominant reaction of water electrolysis dueneodomplex composition of black liquor.

Table 5.6 : Cell voltage distribution at a currdansity of 180 mA/ch

Constituent Voltage
V %

Decomposition potential, \h 2.32 47.8
Estimated electrode overvoltage

Anodic overvoltage fan 0.50 104

Cathodic overvoltage ncat 0.54 11.1

Sub-total (1) 1.04 21.5
Solution IR drop

Anolyte (black liquor), Vg 0,57 12.5

Catholyte (NaOH), WaoH 0,19 4.1

Sub-total (2) 0.81 16.7
Membrane IR drop, Vi 0.28 57
Bubble effect 0.24 5.0
Hardware effect and others 0.16 3.3
Total 4.85 100.0

It is clear that the decomposition voltage (48%)he major contributor to the cell voltage
followed by both hydrogen and oxygen overvoltaggs5%). The solutions account for 16.7%
of the voltage drop with the black liquor havingatage drop three times higher than the NaOH
solution since its conductivity is about one thifdthe caustic solution. Due to the internal cell
configuration, the membranes are exposed to a lovect density and consequently their voltage
drop contribution is only 5.7%. The energy constiampof this process would benefit primarily

from lower overvoltage electrode materials andeasing the black liquor's conductivity.
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5.5 Conclusion

The electrochemical treatment of black liquor isgwsed as an alternative to recover lignin from
kraft black liquor and is a priority in the bionedry initiative for the pulp and paper industry. A
special feature of the electrochemical proceshasuse of electric energy as a driving force for
the chemical reactions to replace the use of ch@micThe fundamental electrochemistry of cell
operation was investigated. The membrane acts ssdeative media for sodium ions moving

towards the catholyte compartment under the infleesf the electric field.

Based on experimental results complemented by fdata the literature, the cell operation and
the electrochemical reactions encountered weredsated and it was shown that the principal
reaction was the decomposition of water and thelyetion of caustic soda from the sodium
recovered from the black liquor. Secondary reastimclude the complete oxidation of sulfide
ions to thiosulfate and the transformation of sodigarbonate to bicarbonate and eventually

carbon dioxide.

It was demonstrated, in our tubular anode cellgieslectrolyser, that the current density
distribution is unevenly distributed along the cplesenting a sinusoidal-like shape with a
maximum at the anode surface and a minimum in tba between the anodes. However, the
current density becomes more and more uniform asdiktance between the anode and the
membrane and the flat cathode was increased. der @o reduce that current variation, it was
proposed to downsize the anode diameter and imstakt anodes per unit length.

The influence of the black liquor pH on cell volkkags a function of current density was studied.
It showed similar curve shapes but with differeloippes compared to what is proposed in the
literature. At a high pH (9.0), we obtained a hettarrent density at the constant voltage
indicating a more productive condition for watelitpg than at a pH value of 6.0.

The distribution of the estimated voltage contribg of cell components revealed that the major
contributors were the decomposition reaction (48&lpwed by the electrode overvoltages
(21.5%). The ohmic voltage drop of the electradyaed the membranes accounted for 22.4%, or
16.7% and 5.7% respectively. The energy consumpfathe proposed process would benefit
the most from lower overvoltage electrode mateaald increasing the black liquor conductivity.
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The chemical approach to precipitate lignin fromdl liquor consists of reducing the pH
using carbon dioxide and sulfuric acid to wash ligain. We have developed an
electrochemical avenue for lowering pH while regowg caustic and acid from salts. It
includes electrolytic treatment of black liquor thraduces its alkalinity to the critical

point of lignin precipitation without using chemisaf external source. This electrolytic
treatment is based on the use of cationic excharegebrane. In this study, we modeled
the mass transfer phenomena of most important tbreugh the membrane during
electrolysis. We report on the investigation oflism, protons hydroxyls ions and pH
profiles across the membrane under typical opegationditions. We evaluated this
membrane process performance based on mass traosédficient and caustic

productivity.

6.1 Introduction

The recovery of lignin from kraft black liquor (Bltp make value-added biomaterials is
a part of the biorefinery initiative in the pulp dapaper industry [1]. The industry
presently relies on acid precipitation (Carbon dleX using commercial technologies,

such as LignoBoost [2] and LignoForce [3].

That first generation of lignin recovery technolegjisuffers from major limitations,
mainly (1) the additional load to the effluent af@) the recausticizing system, (3) the
disturbance of the black liquor Na/S balance andtf® lower limit of the lignin
production capacity [4]. In that regard, the secageheration of lignin recovery
technologies relying on electrochemical processiesraates many of the above issues
[5, 6-8].
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We proposed an electrochemical approach to pratgpiignin from BL making the

technology more environmentally friendly while sopjing sustainable development
where electricity is provided from a renewable seur A special feature of

electrochemical processes is the use of electrastya driving force for the chemical
reaction and the electrons are considered a feddstiher than a utility [9]. The

advantages of the electrochemical approach togtat@ lignin are the following: (1) no

chemical requirement from an external source, (xadditional discharge to the effluent
treatment, (3) no disturbance of the Na/S balaf@)ea reduction in the inorganic content
of BL by extracting the sodium, which results iniaoreased black liquor calorific value,
(5) off-loading the overloaded causticizing systand a reduction of GHG emissions,
(6) oxidation of sulfide ions, thus eliminating,$ formation and (7) a significant
increase in the evaporation capacity of a kraft siice it will be able to reduce liquor
viscosity by tenfold [10].

In our previous experimental study [4] we reported the fundamentals of
electrochemistry occurring during the electrolysef black liquor, including
electrochemical reactions, current density distrdyu along the electrolytic cell that
leads to recommendations for improving cell desibge,influence of black liquor pH on
the cell voltage as a function of current densityg,afinally, the contribution of the

individual cell components to the total voltage. [4]

This study is on the mass transport involved duthmg electrolytic treatment of black
liquor to reduce its pH to the point of lignin pigitation or even lower, if desirable.
Specifically, we modeled the mass transfer phenanretated to the ion exchange
membrane of the electrochemical cell used for teet®lytic treatment. We reported on
the transport of sodium ions, protons, hydroxylsi@nd thus the pH profile across the

membrane under typical operating conditions.
6.2 Theoretical aspects on mass transport phenomena

6.2.1 General aspects
Lowering the pH of BL electrochemically relies olearolysis membrane technology.

An electric potential is applied across the anodd #he cathode separated by a
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membrane to split sodium salts. This electric pii forces the Naions to move out
of the liquor in order to maintain electroneutralibh the compartment where Olbns
are reduced to water and oxygen. The sodium iwaisare attracted toward the negative
cathode migrate through the membrane to reachatimlgte compartment where they
combine with cathode-generated OH- ions to makestmausoda. The process
performance is based on the selectivity of the nrambfavoring the passage of sodium

and blocking the back migration of hydroxyl ionsvard the liquor.

In this study, we consider transport phenomenaeelto Nd, H* and OH ions under
acidic or basic operating states of the membradeder the influence of the electric
potential, the Naand H ions are moving from the anolyte to the cathobgepartment
passing through the membrane while the” @iis are back migrating in the opposite
direction. We assume that the membrane consistishoimogeneous solid phase (in the
form of a flat sheet) in contact with the BL (anelyon one side and a caustic soda

solution (catholyte) on the other side.

The membrane within the electrolysis cell is sunaed by two film layers: one at the
BL interface and the other at the NaOH solutioririfaice (Figure 6.1). A typical Na
concentration profile is also shown as an illustratcomprising a Naconcentration
gradient across the thickness of the membranegm &bncentration at each of the
membrane layer interfaces, and at last, & ddacentration gradient in each of the film
layers. For each of the layer-membrane interfasesassume a two-phase equilibrium

with the membrane taking into account the so-cdllednan effect.
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Figure 6.1 : lllustration of the sodium concentratprofile across the membrane applied

to electrolysis of black liquor taking into accouihé so-called Donnan effect.

6.2.2 Modelling of transport phenomena in the membrane

Mass transport in electrochemical cells is causethkee phenomena: (1) diffusion, (2)
migration from electro-potential, and (3) conventid1]. The complete Nernst-Planck
equation for modeling the transport of an ion inian-exchange membrane can be

written in the following vectorial form [12:

=-D.-IC-D-z-GF(/R-T))-F®d + v-C [1]

Assuming a negligible impact of the convection temhich is demonstrated later, and
the transport in one direction through the membi@mig, i.e., the transport of ions from
the anolyte to the catholyte at a steady statenegihe equation is simplified to (thve

direction is normal to the membrane):
J=-D-JClx-D-z-C-(FI(R-T) Yl o [2]
J. flux of species across a plane perpendicultdrecx direction (mole fs™)

D:  Diffusion coefficient (m-s?)
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C: Concentration (molen™)
X: Distance (m)
z: Charge number of a given species

F: Faraday constant (96 485 A-s/mole)

D: Electrical potential (V)

T: Temperature (K)

R:  Gas constant (8.31 kJkrifeK™)

Vi Electrolyte velocity in the direction of flux (i)

The diffusion termcomes from Fick’s law and represents the flow pécses due to a
concentration gradient. The migration is due ® ginadient of electrical potential and
the convective part is induced by the bulk movemamd affected by the osmotic

pressure and electro-osmotic effects [13, 14].

This equation (2) is usually strictly applicablelyom dilute solution (<0.01 M) but still
commonly used for all conditions [12] because of high complexity at high
concentration. Carlberg [15] proposed a simplifiedss transport model based on the
Nernst-Planck equation by reducing the number ofedisions in the geometry and the
number of independent variables. He developedethdeanensionless ratios to
characterize each of the three phenomena menta@ee concerning ion transport: (1)
convection/diffusion (C/D) ratio corresponding tdiet Peclet number { (2)
migration/diffusion (M/D) and (3) migration/convem (M/C) or :

Convection/Diffusion = P= v-L/D, [3]
Migration/Diffusion = z-FA®/(R-T) [4]
Migration/Convectiorr z-F-Dmn-A® /(R-To-L) [5]

where indices i and m refer to a specific ion amel tnembrane respectively, L is the
thickness of the membrane, and is the voltage drop across the membrane assuming
J®/0x is equal tAAD/L.
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Then, the author estimated the three ratios wighdijective of comparing the relative
significance of each transport mechanism in therallvetransfer process. He
demonstrated which mechanisms are the most imgoidanon transport through the
membrane and any that can be neglected due tankajnificance.

Carlberg [15] developed an analytical solution égr [2] assuming that the convective
term was negligible Gonv/Diff >> 1 andConv/Diff << 1), which is reasonable for
electrolysis with a membrane cell. The final siwintdescribing the profile of the ion
concentration across the membrane at a steadyis@tpressed as follows:

= C+ (C2-C1) Az FAB)RTLX)
= G [e(—zFApx)/RTL) —1)] [e 1 [6]

where the indice 1 refers to the inner part ofrtreanbrane on the anode side (x = 0) and
2 refers to the inner part of the membrane on #tbodle side (x = L). For instance, C
represents [Ngwe. and G, [Na'lunaon - Equation [6] can be used to predict the

concentration profile of ions Nand the pH profile across the membrane.

6.2.3 Effect of the acid or alkaline membrane state on insport phenomena
Jorissem and Simmrock [16] studied a phenomenorreblyethere is a loss in the
membrane's current efficiency with the electrolysisNaSO, following an increase in
the concentration of both products;30, and NaOH. They proposed two models
(Figure 6.2) to explain the phenomena, one whennitembrane operates in an acidic

state and the other one when the membrane isatkahne state.

The acidic state prevails when the concentratioloions surpasses the Nians. The
membrane affinity for Hions is three times higher than for sodium [1¥hen the
membrane operates in an acidic state, théoHs cross the membrane and move toward
the catholyte where they neutralize hydroxyl ionaking the current efficiency very
sensitive to the acidic concentration [16]. Wher thembrane operates in an acidic
membrane state, the hydroxyl concentration in taghatyte has no influence on the
current efficiency because hydroxyl ions have alyebeen neutralized in the acid
boundary layer [16, 18]. Hydrogen ions pass thhotlge membrane when the acid
concentration is high and the sodium hydroxide eatration in the catholyte is low
[17].
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However, under the alkaline membrane state, therolytl ions pass through the
membrane when the acidic concentration is low &edsbdium hydroxide concentration
is high [16]. The acidic concentration in the aneljas no influence on the current
efficiency because hydrogen ions have already Ibeeitralized in the acidic boundary
layer [16, 18] and cannot reach the membrane .itdélimembrane type, current density
and temperature are fixed, the current efficiengpehds on the caustic soda

concentration in the cathode compartment only [16].

Alkaline State Acidic State
- = / 1 +
Salt/Acid \\ OH'| Base Salt/Acid | H Z Base
-S0O,
HY e—— OH-
Nat—
A 7
Cation-Exchange
Membrane
N 7

Figure 6.2 : Model of the alkalimaembrane state (to the left) and #used membrane

state (to the right) of a cation exchange membrane

The above-mentioned results can be explained bynib&el shown in Figure 6.2 [16].
At a high caustic soda concentration in the catieoind a low concentration of acid in
the anolyte, losses in current efficiency are cduse the migration of OH- ions. This
assumption has been confirmed experimentally [hé]ia supported by the result that in
the case of an acidic anolyte containing some iftiparof multivalent metals subjected
to precipitation under caustic conditions, solubéth alkaline hydroxides precipitated
on the membrane surface on the anode side [20].

6.2.4 lons concentration at the solutions-membrane intedces
As proposed by Moshtari Khah [14], calculationsnfionic concentration profile should
consider the Donnan effect occurring at membrahgisa interfaces, explaining the

step increase of sodium concentration between e Medias. The Donnan effect
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creates a step concentration between the liquidtedhembrane media (boundary layer

and the membrane) based on the chemical potentidieium (Figure 6.1).

We propose considering the membrane as a homogemedsum containing fixed
charges of S® ions and at equilibrium, sodium ions and H+ or @Hfusing through
the membrane. The chemical activities of @&t H+) and N& can be represented by
their respective molar concentration (M). The Damrequilibrium is based on the fact
that the chemical potentialy), for example, in the liquid phase at an interfiqaid-
membrane is equal to the chemical potential in $bed membrane phase at this
interface. Let us consider for instance the memdyBL interface of a membrane under
alkaline conditions. The chemical potential ofdildiquor at the interfaceyg v) is

equal to the chemical potential in the solid meambrphase at this interfac@(sy).

We have:
WeLm = RT In [N&]gim + RT In [OH]gLm [7]
wmeL = RT In [N&]weL + RT In [OH]w,eL [8]

The Donnan equilibrium principle says thats,m equalsyus,, which gives the
following expression for the sodium ion concentmatin the membrane at the black

liquor interface:

[Na"lmeL = [Na'lsum: [OH]eLm/[OH vl [9]

On the other hand, to respect the electroneutratityciple in the membrane at the black

liguor-membrane interface, we must have:
[NalmeL = [SOsTmeL + [OHImeL [10]

Assuming that the black liquor is maintained atalite condition, we can neglect the
concentration of H+ ions. Therefore, by solvinguatpns [9] and [10], and
manipulating the variables, we can calculate’'[Na. and [OH]y g from known values

for [Na']gLm and [OH]gLu that would be previously calculated.

6.2.5 Modelling of transport phenomena in each of the boodary layers
lonic concentrations in each of the boundary laygrhhe membrane-layer interface can
be calculated from the bulk concentration and ni@sssfer coefficients. For each of the
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boundary layers, for a given ion, the concentratgradient is related to the flux

according to eq. [11]:
NI =k |G- Gyl [11]

Where k is the mass transfer coefficient, indicesefer to a bulk concentration and
indice m refers to the interface membrane-layer &uthe side of the liquid film
(boundary layer). For example, looking at Figureilthe case of Nain the boundary
layer of the BL, G is [Na]g. while Gy is [Na']wgL.

In order to estimate the mass transfer coefficiera fully developed region, Goodridge
et al [21] proposed the Chilton-Colburn correlatitor such a system relating the
Sherwood number to the Reynolds and Schmidt nundllensing the calculation of the
mass transfer coefficientsflr a specific ion i, in the case of a turbulerginee:

S,=0.023-R&%.5'3 [12]
where
Re=v-Dy/v and [13]

S =t/ (pDj) = /D,
[14]
Sh = ki- Du/Di [15]
Dy is a hydraulic diameter or a characteristic lengthis the viscosity and D is the
diffusivity, v the kinematic viscosity angthe density.
By combining eq. [12], [14] and [15], and referritigthe N& species, we obtain eq. [16]

allowing for the calculation of the N#&ransfer coefficient for each of the two boundary
layers adjacent to the membrane.

kna= 0.023RE2.8Y3.Dyo/Dy [16]

Then the film thickness can be calculated:

J = Kna /Dna [17]
Boundary layers (film resistance) on each sidéhefrhembrane play an important role in

the transfer of ions from the anolyte to the catteolvia the membrane. It could affect
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the concentration profiles developed in the boupdayers and within the membrane.
The thickness of the boundary layers depends offldteregime, which is determined
by the Reynolds number [12] and the characteristidbe liquid and flow conditions in

the channel [22].

6.3 Experimental method and methodology

6.3.1 Experimental set-up

The experimental set-up and method used in theepsodevelopment were detailed in a
previous publication along with the operating coiotis and the composition of the BL
as well [5, 7]. The dual compartment electrolysél is composed of a bundle of
cylindrical anodes (10), two flat plate cathodesl awo separated by the cationic
membrane Nafioh 324 (Figure 6.3). The characteristics of BL aralistic soda
solutions and cell design are described in Table The BL (anolyte) is circulated
through the anode compartment where the alkalisitgduced until the pH reaches the
point of destabilizing the lignin and forcing itsegipitation out of the solution. During
electrolysis, the sodium is transferred from thelge to the catholyte compartment to
make caustic soda. The set-up is operated incadad bleed mode for both streams.
The pH of the anolyte loop is maintained constanthie addition of fresh black liquor at
high pH. The caustic soda concentration is colefloby conductivity measurement

demanding the addition of water when over target.

6.3.2 Black liquor characteristics

In this work, we recommended using black liquoradout 30 % solids. At this
concentration, the electrolyte exhibited a maximeomductivity [4, 7, 8]. The other
reasons supporting the choice of this compositioth® electrolyte are in the following.
At the above solids level, black liquor is also sidered to have a Newtonian fluid
behaviour[24, 25, 26 27]. Moreover, once electrolysed, the black liquacesity could

be reduced by one order of magnitude dependindgn@rsalids content. At 30 % solids



91

and 70 °C, Caro [10] reported a kinematic viscoeft.0116 crf/s equivalent to 1.356

cP?, a value we retain for our calculations since werate under similar conditions.

Alcali and sodium
depleted liquor

Membrane Anode (+)
Membrane Anode
chamber

TRAZ
MoaeA

Q o

'I
/’.u I

Caustic Liquor
chamber flow
4 Adapted
| from [23]

Black liquor

Figure 6.3 : Internal design of the ELSEP elecsyell

6.3.3 Reynolds (R) number calculations

The Reynolds number (Re)is an important param#tat describes whether flow
conditions lead to laminar or turbulent flow, a dwerization needed to evaluate the
mass transfer performance. Given the irregulapaslud the internal channels of the cell
we used, we considered various methods to calcRlatembers. For simplification, we
assume that both streams (anolyte and catholyell@wing in a channel considered to
be composed of two parallel walls for which we deiee the equivalent hydraulic
diameter (). On the black liquor side, we identified fourysao calculate the flowR.
number all using eq. [13] [12]. In the equatioeocity v is based on the volumetric
flow (Q) and the definition of the cross sectioeafA) between the membrane and the

anode is defined as:

22 =p-p=cnf/s- ntlcn? x kg/n? x cPoise/(kg/(m-s)) = 0.01163 x 1/(108) 166 x 1 000/1 = 1.356 cP
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v=QI/A [18]
The anode compartment can be represented as ageleiachannel containing a bank of

tubes (Figure 6.3). The four methods that were idensd are as follows:

a) A is defined by the minimum rectangular passhgeveen an electrode and the

membrane and Pand velocity are calculated accordingly;

b) A is defined by a rectangle characterized hy €yuals to the diameter of the

cylindroids anodes [30];

c) Velocity is the so-called mean superficial véhpa.e., the average velocity that would

occur if the tubes were removed [30];

d) A is defined by the cross sectional with the width channel of 2.07 cm (membrane

to membrane).

On the caustic soda side, tRe number calculation is computed according to a Bmp

rectangular shape like channel characterized mgaivalent hydraulic diameter ([p



Table 6.1 : Experimental conditions and cell chemastics

Black liquor NaOH
Parameter (Anolyte) (catholyte) Reference
compartment | compartment
. This work
0 1
Solids content, % 29,3 6,43 Herron [23]
Sodium content, % 531 3,70 Cloutier [7]
Sodium [Na'], M 2,69 1,66 Cloutier [7]
Temperature, °C 70 70 This work
Current density, .
KA/M?Z of electrode 1,26 0.835 This work
Current density, .
kA/m? of membrane 0,835 This work
. Cloutier [7]
Density, g/cn? 1,166 1,071 Liquiflo [28]
Viscosity kinematic , cnf/s 0,012 0,005 Caro [710]
Flow, L/min 30,9 16,3 Cloutier [7]
Cloutier [7],
Anode length, cm 14,0 - Herron [23]
Number of anodes 10 - This work
Number of cathodes - 2 This work
Anode surface, cmf 559 - This work
No of membrane Nafion 324 2
Cloutier [7],
Membrane area, cnf 840 Herron [23]
Membrane thickness, cm 0.01524
Membrane density, g/cni 1,95 Sigma [29]
Exchange capacity, meq/g 1,00 Sigma [29]
[SO5] in membrane®® 1,95 Sigma [29]

#[S05], Mole/L = eq/L = g/lcm: meq/g-eq/meq- it = 1.95 x 1.0 x 1/1 000 x 1 000 = 1.95 M

93
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6.3.4 lonic fluxes and concentration gradient across bouttary layers

lonic fluxes were obtained from measurements andsnialances for a typical run of
electrolysis of BL with the experimental set-upheh the concentration gradient for each
of the boundary layers was estimated from the ifinic and the value of mass transfer
coefficients. The mass transfer coefficients weedculated according to eq. [12]
presented above. Finally, we proceeded with tHeulaions of the thickness of the
boundary layer on each side of the membrane witfl&§ The diffusivity of Na ion in
black liquor and in the NaOH solution was estimaiesing the Stokes-Einstein

relationship [12]:
Dna=Kg: T/(411- - Ryy) [19]

where Q. is the diffusion coefficient in cffs, Ks the Boltzman constant (1.38 10
m* kg)/($-K), T in K, II = 3.1416, p is the solution viscosity in kg/(mas)d R the
hydrated radius of sodium ion (3.127806n) [31].

It is worth mentioning that the effect of multiplkeaslows (liquid and gas) is not
incorporated in the modelling. The author assurtiet single phase modelling is
sufficient for his case since the bulk concentrattould not be significantly affected
when the electrolyte is considered well mixed amal gradient concentration across the
boundary layer is considered negligible. We folowhis recommendation for our

application given the turbulent flow regime.

6.3.5 Concentration profile across the membrane and Donraequilibrium

Knowing the ion concentrations in the liquid phdee each of the interface liquid-
membranes, we can calculate the ion concentratiothe membrane for each of the
liquid-membrane interfaces solving eq. [9] and [10$tarting from these values, we
plotted the ion concentration profiles based onatiqu [6] at different values oA®
across the membrane. It is understood that thialie is directly related to the current
density. We previously reportedAab of 0.27 V when the membrane is submitted to a
current density of 0.835 kA/Mj4].
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6.3.6 Remarks regarding purity of the caustic soda produed

As mentioned earlier in this study, we consideraty aransport of Naand H or OH
depending on the acidic state of the membrane. pilRethe fact that the caustic soda
produced in the catholyte (NaOH) compartment cofrea the sodium recovered from
the black liquor, it contains some impurities, aligh at low levels. It is said that other
species may diffuse through the membrane but #resport of these species was not

considered.

6.3.6.1 Organics traces in the caustic soda

Black liquor contents high concentration of organitcluding lignin, hemicellulose and
sugars. In fact about 50 % of dry black liquond®lare constituted of organic matter of
which 80 % is lignin. That organic material hag thotential to diffuse through the
membrane to the caustic soda stream depending eroghkrating conditions of the
electrolytic process. But previous work [32] h&wn that the level of total organic
carbon in the caustic soda was very low, less thad ppm, demonstrating that the
Nafion® membrane acts as a selective filter preventingrmiogmatter to cross over.
Despite the dark color of black liquor, the highestvity of the membrane allows to

produce a colorless caustic soda suitable for hiegmperation.

6.3.6.2 Sulfate ions traces in the caustic soda.

The black liquor also contains sulfate ions (1.4)y/tB&t could leak as well through the
membrane and contaminate the caustic soda, eveglhhts presence is not detrimental
to its use in the mill. Earlier work [33] on thieetrolysis of concentrated sodium sulfate
demonstrated that the Nafidr824 could produce caustic soda containing a vevy |
level of sulfate €10 ppm) at 70 °C when the acidity is low. Given thech lower levels
of sulfate and low acidity in the black liquor, weould expect less than 10 ppm of

sulfate ions in the caustic soda when operatiridacC.

6.3.6.3 Low concentration of potassium ions in the caustisoda.

Black liquors contain a high level of sodium (19-Z0on a dry basis) mostly coming
from the cooking liquor [7, 34] but also a fractioh potassium (1%) as well coming

from the wood chips. During electrolysis, the gstam ions are transferred along with
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the sodium across the membrane to generate potasgsidroxide in the caustic soda
stream. Potassium hydroxide is a chemical as kiuss sodium hydroxide for pulping

and bleaching operation.
6.4 Results

6.4.1 Predominant transfer mechanisms

The relative significance of the three transporemdmena for our application of
electrolysis of black liquor was determined based Qarlberg’s method [15]. The
analysis is performed based on the absolute vdiubeodimensionless ratios and the
results are compared to the values shown in TaBle 6iven the low value of the ratio
C/D (-9.8 10", the diffusion term dominates the convection teffherefore, the
convection term can be neglected. On the othed,hiwe ratio M/D (9.86 10) is too
low to neglect. In fact, the ratio should be salerders of magnitude larger [11];
consequently, both terms have been kept in the mddegarding the M/C ratio (-9.17
10'®) we see that the migration term dominates by li@nce the convection term is
excluded. In overall, we can conclude that thevechon term can be ignored in the
modelling because of negligible incidence as peMNBSO;, splitting application [15].

6.4.2 Determination of flow regimes

The determination of the flow regime requires spleattention and the results obtained
from the various methods of calculating Rre presented in Table 6.3. The estimated
values of theR. number for the four methods used to calculate plameter on the
black liquor side vary considerably. Indeed, tverage value is 4 100 with a high
coefficient of variation of 33 % due mainly to teguivalent hydraulic diameter variable.
It was unexpected that the Rumber in the restricted area would be lower (3)@Aan

the one in the full width passage (5 511). Inwaity, you would expect more turbulence
or a higher R number in a narrower channel, but the hydraulianditer dictates

otherwise.

Nevertheless, considering the average of thenl®nbers being above 3 000 and the
geometry of the cell, we can affirm that the floivotack liquor is well agitated and runs

in a well-developed turbulent regime. Moreoveading to the cell design patent [23],
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once there is pressure applied to the feed stotdckBiquor) the membranes formed a
serpentine flow path (Figure 6.3). Due to the oarlly changing direction of the fluid
flow, there is a high degree of turbulence formiesh@ the side of the membrane.

Table 6.2 : Results of dimensionless ratios ansllyased on Carlberg criteria [15]

Model term Dimensionless Criteria Ratio value Conclusion
ratio [Carlberg] [Carlberg] Na* H* OH"
Convection IC/D<<1: TF=D ﬂ;(reninatiffufii:) naII ctz;Zs
vs diffusion C/D=Pe=v-L/Di |[|C/D=1: TF=D+C | 9,80E-11| 3,33E-09 4,43E-C§1us convection term ks
|C/D>>1: TF=C excluded.
Migration IW/D|<<1: TF=D Z?gefigfsr:zzﬁtsgesgﬁﬂ
vs diffusion M/D=z;- FA®/(R- T) [|M/DR1: TF:M+D -9,86E+01 -9,86E+(1 -9,86E+LHj drop the diffusion terry.
IM/D]>>1: TF=M So, it is kept in the model
. The migration terr|
L IMICKk<1: TF=C .
Migrationvs | M/C=z-F-DA® — (ﬁ)mlnates for all casegps,
Convection I(R-To-L) IMICRL: TF=M+C|-9,17E+0§ -3,12E+10 -4 15E+8 s the convection terms
IM/C|>>1: TF=M excluded.
C: Convenction flux, D: Difusion flux, M: Migration flux, TF: Total flux

Table 6.3 : Estimates of Reynolds numbers in tHerént cell channel defined

Black liquor compartment
Tube bank
: : Catholyte
Parameter Anode- configuration compartment | Reference
membrane| vinimum | Mean Full (NaOH)
passage cross | superficial | compartment
section | velocity* width
Channel 040 i 2,07 2,07 040 | [7,23]
thickness, cm
Flow area, cnf 11,2 20,1 29,0 29,0 11,2 | Calculated
Hydraulic 0,78 1,27 1,27 3,61 0,78 |Calculated
diameter, cm
Velocity, cm/s 46,0 46,0 25,6 17,8 24,3 | Calculated
Reynolds  NOt 3075 | 5021 | 2704 5511 3715 |Calculatec
(Nre)
* Mean superficial velocity, i.e., the average it that would occur if the tubes were removed] [30

Despite turbulent regimes, both stream flows cduddincreased to enhance process

performance. In that regard, Tzanetakis [35] sstggke a corrugated membrane to
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promote turbulence. Moreover, Khan et al [36] g to reduce the diameter of the
tubes, the longitudinal pitch (the distance betwé&en consecutive tubes) and the
benefits of a staggered arrangement of the tubmddibe evaluated as well compared to

an in-line configuration. These improvements woamthance mass transfer.

6.4.3 Sodium ions flux

Based on the sodium balance (Figure 6.4), we damage the sodium mass transfer flux
and the sodium hydroxide productivity when elegzolg black liquor. Indeed, in a
typical experiment, we determined that the amodirgodlium transferred was 49.6 g/h.
Given a membrane surface of 840°cme calculate the sodium flux to be 0.59 kg/h-m
or 25.7 mole/h-rhtherefore making 1.03 kg of NaOHArh). At a current density of
0.835 kA/nf, the process delivered an average measured cuffezsiency of 80.7 %
based on five measurements with a low coefficigniasiation (2.2 %) compared to a
theoretical calculated value of 82*% A better sodium transfer coefficient would
translate to a higher sodium flux through the membrand higher sodium hydroxide
productivity. In terms of process performance,means that less electrode and
membrane area would be required reducing the d¢agotst. That aspect of process

performance improvement is presently under invasbg.

According to the mass balance (Figure 6.4), thewarhof sodium entering the process
was 154.6 g/h while delivering 49.6 g of Na/h or38§/h as caustic soda. Based on the
caustic soda produced, we determined that the sodacovery was 32 %. From that
particular example at the above specified operatorglitions (Table 6.1), we can affirm
that we need to remove one third of the sodium ftieenblack liquor in order to bring the

liquor to pH 9.0, the point of lignin precipitation

24 Current efficiency measurements: 78.5 %, 78.7 %5 86, 82.0 %, 82.7 %, average = 80.7 %, standard

deviation = 1.76 and coefficient of variation (CO¥}tandard deviation/average x 100 = 2.2 %
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Black liquor (BL), L/h 2,05 Treated BL, L/h 1,79
Solids, % 30,7 Solids, % 28,7
ELECTROLYSIS

Density, g/L 1 334: OF BLACK LIQUOR Density,g/L 1152 _
gL g/ 1.25 KAIm?, pH 9.0, 70°C gL g/
Na 753 154,6 Na 59,1 105,8
HO 9245 1897 H,O 8214 1471
NaOH, L/h 1,30
Solids, % 6,43
Density,g/L] 1072
g/L g/h
NaOH 66,4 86,3

Na 38,2 49,6
H,0 10032y 1302

Figure 6.4 : Typical sodium and water balances

6.4.4 Estimate of sodium diffusivity Dyaand transfer coefficient (k)

The diffusivity of Nd ion in black liquor and the NaOH solution was mstied using
equation [19] (Table 6.4). The values obtainedensmpared to the values reported in
the literature for sodium salt solutions encourdarethe pulp and paper industry, such
as NaCl [37, 38], NaCl¢f39] and sodium sulfate/sulfuric acid mix [11] @la 6.2) at a
similar concentration (2.7 M). We noticed that éstimated R, for black liquor (0.890
10° cnf/s) is similar to the values in salt solutions B6@..3339 10 cnf/s). However,

it is much higher, indeed nine times the valuéhinmembrane (0.098 t@nt/s) [15].

Regarding the sodium transfer coefficient k, theugaon the black liquor side is much
lower, about 61 % of the value on the caustic gitEble 6.5). We can explain the
difference by a lower Rnumber for the BL despite a lower flow on the ¢musoda

stream, and a lower viscosity as well.
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Table 6.4 : Diffusivity of Na (Rs) in salt and NaOH solutions, black liquor avdfion”

Na, T Dna, Viscosity

Medium Mole/L °C | ecms-10° | p, kg/(m-s) Reference
2.7 18 1.056 : [37-Welty]
NacCl T
2.7 25 1.339 - [38-Vitagliano|
NaClO3 2,7 25 1.206 - [39-Campbell]
Na;SOy/H,SO,4 3.8 80 1.110 0.000500 [15-Carlberq]
2.7 80 2.265 - [15-Carlberg]
NaOH .
2,7 70 2.219 0.000550 [This work]
Black liquor 2.7 70 0.890 0.001356 [This work]
Nafion®
Membrane 80 0.098 [15-Carlberg]

The sodium transfer rate would benefit from inciegdboth stream flows (Figure 6.5).
In fact, by doubling the flow of black liquor froBi to 60 L/min, the Rnumber would,
of course, double and we estimate that the sodransfer coefficient would rise from
13.5 to 23-1d cm/s, a 70 % increase. With the same action ermalustic soda side, the
sodium transfer coefficient would rise from 22.08®8-10¢f cm/s, a 63 % improvement.
Optimum conditions could be determined by taking iaccount that higher flows would
enhance the process performance but at the expéisgher pressure drop and energy

consumption.
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Table 6.5 : Results of dimensionless numbers, bayndyer thicknesseg ) and

sodium transfer coefficient (k) during electrolysisblack liquor at 70 °C.

b Black Caustic
arameter l q
Iquor soda
Solids, % 29.3 6.43
Q, L/min 30.9 16.3
v, mls 46.0 24.3
Dy, €M 0.78 0.78
p, kglL 1.166 1.068
42, kgl(m-s) 0.00136 0.00054
v, cnfls 0.01163 0.00508
Dna, 10° cm?/s 0.890 2.219
Reynold number (R.) 3075 3715
Schmidt number (S) 1 307 229
Sherwood number (3) 155 101
k, 10* cm/s 17.8 28.8
5§ 10% cm 53.6 48,7
80

Q,L/min] 10 15 20 25 31 40 50 60
Re (BL) | 995 |1493]1990|2488]3075|/3980|4976]5971

60 Ir\NaOH
A kBL
40 _
(3 715, 28.8) Q, L/min [R(NaOH)
------------------- 10,0 2279
H 15,0 3419
20 o=  Si—— 16,3 | 3715
////f‘/\i\ 20,0 | 4559
1
I 1 N(3075,17.8) 250 [ 5699
1
1

| 30,0 6 838

k, cm/s 10-4

0 2000 4000 6 000 8 000 10000 12000
R

e

Figure 6.5 : Estimated Na transfer coefficient liack liquor and NaOH boundary layers

as a function of R

6.4.5 Interfacial concentrations

The interfacial concentrations were calculated ftbmvalues of the ion fluxes and mass
transfer coefficients by considering the Donnanildarium (Table 6.6). The results
show that the sodium concentration at the intertddbe black liquor and the membrane
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([Na'lgLm = 2.6909 M) is very close to the one in the biiéa(]g. = 2,6913 M) and the

difference is insignificant. On the caustic side toncentration of sodium at the caustic
soda and the membrane interface is also closeet@dhcentration in the bulk. These
results confirm that the turbulent flows are e#ii enough and the mixing at both

stream interfaces seems to be adequate.

The results (Table 6.6) show that at the black digmembrane interface, the OH
concentration in the boundary layer (1.585'14) drops to 9.535-10 M, a 40 %
reduction while the Naconcentration goes from 2.69 M down to 1.95 M 82 drop.
In fact, the N& concentration is practically equal to thesSEncentration (1.95 M) in

the membrane given the low concentration of @is in the black liquor at pH 9.0.

On the caustic soda side, the Gt¢dncentration in the boundary layer and inside the
membrane is lower (0.95 M) than at the liquid ifdee (1.66 M). At the interface, the
Na" concentration drops from 2.90 M inside the memérém 1.66 M at the liquid
interface, a factor of 1.75. In fact, we notichdttthe higher level of OHons affects the
Na" concentration within the membrane according to Bennan equilibrium and
respecting electroneutrality{ §0s1=1.95) M+([OH]'= 0.95 M) = [Na’'] = 2.90 M).

Table 6.6 : Results of calculations of boundarefahickness and interfacial

concentrations
Black liquor NaOH

Parameter Value Parameter Value
[Na'lsL (M) 2,69130 | [N&]naon(M) 1,6610
pH 9,00 pH 13,02
[OHeLm (M) 1,585E-04 | [OHnaon(M) 1,6610
Jna Mole NaOH/(s-f) | 7,14E-03 | Ja Mole NaOH/(s-rf) | 7,14E-03
[NaleLm (M) 2,69090 | [N&]naorm(M) 1,66125
[Na' el (M) 1,95010 | [N&w.naoH(M) 2,90113

[OHTmeL (M) 9,535E-05 | [OH T .naon (M) 0.95113
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6.4.6 Profile of ions concentration and pH in the membrae

Knowing the sodium concentration at the solutiangrfaces inside the membrane, we
apply the analytical solution (eq [6]) to the NdrR&anck equation proposed by Carlberg
[15] to develop the profiles of the Naconcentration and pH profile across the
membrane. We investigated two pH levels of thelbléquor and two caustic soda

concentrations: 1.66 M and 2.77 M. We varied tlectac potential across the

membrane fromQOto 1 V.

We see (Figure 6.6a and b) that the concentrati@odium in the membrane increases
exponentially as we approach the catholyte sids. w& increase the electric potential
across the membrane, the initial sodium conceotratiithin the membrane (1.95 M) is
initially maintained deeper and deeper within thenmmbrane and then takes off
exponentially to attain the maximum level in thembeane. At low potential, the
increase in concentration starts earlier and witepatential is applied, the profile shows
a straight line from the initial to the final comteation. The profiles are similar for both
caustic soda cases with the difference that a higivel creates a higher concentration of
sodium in the membrane (3.34 M vs 2.90 M).

The membrane also has an affinity to pa$sads which compete with the sodium ions.
As a matter of fact, the membrane has approximdtele times more affinity for H
ions than NA& ions, especially at high acidity [11]. Contraxy the case studied by
Carlberg [11] where the anolyte is strongly acidi& M of H' ions), for our application,
we recommended keeping the black liquor pH prefgralikaline (9.0) or maybe at the
most slightly acidic (6.0). The latter would accoodate mills experiencing a pulp
production capacity limited by the recausticizingnd and needing to provide more
caustic soda. However, that would be achievedhat éxpense of higher energy
consumption [7. Therefore, we simulated two capék6 and 9 while making caustic
soda at 6.43 % and 10.0 % strength. The pH waslletéd! from the concentration of H
ions, which was determined using equation #6.

The pH profile within the membrane behaves sinyldd the profile of sodium. We
noticed that the pH of black liquor was maintairs@dhe same level that existed in the

black liquor up to a certain depth in the membraveere it then took an upward



104

direction. That upward turning point depended silpron the electric potential applied
across the membrane (Fig 6.7a, b). A higher peileptishes the flexion point closer to
the catholyte. We observed the same profile fah Iptd values (6 and 9) (Figure 6.7a,
b). Increasing the caustic soda concentrationndidaffect the pH pattern but it raised
the final value accordingly [38].
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Figure 6.6 : Results of simulation of sodium conragion profile in the membrane as a
function electric potentia@y) across the membrane while making a) 1.66 M (6643r
b) 2.77 M (10.0 %) caustic soda.
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2) [Na*]=2.90 M
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(o)) 0.00V
= 10 Na*1=1.95 M 015V
o 0.30 V
Q 3 0.50 V
S e y—PH7.0 [100V]
5 [Na*] 1.17 M
. MEMBRANE [Na*] 1 66 M

-0,2 0,0 02 04 06 08 10 12 14 1,6
Distance,10 4 m
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pH profile

[Na*]=2.69 M 1.00V
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[Na']= 166M

-0,2 0,0 02 04 06 08 10 12 14 1,6
Distance,10 4 m

Figure 6.7 : Results of simulation of pH profile@ss the membrane for two levels of
black liquor pHs 6 (a) and 9 (b) at different meari® voltage drop\@n) while
making 6.43 % caustic soda (1.66 M).

The increase of pH across the membrane could caeatsue depending on the acidic or
alkaline state of the membrane as proposed by thaehdeveloped by Jorissem [16].
When black liquor is maintained alkaline during tiectrolysis step, the pH within the
membrane remains alkaline all the way. If, howetke process was operated with
slightly acidic black liquor, for example at pH 6dtcording to the simulation, more than
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90 % of the membrane would also be in an aciditesteepending on the electric
potential. Nevertheless, that means that on thenagy through the membrane, there is a
point where neutrality will be encountered (pH 7.0\t that point, some multivalent
cations that were dissolved in the acidified bldicjuor could precipitate out thus
damaging the membrane [19, 20]. It is thereforemauended to operate the electrolytic
treatment of black liquor at alkaline conditions dagoid a shock of pH within the
membrane that would affect its durability and perfance. Otherwise, the removal of
multivalentcations would be necessary in order to protectrtmbrane.

The Nd and H ions are migrating towards the cathode under the inflaeaf the
electric potential applied between the electrodéslenthe hydroxyl (OH ions are
moving in the opposite direction under the influenaf the electric potential and
concentration gradient. It might seem contradictor study both Hand OH profiles
along the membrane, but we have to consider teatdium of the membrane is a solid
polymer and not a liquid solution. The Nend H ions are moving from S sites to
others and the OHon is moving in the opposite direction. It is iorfant to remember
that at all points inside the membrane, electrayaéty has to prevail taking into
account a balance between the;$@ites of the membrane and the ONa" and H

ions.

6.4.7 Water balance

During electrolysis, some water is transferred frtime black liquor (anolyte) and
migrates across the membrane to the catholyte {Cassda). That water can be
transported through the ion exchange membraneee thays [15, 40]: coupling with the
electric current passing the membrane due to tbetredal potential gradient (electro-
osmosis), transported due to a flux of ions witiydration shell, and transported due to a
chemical potential gradient, i.e., concentratioadgent, of the solvent (osmotic flux). In
general, the water flux depends on the currentidem®ncentration gradient, and perm-
selectivity of the ion exchange membrane where ttitee terms can be of varying

importance [15].

If the membrane is in an acidic state, the trartspamber of water represents the

number of water molecules (about three) transpobtesdne mole of sodium. In an
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alkaline state, it was reported that more than fowtes of water are transferred with
each mole of sodium and the amount depends onutrent density and the sodium

concentration in the solution [17], the lower tloacentration the higher the number.

Along with a sodium balance, a water balance was performed for a typical trial at

pH 9.0 on the liquor side while making caustic sofi®.4 % strength in the cathode
compartment (1.7 M) (Figure 6.4). The sodium bed¢adloses at 0.5 % meaning that we
can account for 99.5 % of all the sodium enterimg process with the black liquor and
leaving with the treated liquor and the causticasothde (Table 6.7). However, the
balance indicates that some water is missing (¥8)5 We concluded that the water
shortage is due to the evaporation of anolyte aticlotyte. Indeed, both black liquor and
caustic recirculation tanks were ventilated for #a#e evacuation of the oxygen and

hydrogen separately.

Table 6.7 : Sodium and water balarféekiring electrolysis of black liquor at pH 9.0.

In Out A
Component - | Water .
BL in 23"(') in T‘i’rﬁa' BL out NguOtH Hfgl‘z’aH 0, | H, T;’Ltj";" gh| %
~ 22| NaOH 2
Na, g/h| 154 - 0,0 154 105 50 - - 1 15 0|8 Q5
H-0, g/h| 1897 77 1343 33181521 | 1302 -38 37 48 286H48| -14

In order to complete the water balance, the waiarces and losses of the process were
investigated. The two major sources of water @amjethe system are the black liquor (1
897 g/h) and the water added to the caustic sodp (@ 343 g/h) to maintain the

concentration constant.
A small amount of water is also generated fromréaetion occurring at the anode:
AOH -~ 2H0+ O [31]

To maintain electroneutrality in the anolyte compent, for every mole of sodium
transferred to the catholyte, there was one mol®ldf being converted to water and

oxygen. According to equation #31, four moles gfiroxyl ions were neutralized

% https://en.wikipedia.org/wiki/Vapour_pressure_oéter
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making two moles of water. Since every mole ofigd transferred implies the
neutralization of one mole of hydroxyl, there wase anole of water generated per two

moles of sodium transferred.

On the other hand, the water outputs of the proaess(1) the treated black liquor, (2)
the caustic soda stream, (3) the water evaporatedlioth electrolytes, and (4) the water

split at the cathode according to this reaction:
HO - OH +1/2 H [32]

Similarly, to maintain electroneutrality in the lalyte compartment, one mole of
hydroxyl was formed for every mole of sodium tramséd consuming two moles of

water for every mole of sodium transferred.

Some of the water lost by evaporation can be ettdntom equations 9 and 10 and
considering the oxygen and hydrogen stream wasatatlwith water. It represents,
however, a small fraction (3 %) of the total wg@B869 g/h) exiting the system, 37.2 g/h
and 48.1 g/h. It helps the water balance but da¢sclose it. Indeed, there is still a
deficit of 13.5 %, which cannot be attributed te twater transferred with the sodium
alone because that would correspond to 11.6 mdlester per mole of sodium, which
is three times higher than the values of 4.0 moéported in the literature [17]. We
believe that air was entrained with both gas stee@mmhancing evaporation beyond
oxygen and hydrogen mass flows. The experimerggug could be improved by
installing a cooling of the exhausts preventingperation and allowing for an accurate
estimate of water transfer by hydration with sodidr.

Therefore, for design purposes, it would be redslen®m assume that at least 4.0 moles
of water were transferred per mole of sodium. fFaesfer of water from black liquor to
caustic soda will help the mill water balance irotways. First, it allows returning a
more concentrated stream of electrolyzed liquath®orecovery system minimizing the
water load to the evaporators. Second, a smadter 6f water is needed to make the
caustic soda therefore contributing to reduce Hptal and operating costs of the water

treatment system.
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6.5 Conclusions and discussions

In this study, the mass transfer process involvethe electrolytic treatment of black
liquor to precipitate lignin was investigated. Taealytical solution to the simplified
Nernst-Planck equation was applied to develop theentration profile of sodium, H
and OH ions along with the profile of pH within the merabe. The Naconcentration
tended to be constant at the level encounteretddrblack liquor most of the distance
through the membrane and adjusted itself to att@nsodium level, either higher or
lower, prevailing in the caustic soda compartmetitwas shown that the pH profile
followed the same pattern. When the black liqudrvpas slightly acidic (pH 6.0), the
membrane operated in an acidic state almost alwdne At one point before reaching
the caustic soda side, the pH became neutral, wimeans that any divalent metals
would precipitate, thus damaging the membranés ttierefore strongly recommended to
keep the black liquor alkaline preferably abovet8.protect the membrane.

It was demonstrated that the thickness of the bawynthyer on the caustic side was
slightly lower (9 %) than the one calculated on tilack liquor side in the narrow
channel between the anode and the membrane. Qmmbq the sodium transfer
coefficient was higher (+62%) on the caustic sada slue mostly to a lower viscosity
and higher diffusivity of sodium. However, the dkmess of the boundary layer
calculated for the full width section (membrane-rbeame) on the black liquor side
located between the anodes was 3.5 times larger tthe restricted passage (anode-
membrane) due to a channel 5 times wider and leefercity, which suggests increasing

the flow to improve mass transfer in that parthaf cell.

We found that in order to bring the liquor to pH,9corresponding to the point of lignin
precipitation, we needed to remove one third ofsthéium from the black liquor. Under
the operating conditions investigated, we estimabedsodium mass transfer flux from
the anolyte (Black liquor) to the catholyte (cacistbda) to be 0.59 kg of Na/rh)
making 1.02 kg of NaOH/(fh) based on the anode surface. Optimization ef th

operating parameters is under investigation.
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The integration of a bio-refinery to a kraft miitesincludes inevitably a lignin recovery
plant. The lignin is usually recovered using conuiadly available processes based on a
chemical approach, which precipitates lignin frolack liquor by lowering the pH using
carbon dioxide and sulfuric acid. Recently, we enaleveloped an electrochemical
avenue consisting of an electrolytic treatmentlatk liquor that reduces its alkalinity to
the critical point of lignin precipitation. Theqaress converts some of the sodium salts in
the black liqguor and sodium sulfate waste to vdkeiahustic soda and sulfuric acid while
avoiding the usage of chemicals from a source eatdo the mill. In this study, we
investigated the effect of the most important opegaparameters, such as current
density, caustic soda strength, end pH and othersigl the electrolytic treatment of

different types of BLs with the aim of optimiziniget process.

7.1 Introduction

In the context of sustainable development andauler economy, we have developed an
electrochemical approach to provide lignin to ardiimery based essentially on the
judicious use of electricity compared to the chexhapproach in which LignoBoost [1]
and LignoForce [2] technologies which rely on aprécipitation using carbon dioxide
and sulfuric acid from a source external to thd.nfloth technologies are commercially

available from Valméf and NORAM’, respectively. The new approach proposed in

2 https://www.valmet.com/pulp/chemical-recovery/iigiseparation/
2" http://www.noram-eng.com/groups/pulp-group-tecbigads. html
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this work entails the electrolytic treatment ofdidiquor (BL) to reduce its alkalinity to
the critical point of precipitating lignin while ¢hsodium recovered from the BL is
converted to valuable caustic soda [3]. This ebettemical technology presents many
advantages [4

(1) No chemicals are provided from an external setnut rather from splitting N8O,
(2) No additional discharge to the effluent treattrie necessary,

(3) The acid and water washings can be returnectegnto the chemical recovery system
without disturbing the Na/S balance,

(4) A reduction of inorganic content of the blaakulor is resulting from the extraction of
sodium, therefore increasing the BL calorific valpeor to lignin precipitation and

allowing for additional lignin recovery,

(5) Off-loading the causticizing plant which is aft overloaded, while reducing GHG

emissions,
(6) The oxidation of the sulfide ions eliminatesSHormation during the acid wash and

(7) A significant increase in the evaporation cayais expected from a reduction of

liquor viscosity [5].

In an earlier paper [6] that reviewed the literaton the subject of lignin precipitation,
we reported on the fundamentals of electrochematourring during the electrolysis of
black liquor were presented, including electroclehireactions, current density
distribution along the electrolytic cell and cebltage contributors and balance. We
found that the energy consumption of the proposedgss would benefit most from
lower overvoltage electrode materials and by irdirgaBL conductivity. In a previous
paper [ focused on the mass transfer of ions through tamionane. We modeled the
sodium, protons, hydroxyl ions concentration pesfiand pH across the membrane based
on the analytical solution of the Nernst-Planckatgun for mass transport calculations in
an electrochemical cell. Based on the model ofntleenbrane state, we determined that
the black liquor pH should be kept alkaline in orde prevent the precipitation of

divalent cations within the membrane which affetdperformance and life expectancy.
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We estimated experimentally the sodium transfefficdent and flux for the production

of caustic soda.

The present study investigates the effect of thewviing operating parameters during the
electrolytic treatment of BL: the source and typeBb, the pH during electrolysis, the
current density, the NaOH concentration, the teaipee and the addition of sodium

sulfate to the black liquor to optimize the procpegormance.
7.2 Experimental methodology

7.2.1 Experimental set-up

The experimental set-up and the method used inwbik were reported in detail in
previous publications and are summarized in thisagraph [4, 6]. The dual
compartment electrolysis cell is composed of a unfltubular anodes (a maximum of
10) surrounded by two cationic membranes of thédd&f324 type isolating the anodes
from the two flat plate cathodes. The BL (anolyig)circulated through the anode
compartment where the alkalinity is reduced untie tpH reaches the point of
destabilization of the lignin and forcing its prgitation out of the solution. During
electrolysis, the sodium is transferred from thelge to the catholyte compartments to
make caustic soda. The set-up is operated inchdad bleed mode for both streams.
The pH of the anolyte loop is maintained constanthie addition of fresh BL at high pH
(fL3). The caustic soda concentration is contrdsiecheasuring the conductivity and by
the addition of water to maintain concentrationtarget. We investigated the process
performance according to: (1) current efficiency) (energy consumption, (3)
productivity of NaOH and (4) lignin productivitieand (5) specific flow of BL fed to the
electrolysis unit. The calculations of these perfance parameters are based on titration
of the NaOH stream, the volume produced in a gepariod of time, and the BL volume

accumulated during that same period.

7.2.2 Experimental conditions

The experimental program comprised the investigatib seven independent variables
(Table 7.1) on thirteen dependent variables (Tah[®) pertaining to the process
performance and design. The independent variabtesthose that we varied and
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controlled to investigate their effect on the deget variables which were measured or
calculated. The flows of black liquor and causiicla in the recirculation loop through
the cell were not varied. Furthermore, each ofédleetrolyte recirculating pumps was
operated at maximum capacity. The experimentakwomprised 54 runs with 2 to 5

replicates. We reported 163 measurements for ofqgatocess performance parameters:
cell voltage, current efficiency, energy consumptamd NaOH productivity. A total of

56 measurements of black liquor feed rate were dsneell as 41 measurements of the
black liquor flow out of the system. On the caustoda side, 130 flow measurements

were taken and 23 measurements of water flow fgetie caustic soda compartment.

Table 7.1 : Independent variables

No. Variables Unit Range

1 Type of black liquor (BL) - Hardwood/Softwood
2 Source of BL - Oxidized/non-oxidized
3 Final pH of treated BL - 5.0-10.0

4 | Current density kA/f 0.35-1,89

5 NaOH concentration % 1.25-13.9

6 Temperature °C 61-84

7 NaSQO, added to BL - None/Saturation

There are two types of black ligour depending & Wwood species entering the mill:
softwood and hardwood BLs. We also had accessviosources of softwood BL,
oxidized and non-oxidized. The oxidized BL camenira vintage kraft mill still

equipped with a direct contact evaporator [8].

The experimental set-up was equipped with a cosysiem that maintains the BL at a
specified pH target varying from 5.0 to 10.0. Tdwarent density is reported as the
average anodic current density, which was calcdl&te taking into account the total
surface area of the tubular anodes. Each anod®wasn in diameter and 14 cm long.
However, it was demonstrated that due to the tubcdafiguration of the anode, the
anodic current density is not evenly distributed axmuch higher on the surface facing
the membrane than the one at 90 ° to the membrimmg dahe BL flow [6]. The
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concentration of the NaOH produced was varied frb@b to 13.9 %. It is worth
mentioning that caustic soda n is a valuable chalntic a kraft mill even at low
concentration and could be used in place of watatilute the 50 % strength solution
delivered to the mill. Even though it is recommetido limit the temperature of the
process in order to prolong the life of the anoale,evaluated the process performance
between 60 and 84 °C. Since sodium sulfate isbmndance in a kraft mill, we
investigated the effect of saturating the blackidigwith the salt expecting to improve
process performance, especially the voltage anmemuefficiency.

Table 7.2 : Dependent variables

No. Variable Units

1 | BL conductivity mS/cm

2 | Current efficiency %

3 | Cell voltage \%

4 | Energy (NaOH) kwh/t NaOH
5 l'iz(;‘fc:?)y (Black KWh/ e of BL
6 | Energy (Lignin) kwht of lignin
7 | NaOH Productivity, kg/(h-f

8 | Lignin productivity kg/(h-r)

9 | BL flow in, L/(h-nf)

10 | BL flow out, L/(h-rf)

11 | Ratio BL flow out/in -

12 g r?)cd):'cg?jw L/(h-nrr)

13 | Water flow in L/(h- )

7.2.3 Black liquor characteristics

We performed numerous chemical analyses of blagkoli samples obtained from
hardwood (HW) and softwood mills (SW) as well asd@ed and non-oxidized liquors
(Table 7.3). The different black liquors were liloeas followed: non oxidized softwood
(NOSW), oxidized softwood (OSW) and non-oxidizeddwood (NOHW). Oxidized
hardwood liquor is not available in the province@fiébec. We received the liquors
from the mills at about 50 % solids and dilutednthéo the 30 % range where
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conductivity is maximal [4]. It is worth notingdhthe liquors contain a large amount of
various dissolved organics (119 to 188 g/L) whegaih is the dominant component
(116 to 140 g/L). The lower fraction of lignin the HW liquor can be explained by its
lower content (20-25 %) in hardwood than in softaiospecies (25-30 %) [9].
Unexpectedly, the thiosulfate had a higher cone¢iotr in the non-oxidized HW than in
the oxidized SW. Usually, oxidized liquor shouldntain more thiosulfate from the
oxidation of sulfides [6]. The OSW sample #2 camgaa high level of sulfate probably
due to over-oxidation at the mill. The residudeefive alkali (REA) is composed of
NaOH and NgS?8 [10], usually expressed as Mabut it can be converted to NaOH
equivalent according their molecular wefght We observed a higher REA value in the
NOHW liquor than in the NOSW liquor and that coexiplain the higher conductivity
(121 vs 111 mSiemen (mS)/cm). BL liquors also aoné low level of chlorides coming
from the wood chips. The calorific value mostlyedo the lignin content is lower for the
HW liquor because it contains less lignin at a loweating value (25 110 kJ/kg) than
SW lignin (26 900 kJ/kg) [8]. At 95 % confidenaaerval, the statistical Student test
revealed no significant difference in concentratifor any of the component
concentrations between the NOSW and OSW black igju@€oncerning the comparison
of NOHW and NOSW black liquors, the percent solidsd conductivity were
significantly different at the 95 % confidence mva, but not significant at the 99 %
level. It is surprising that the percent solide atatistically different but not the solids
expressed in g/L. This is perhaps due to the d@iffee in density, which could not be
compared due to insufficient data. The mean ofyna@mameters could not be compared
due to a lack of chemical analyses in some sampWe. can confirm that the mean
values of the component concentration are notssilly different with a 99 %
confidence interval and therefore conclude thatethe no significant difference in

composition between the different types of blagkidirs tested.

B REA = NaOH + %2 NgS (as NgO)
29 NaOH (g/L) = NaO (g/L) x g NaOH/g NgO
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7.2.4 Experimental measurements for process performancevaluation

The process performance is characterized mainly(Dythe current efficiency, (2) the
energy consumption, (3) the NaOH productivity af@dd,the black liquor flow rate. The
measurements required to estimate these perfornzareeneters are based on: (1) the
amount of NaOH produced in a fixed period of tir(@®, the number of Faradays used
during that period, (3) the volume of black liquaated and (4) the estimated amount of

lignin recovered.

The amount of NaOH produced in a determined pesfdane was calculated by titrating
one aliquot from one liter of solution collectedthé overflow to determine the NaOH
concentration. In some cases, it would take up.@oh to collect one liter depending of
course on the concentration of NaOH produced (102%4 %), the higher the NaOH
concentration the longer the sampling time. Th&MNaconcentration was very well
controlled by measuring conductivity. We obtaireedypical coefficient of variation
(COV) of 0.04 % for the conductivity and 1.3 % fie NaOH concentration. From
these data, we were able to estimate the numbsa®MH moles produced, to calculate
caustic current efficiency, energy consumption awdOH productivity. Current
efficiency is the ratio of the number of moles d®H produced during a fixed period of
time divided by the theoretical amount that the hamof Faradays used during that
period. The current was controlled in a galvartastaode and monitored along with the
cell voltage on a continuous basis. We calculdétedenergy consumption expressed in
kwh/t of NaOH from the current, the cell voltagedahe amount of NaOH produced.
We estimated the specific NaOH productivity expeeiss kg of NaOH/(h- ) from the
production rate of NaOH and the anode area.

The black liquor flow entering the system and tloe/fcoming out expressed in L/(h®m
were determined from the volume variation measimgdhe difference in height of the
liquor in the appropriate reservoir from the begmgnto the end of the test. The
accuracy was = 1.0 mm corresponding to £ 46 mLflmwvs ranging from 3.0 to 86.0
L/(h-mf) depending on operating conditions. This corresigoto a maximum error of
1.5 % at a flow rate of 3.0 L/(h%n
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. Non-Oxidized Softwood . Non-Oxidized Hardwood .
Oxidized Softwood (OSW) (NOSW) Comparing OSW vs NOSW (NOHW) Comparing NOSW vs NOHW
Analyses
0, 0,
#1 #2 Mean S #1 #2 Mean S| A% F(:gieg)) t tose | #1 #2 Mean s | A% F(:gieg)) t t 950
;g’ltiz's Oz'sso'ved 298| 287 293| 078 294 293 29p 0Pl o034 134,180 1655 32,1 322 322 007 103 9,0 -120| 1,56
;‘)’Itig's g‘;l'_sso"’ed 330,6/ 343,3| 337,0 | 8,96 338 3437 3400 3,92 -1]16 52 0,523 | 384,23854| 3848 | 085 129 215| -55 98
Density, kg/L  |1152/1152| 1152 | - | 1166/ 1179 1170 4,95 -150 - 1197197| 1197 | - | 2,35 - - -
(Fe'l’;f];j oL solids| 1498/ 1603 1596 | 13.8| 1599 1748 1674 105 -4j66 1,74  -0.6a31| - | 1977 1977 | - | 181 - - -
g/rfa”'c solids, 1509 174.0| 177.4 | 49| 1187 1689 1438 355 234 00 133 pe4 |187,7| 187,7| - | 305 - - -
Sodium, g/L 60,8| 658/ 633| 351 639 662 650 159 -J66 4,86064| 908| - | 852 852 -| 31D - - ;
Potassium, g/L 10,1 - - - 3,31 3,64 3,48 0,23 - - - - - - - E E - - -
Residual alkali,| 145 . - - | 138] 197| 167 420 - - - | 186 181 418 034| 969 152 | -0 112
(Na,0), g/L
Residual  alkali| ,gq | - - | 389| 712 550 228 @ - - - 1 770 753 617,| 0,12| 384 336 | -08| 332
(NaOH), g/L
Sulfide, g/ |<0,01/<0,01| <0,01 | 0,00 815 915 865 071 - - ] 549 6l71 106, 0,86| -298 147 | 41| 107
Thiosulfate, g/L | 4,84 | 98| 73| 350 250 282 266 0p2 1 251 | 188| 826 - | 134 - ; - - - -
Sulfate,g/. | 2,89| 118 73| 62 497 57 536 055 366 130 404L55| - | 574/ - - - - - -
Total S, g/L - | 132| 132 937 - - - - - - - - - - - - - - - -
Carbonate, g/L | 13,5| 152| 144| 121 1594 161 156 060 -824 3,99135| 21,9 - | 188 - - - - - -
Chloride, g/L | 1,17 | - - - | 156 - - - - - - - - - - - - - - -
C;L‘dg“"r:;‘g%nit 1109/ 110,8| 1108 | 0,05 1135 1144 1138 062 -271 001  -6,92,7| 12091213 1211 | 028/ 63| 51 |-309| 455
UV lignin, g/L | 135,0{122,1| 128,6 | 9,12| 121, 1160 1185 357 846 65 1,451 54402 - - - ; ; - ;
Calorific value, 14
Kk - - - - | 154000 14720 1506p 481 @ - - - - {ea1| - - - - - -
Legend Significance at 95 % confidence intervale s : staddleviation: Missing data (-)
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7.2.5 Data analysis

The data were analysed using statistical methodgeaphical illustration. A correlation
matrix was computed, an analysis of variance wa®peed on some parameters and the
variance of groups of data and means of variable wompared using the F test and the
Student’s t-test.

The primary data were first examined and those idensd blunders eliminated either
because they were out of range or could not béigdtased on known phenomena in
electrochemistry. Examples are a current efficyamell above 100% or a lower voltage
at lower temperature. A correlation matrix was pated showing the correlation
coefficient between all dependent and independanables (20). The experimental
results obtained from similar operating conditiomgh at least two repetitions were
grouped and then the Fisher and the Student tests performed. The t test was used to
compare means and determine if they are differeoin feach other and at what
confidence interval. Next, the effect of the masportant dependent variables on
process performance was studied in a conventigeaioach (one variable at a time) in
order to determine the most significant parametard occasionally suggest some
potential interactions between variables. The lyeg analysis of the results was

complemented with error bars where replicates \aeadable.

7.3 Results and discussion

7.3.1 The matrix of correlation coefficients

A correlation matrix (Table 7.4) was computed shaithe correlation coefficient
between the most pertinent variables of the proceksating how strongly two variables
are related to each other. The results are caloded and categorised as followed; weak
(-0.09 to + 0.09), low ((£ 0.1 to £ 0.29), moderéte 0.30 to = 0.49) and strong ((x 0.5
to £ 1.0).

In some cases a very strong correlation was obddygveen certain variables that can

be justified easily. For example, the conductiwfythe NaOH solution is directly related
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(R = 0.98) to its concentration and the temperatwt the black liquor and NaOH
solution are both correlated (R = 0.95) becausg Wexe controlled by the same heating
bath. The NaOH flow depends on the NaOH conceatrdR = 0.82) that dictates (R =
0.93) the amount of water to be added. The loweictncentration the higher is the flow
rate of water. The energy expressed in kWh/tgfifi is linked to the kWh/fhof black
liquor treated (R = 1.00). The black liquor flowiteng the cell is linked to the entering
flow (R = 0.96) and of course their ratio (R = 0&td 0.81). It was also observed that
the energy consumption depends on the two enenggtiaeents: cell voltage and current
efficiency. The effect of the dependent varialdegprocess performance varies a lot and

the impact of each dependent variable will be itigated separately.

Unexpectedly, however, the number of anodes inctiks, which varied from 4 to 10,
seems to have an impact on process performanceciabp the current efficiency
showing a relatively strong correlation (R = 0.61A special statistical analysis is

performed to determine the level of significance.



Table 7.4 : Matrix of correlation between dependerd independent process variables
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No. Variable 13 |14 |15 |16 |17 | 18 | 19 | 20 | 21
1 |BLpH 0,39 | 0,55 | 0,70 | -0,55 | -0,55 0,08 | 0,04 | 0,16
2 |BLtemp 0,18 | 0,13 | -0,14| -0,17| -0,16| 0,22 | 0,28 | 0,15 | -0,42
3 | NaOH temp 0,15 | 0,09 | -0,28| -0,15| -0,14| 0,17 | 0,22 | 0,15 | -0,36
4 | NaOH, % 0,09 | 0,10 | 0,25 | -0,22| -0,20 -0,19 0,07-
5 | #Anodes -0,23| -0,07| 0,30 | 0,30 | 0,28 | -0,28| -0,42| -0,08| 0,00
6 E;\‘/rr';f{" density, 0,58 | 0,59 | 0,53 | -0,42| -0,43| -0,19| 0,52 | -0,05| 0,34
7 ﬁq'ég‘;z‘d“w"ity' 0,41 | 0,54 | 0,59 | -0,53 -0,52- 0,03 | 0,15 | 0,08
8 Il:g(/)&Cond., 0,12 | 0,12 | 0,24 | -0,24| -0,22| -0,17 0,11-
9 OCA]“"e”teﬁiCiency' 0,33 | 0,16 | -0,13| -0,27| -0,24| 0,19 | 0,41 | 0,44 | 0,83
10 | Cell voltage, VV 0,33 | 0,22 0,32 | -0,27| -0,29| -0,15| 0,29 | 0,19 | 0,25
11 E';eorgy' kWht -0,07|-0,01| 0,31 | 0,07 | 0,04 | -0,27| -0,17 | -0,28 | -0,49
12 | kg NaOH/(h-n?) 0,59 | 0,59 | -0,24 0,32 -0,04| 0,64 | 0,21 | 0,63
13 E/'Ehf!‘;‘:‘é)i“’ 0,39 | 0,18 | 0,15 | 0,09 | -0,23| 0,58 | 0,41 | 0,12 | 0,33 | 0,33 | -0,07 | 0,64 0,291 0,83 | 0,25 0,25
14 E/'EJ!?n"‘é)"“t' 0,55 | 0,13 | 0,09 | 0,10 | -0,07| 0,59 | 0,54 | 0,12 | 0,16 | 0,22 | -0,01| 0,50 -0,39| 0,65 0,11 | 0,10
15 |BL flowRatio 0,70 | -0,14| -0,28| 0,25 | 0,30 | 0,53 | 0,59 | 0,24 | -0,13| 0,32 | 0,31 | 0,32 0,08| 0,04
16 Ef“glr_gy' kwh/m” g 65| 0,17 -0,15| -0,22| 0,30 | -0.42| 083 -0.24 | -0.27 | -0,27| 0,07 | -0,49 -0,23
17 I'izé‘rfi:]gy' kWhit -0,55| -0,16 | -0,14| -0,20| 0,28 | -0,43| -0,52| -0,22 | -0,24| -0,29| 0,04 | -0,48 -0,23
18 (',;f)g”i“ Recovery, - 0,22 | 0,17 0,19 | -0,15| -0,27 | -0,04 | -0,29| -0,39 | -0,56
19 | kg lignin/(h-m?) 0,08 | 0,28 | 0,22 041 | 0,29 | -0,17| 0,64 | 0,83 | 0,65 | 0,35
20 Da‘]"_’m"‘;)NaOH' 0,04 | 0,15 | 0,15 044 | 0,19 |-0,28| 0,21 | 0,25 | 0,11 | -0,08| -0,16 | -0,17
21 Da‘]"_’gz)water' 0,16 | -0,42| -0,36 0,83 | 0,25 |-0,49| 0,63 | 0,25 | 0,10 | -0,04| -0,23| -0,23| -0,12| 0,16

Legend Blue : Negative correlation The higher the colour inensity the stronger the correlation
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7.3.2 Investigation of the effect of the independent vaables on process performance
7.3.2.1 The effect of liquor type

There are two major types of black liquor generdigdckraft mills located in the province of
Québec. They are identified as softwood (SW) aadiwood (HW) liquors according to the
corresponding wood species processed in the milhe system was operated with a weak
solution of NaOH (0.40 M) as the anolyte insteadlaick liquors and the cell performance was
compared to processing black liquor when produeairdjlute caustic soda (NaOH). Then, non-
oxidized SW liguor was compared with non-oxidize@/Hiquor. At one of the SW mills, the
black liquor is oxidized. So, the process perfarogawas compared when treating oxidized
softwood BL (OSWBL) and non-oxidized softwood BLOSWBL).

In order to study the impact of the anolyte compmsion cell performance, an experiment was
performed using a pure solution of NaOH (0.4 M, %5nd 16 g/L) as the anolyte. It is worth
mentioning that the BL at 29 % solids contains agpnately 50 % inorganic and 50 % organic
matter (Table 7.3). The organic concentrationlmaas much as 150 g/L. That type of feed to an
electrolysis cell is quite unusual. It is much eoam to treat inorganic solutions usually clean
and frre of particulates. Initially, the conduatyvof the NaOH solution was adjusted at 117
mS/cm, as close as possible to the conductivithefBL (114 mS/cm), a difference that was not
significant at a 95 % confidence interval. It waaintained at that level by adding NaOH at 0.8
M to the anolyte recirculation loop as electrolysisceeded. In both cases the concentration of
the caustic soda produced was controlled at 4.24\@ith no significant difference between the

two concentrations at a 95 % confidence interval.

We can notice that the caustic soda solution hadyler pH (11.5) than the black liquor (9.0)
(Table 7.5). We had decided to operate at the same@uctivity rather than at a similar pH. Itis
also worth noticing that the 0.4 M NaOH solutiors fllamuch lower content of sodium (9.2 g/L)
than the black liquor used (65 g/L) (Table 7.3).

First, we observed that the cell voltage was sicauitly higher (+44 %) with a 99% confidence
interval (|t] = 83.1>> 45 ¢, = 32.5) when operating with black liquor comparedtiie NaOH
solution. The difference existed despite the that the anolyte conductivities and caustic soda

concentrations were similar. The conductivity eslumeasured in the catholyte were
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significantly lower (14 %) in the black liquor cafean the NaOH case contributing to the higher
voltage. However, this fact alone cannot explamoltage difference (1.35 V) between the two
cases. The difference in the anolyte compositmopaicts the conductivity of the membrane and
therefore the voltage drops across the membranepasted by Moshtarikhah [11]. Indeed, the
authors reported that the experiment with differ@mblyte and catholyte concentrations shows
that the anolyte concentration has a strong infteeon conductivity. It was assumedthat the
sodium in the form of free NaOH (16 g/L) and extilg a higher residual effective alkali, three
times the level found in the BL (5.5 g/L), contribd to increasing the conductivity of the

membrane resulting in a lower voltage.

However, it is quite clear that operating electstdywith a diluted NaOH solution as the anolyte
instead of the BL has the stronger effect on curediiciency. In fact, the current efficiency is
only half (43.2 %) the value that was obtained wtitle black liquor (88.4 %) (Table 7.5).
Consequently, the energy consumption was 12.7 #ehi(p9% confidence interval) even though
the cell voltage was significantly much lower (£%). It is known that the main cause for the
lower current efficiency is the back migration gfdnoxyl ions from the catholyte (1.11 M) to the
anolyte which rate depends on the concentratiodigmaacross the membrane, a factor of 2.8 in
this particular situation. In the case of sodiuwnfage splitting, it was shown that the higher the
sodium concentration in the anolyte the betterciimeent efficiency [12]; in this work, the black
liquor contained 65.0 g/L of sodium (Table 7.3)urthermore, there are side reactions [13-18]
that are taking place at the anode, such as tleer@lexidation of organics, especially the lignin
present at high concentration (120 g/L). Indeedind electrolysis, lignin is cleaved to smaller
molecules [18] while the phenolic groups are redweed the carboxylic groups are concentrated
[17]. Those side reactions consume electrons amchat produce hydroxyl ions but are
accounted for in the calculation of current effimg and in the specific energy consumption,

which are reported here on the basis of the NaQidywred.

Hardwood and softwood black liquors have a singtanposition but differ in the concentrations
of their major constituents. In this study, the HB\ was more concentrated and contained a
higher level of solids (32 %) than the SW BL (29 %th a 95 % confidence interval and
contained a higher level of sodium (85 vs 65 g/hjyl aesidual alkali (7.6 vs 5.5 g/L) as well
(Table 7.3). At similar operating conditions, ttesults showed (Table 7.6) that the cell voltage
was 3.7 % higher with the HW liquor with a 95 % fidance interval despite a slightly higher
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temperature (73.4 vs 69.5 °C) that contributed ihigher conductivity (121 vs 115 mS/cm) of the
anolyte. The current efficiencies had about thmesavalues (70 vs 71 %) and they were
significantly different at a 95 % confidence intainbut not at 99 %. The combined effect of
those two parameters results into an energy consompf 4 400 kWh/t of NaOH with no
significant difference between the two liquors. wéwer, the 2 % difference of NaOH
productivities (1.62-1.66 kg/h/Ahwas significant at a 95 % confidence interval bot at 99 %.
Overall, it can be concluded that under the opegationditions tested, there was no major
significant difference in performance when procegsither non-oxidized softwood or hardwood

black liquors despite some differences in theipprties and component concentrations.

Some older kraft pulp mills are still equipped wahdirect contact evaporator to concentrate
black liquor from approximately 50 % solids at tveaporators exit to the 70 % level before
firing in the recovery boiler [8]. These mills tde the oxidation of black liquor to oxidize the

sulfur components in order to meet sulfur environtakemissions. In this study, the softwood
BL oxidation was carried out with pure oxygen tlzanverts sulfide ions to a more stable
thiosulfate. Oxidized BL contains a low sulfiderdé but more thiosulfate and sulfate depending

on the degree of oxidation [19].

In order to determine the impact of oxidizing Blxidized and non-oxidized black liquor from
two different softwood mills were electrolysed aimiar operating conditions. When
electrolysed at pH 9.0, the conductivities of bllidick liquors were significantly different (95 %)
as well as the cell voltage but no significantetiéince was detected for the current efficiency, the
energy consumption and NaOH productivity. It isportant to point out that the electrolytic
treatment of the black liquor involves an in-sitidation reaction from the oxygen formed at the
anode. This produces a similar effect on sulfi@gshan the conventional oxidation carried out
in a reactor with pure oxygen that converts sulftdenponents to thiosulfate and then sulfate.
Overall, the results (Table 7.7) show no differemcthe process performance between these two

types of oxidized and non-oxidized liquors, witB&% confidence interval.



127

Table 7.5 : Performance comparison of the eledrslgf NOSW black liquor and 0.40 M NaOH
anolyte solution operating at 70 °C and a curremisity of 1.25 kA/mMi

Anolyte Catholyte
. - NaOH ” K VOI? 9¢, e?fil::ri;enncty, Kl\glgﬁ Nall(gH/
Liquor No pH | K, mS/cm % ' mS/'cm % (h/m?)
1 11,5 117,3 4,50 337,0 3,11 43,2 4832 0,821
2 11,5 117,3 4,25 336,9 3,07 43,1 4775 0,818
— 3 11,5 117,3 3,81 337,4 3,00 41,6 4 833 0,782
<§r_ 4 11,6 117,3 4,15 337, 3,04 44.4 4583 0,842
\% 5 11,6 117,2 4,17 337, 3,07 44,2 4 649 0,841
% 6 11,6 117,3 4,40 337,3 3,07 42,9 4794 0,799
Mean ()| 11,5 117,3 4,21 337,1 3,06 43,2 4744 0,817
Stdev (g)| 0,02 0,04 0,24 0,195 0,04 1,01 1040 0,023
COV, %| 0,21 0,03 5,69 0,058 1,22 2,34 2,19 2,86
1 8,99 114,1 4,26 290, 4,40 87,9 4169 1,290
@ 2 9,01 114,0 4,32 290,0 4,41 88,8 4 249 1,274
(% X, | 9,00 114,0 4,29 290,0 4,41 88,4 4 209 1,282
% s| 0,01 0,07 0,04 0,041 0,01 0,67 56,2 0,01
COoV, %| 0,15 0,06 0,97 0,014 0,18 0,76 1,34 0,88
Change, % -22,0 | -2,78 1,83 -14,0 44,0 104,3 -11,8 56,9
F(95 %) = 230 3,28 0,25 33,0 22,4 21,9 2,3 3,4 4,3
t-test value 183 59,9 -0,8 555 -83,1 -71,6 9,2 -37,3
t-value at 95 % =7.4
t-value at 98 % =17.0
t-value at 99 % = 32.5
gg,?;igsg - standard COV: coefficient of variation = 5/4.00
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Table 7.6 : Comparing the performance of the ebégtis of NOSW and NOHW black liquors
when operating at pH 9.0, 70 °C, a current deritl.57 kA/nf and making 10 % NaOH on the

catholyte side.

Anolyte (Black liquor) Catholyte
) K, NaOH K, VOIt\";Ige e?fili:rireenngy, Klwgﬁ Nall((gH/
Liquor No. T,°C| mS/c | 7" | T,°C | mSfc | % a h/m?2
m m
1 69,3| 113,5 10,2 70,4 564,3 4,63 70,7 4398 1,654
3 2 69,6 | 1141 10,0 70,4 564)6 4,6% 71,3 4379 1,663
; 3 69,6 | 114,4| 10,0 70,4 564,8 4,68 71,2 4418 1,654
§ MEAN (x3)| 69,5 | 114,0, 10,1 70,4 5646 4,65 71,1 4399 1,657
Stdev(g)| 0,47 | 0,454 0,11| 0,02 0,245 0,07 0,31 19/52 0,005
COV, %| 0,24 | 0,398 1,13] 0,03 0,043 0,51 0,44 0,444 0,311
1 73,3 | 120,9 10,3 73,3 6125 4,78 70,2 4321 1,621
@ 2 73,4| 121,3 10,6 734 612)8 4,87 70,1 4454 1,626
% X,| 73,4 | 1211 10,5 73,4 612)7 4,82 70,2 4388 1,624
% s| 0,04 | 0,276 0,18 0,10 0,167 0,07 0,06 93/94 0,003
COV, %| 0,05 | 0,228 1,76 0,13 0,027 1,44 0,08 2,141 0,196
Change, % 5,51 | 6,236 3,9 4,21 8,51p 3,67 -1,28 -0,245 -2,027
F(95 %) = 200.0 22,2 | 2,701 0,4 0,06/ 2,16p 0,11 27,7 0,043 2,619
t-test valug -39,2| -26,8 -5,5| -144¥-333,7| -9,82 5,02 0,58 11,1
t-value at 95 % = 4.8
t-value at 98 % = 8.5
t-value at 99 % = 13.3
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Table 7.7 : Comparing the performance of the ebdgtis of OSW and NOSW black liquors
when operating at pH 9.0, a current density of @A4n? and making 10 % NaOH.

Anolyte (OSWBL) Catholyte c .
urrent g
K | NaOH K, Volt\zjge efficiency, Kl\glgﬁ NaOH/
1 o 1 ’ o y 2
Liquor No. T, °C ms/iem| % T,°C mrilc % (h/m?)
1 69,5| 110,9 10,3 70,5 5647 3,99 59,6 4485 0,838
3 2 69,8| 110,8 10,3 70,5 5645 3,99 62,2 4227 0,862
g Mean (5;)| 69,6 | 110,8 10,3 70,5 5646 3,94 60,9 4 3b6 0,850
2 Stdev (s)| 0,25 | 0,054| 001| 004 0,150 0’0022 1,00 | 1825| 0,017
CoV, %| 0,36 | 0,049 0,14 0,06 0,028 0,04 3,13 4,189 2,000
1 68,8 112,3 10,19 70,4 | 564,3 4,04 | 63,5 4 301 0,897
C_DI 2 68,8| 112,6 10,0 70,3 564 |4 4,08 61,5 4 448 0,865
= 3 69,0 1125 10,0 70,5 5647 4,09 63,4 4 332 0,890
o %] 68,9 1125] 101] 704 564f 4.0 628 43p0_ 0884
2 s|0,130| 0,166 0,11 0,13] 0,213 0,023 1,13 77,25 0,917
CoV, %| 0,19 0,15 1,13 0,19 0,04 0,57 1,80 1,97 1,93
Change, % -0,86| 1,519 -1,92| -0,097-0,007| 2,12 5,42 3,15 5,46
F(95 %) = 18.51 3,79 | 0,107 0,02| 0,08p 0,557 0,01 2,83 5,%8 0,)99
t-test value 4,00 | -15,90 3,11 1,17 0,97 -6,11 -1,26 -0,03 -2)17
t-value at 95 % = 5.6
t-value at 98 % = 10.7
t-value at 99 % = 18.0

7.3.2.2 The effect of the number of anodes

As mentioned earlier in section 7.3.1, the numlbemodes in the electrolytic cell is correlated to
the process performance, especially the curremtiaity, with an unexpected but relatively
strong coefficient of correlation (0.61). Globalthe correlation seems to be a false correlation
(Figure 7.1) implying that theorrelation may not entail a mutual relationshipnzen these two
variables. Therefore, we were interested in determining tigmicance level of the impact of
that parameter on the process performance. Tefttast, we regrouped data of similar operating
conditions to investigate the influence of thatgmaeter on process performance at two levels of
caustic soda (5 and 10 %) (Table 7.8).
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Figure 7.1 : The plot of the number of anodes fametion of current efficiency

Table 7.8 : Experimental results of the effecth&f humber of anodes and caustic soda strength
on current efficiency at pH 9.0, 71.5 °C and 1.20nk°.

NaOH, % # Anodes N Mean Stdev, s
5 4 14 98,8 4,73
8 3 91,0 0,74
4 9 87,0 6,93
5 4 77,8 1,15
10 9 3 85,9 0,82
10 9 65,0 3,75
N : Number of observations

The analysis of the variance (ANOVA) of the datanir Table IX revealed that the NaOH

concentration and the number of anodes have afisgmi effect on process performance,

especially on the current efficiency, the energynstonption, and the productivity with a

confidence interval exceeding 99 % (P<0.001).

Oa other hand, the cell voltage is not

affected. The ANOVA also showed that there is gnificant interaction (p<0.001) between

those two variables concerning the energy (kWhfigofin) and no significant impact (P>0.02)

on the performance of the other process parameters.known that NaOH strength affects the

process performance due to an increased back idiffas higher levels [20].
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However, we have no fundamental justification ¢ #ffect of the number of anodes in the cell
other than the impact on the current distributiwhich could be altered by the number of anodes
used, therefore affecting some cell and procesmpeance parameters. Therefore, no further

conclusions should be drawn as the experimentat woithat subject here was limited.

The issue of current distribution was discussedipusly for the particular situation where the
cell contained 10 anodes [6]. This preliminary kv@annot, however, provide a satisfying
answer to why the number of anodes affects cellpiadess performance. To investigate further
the phenomena, we recommend performing more elabisimulation work that could help

develop the best cell design for our applicatiofhat objective was beyond the scope of this

study.

Table 7.9 : Results of the confidence intervalf(Bmn the ANOVA analysis of the effect of

NaOH concentration and the number of anodes ielien process performance.

Source Cell Current Energy, kWh/ton Prl%(%:: .t|r:/1|2t)y,
voltage | efficiency NaOH Lignin NaOH Lignin
NaOH, % 70.6 <0.001 <0.001 <0.001 0,002 -
# Anodes 89.5 <0.001 <0.001 <0.001 0,080 -
NaOH*# Anodes 2.1 42.9 99.4 <0.001 50.3 -

7.3.2.3 The effect of the black liquor pH during electrolyss

The black liquor from the kraft process has a lpgh(12 to 13) mostly due to the residual alkali
that maintains lignin in solution. However, thgnin can be precipitated by lowering the pH
using either the acidification process,8®, and CQ) or membrane technologies, including
electrolysis, conventional electrodialysis (ED),kmpolar membrane ED for reducing alkalinity
[4]. When sulfuric acid is used [21, 22], the lignmecovery rate can reach 95 % at pH 3.0.
Alternatively, carbon dioxide (Cfcan also be used to lower the pH of black ligad recover
lignin but it has practical limitations. At a pwer than 9.5 it requires an excessive amount of
CO, because it is a weak acidifying agent and duaedtuffering effect of salts, such as sodium
bicarbonate. In practice, the pH is maintainedvab®.5 to minimize gas consumption during
lignin recovery. At that pH, a 66 to 68 % recoveaye is usually obtained with both chemicals;

the acid and the gas [2, 23-25]. The electrolytgatment can lower the pH [26] to a value
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comparable (3.5) to the sulfuric acid (Figure Bt the operating conditions using 15 % solids
black liquor, 75 % of the lignin precipitated out solution. From previous work on the
electrolysis of BL [4], we recommended operatingaapH above 5.0 due to difficulty of
operation caused by foaming from the excessive dtion of carbon dioxide. In this study, we

investigated the effect of pH during electrolysiich varied from 6.0 to 100.

As electrolysis proceeds, the pH of the BL dropsaasonsequence of sodium extraction and
reduced liquor alkalinity (Figure 7.2) by the corsien of hydroxyl ions to water at the anode.
The conductivity drops (Figure 7.3) because of Esdium as electrolysis proceeds and due to
gas formation as well [4]. Moreover, lowering thid increases the decomposition voltage) (E
according to the Nernst equatidrf+0.24 V, +5.5 %). Both phenomena are contrilgutin the
increase in cell voltage. In general, when lowgtime pH from 10.0 down to 6.0 the cell voltage

increased by 13 % (Figure 7.4) corresponding t6 ¥.Jper unit drop of pH.

100
© Lignin recovery (EL)
e Lignin recovery / (This study 4,
= 80 (H,50,) (Uloth 1991) .\.\\ /
o
2 (67.5 %)
(e}
S 60 /
= Sodium recovery (EL) \
g 40 (This study) 8
©
2 N
c 20
c
]
_' 0 T T T T T 1
0 2 4 6 8 10 12
pH

Figure 7.2 : Lignin and sodium recovery as a fuorctf BL pH at 70 °C and at a current density
of 1.3 kKA/n?

30 At pH 9.0: B = 1.229-0.059 x 9 = 0.53 V and at pH 5.Q:%1.229-0.059 x 5 = 0.295 V with V = 0.24 V
corresponding to 5.5 % increase (0.24 V/4.25 \cttlevoltage) [18-Hine]
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Figure 7.4 : Cell voltage as a function of BL pHidg electrolysis at 70 °C and at a current
density of 1.3 kA/r

Current efficiency is a fundamental indicator obgass performance that we evaluated as a
function of the black liquor pH and, caustic sottarsgth. The experimental results show that the
concentration of caustic soda has as much an ingsattte pH of the BL (Figure 7.5). Indeed, at
NaOH concentration below 10 %, the current efficietoss due to the drop in pH is similar to
the contribution of the NaOH strength increase.wkler, above 10 %, the current efficiency
loss is dominated by the NaOH strength becausaak migration. It is therefore recommended
to minimize the caustic soda strength where possdmaintain a higher current efficiency.
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Figure 7.5 : Current efficiency as a function of B and NaOH strength at 70 °C and a current
density of 1.3 kA/r

The energy consumption of the electrolytic treatimencomposed of the cell voltage and the
current efficiency. We report the values on theidaf: (1) the NaOH produced in kWhft, (2) the
volume of BL treated in kWh/fhand, (3) the estimated amount of lignin recoveredWhit.
The former (NaOH) allows comparing the energy sdiiion of this process with the chlor-alkali
industry referring to NaOH production. The latiicalculated from the energy required to treat
one nt of BL to a target pH and using the lignin recoveate at that pH (Figure 1) from which
we can estimate the energy requirement per toigaihl

The energy consumption expressed in kWh/t of NaGdedds strongly on BL pH during
electrolysis and the caustic strength (Figure Bgsults showed that at low NaOH concentration
(5 %), the effect of pH is mitigated with high \aility. As the NaOH concentration increases,
the energy demand increases and at NaOH strength X %, the energy consumption is
dominated by the accentuated drop in current efficy (Figure 7.4).
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Figure 7.6 : Energy consumption in kWh per t of Ma&s a function of BL pH and NaOH
strength at 70 °C and a current density of 1.3 KA/m

It must be noted that running at pH 6.0 requirésrgs more energy per volume of BL (Figure
7.7) than at pH 9.0. However, the sodium recovecyeases from 26 to 65 % to make more
sodium hydroxide. This accounts for the additioeaérgy consumption. On the other hand,

increasing the NaOH concentration contributes ghéi energy usage mostly due to the loss of
current efficiency.
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Figure 7.7 : Energy consumption pet af treated BL as a function of BL pH and NaOH sgih
at 70 °C and a current density of 1.26 kA/m
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It was in the early 90’s that Richardson first pyegd [27, 28] using the lignin recovered from
the black liquor to replace fossil fuel in the likin. This environmental and energy application
was repeatedly investigated later by Loufti [233 &Hoth [21]. Valmet', Andritz*? and Norar®
which are major technology developers in the pulm gaper industry materialized the
integration of the technology in a kraft mill. [33]. From that perspective, it is therefore
important to minimize the energy requirement of #bectrolytic step to maximize the overall
process energy balance of a kraft mill. We theeefavestigated the operating conditions that

would offer the minimum electricity consumption pen of lignin recovered.

The experimental results show that, after acid water washes, black liquor electrolysed at pH
9.0 delivers a similar lignin recovery (67.5 %)aadification with sulfuric acid (68.4 %), while
Alén [32] and Merewether [33] reported lignin yieldf 63.6 % and 76.6 % using €6n black
liquor containing 26.2 and 30.9 % solids, respetyiv Based on that observation, we assumed
that lignin recovery using electrolysis would hatie same profile as sulfuric acid down to pH
6.0 (Figure 7.2). Accordingly, we estimated theergy consumption per ton of lignin as a
function of pH at various NaOH strengths (Figuré8)7. We observed that the energy
consumption increased with decreasing pH and wmatgd that the amount of energy required
at pH 6.0 is double the value obtained at pH 9We also noticed that increasing NaOH
concentration has more impact at a pH lower thBngiggesting an interaction between pH and
NaOH strength. However, operating at pH 9.0 offeesbest energy performance (900 kwWh/t of
lignin) at all NaOH strengths tested. That enarggige corresponds to only 12.5 % of the high
heating value of lignin, therefore giving greategutal for positive energy balance in the mill. It
is nevertheless worthwhile mentioning that evenlater pH (6.0-7.0) and high NaOH
concentration (10 %), the technology can still aghia positive energy balance given the fact
that the energy used to precipitate the lignin42 & 2 044 kWh/t of lignin) is only one quarter
of its high heating value (HHV) estimated at 7 X84h/t.

In conclusion, it is recommended operating at pHt8.maximize the energy performance of the
proposed application. Moreover, operating at grhtavoids the precipitation of divalent cations

#http:/Iwww.biofuelsdigest.com/bdigest/2013/11/03fneis-supplying-a-lignoboost-plant-to-stora-ensesy-
biorefinery/

%2 https://www.andritz.com/spectrum-en/news/tech-tajkin-removal

% http://www.noram-eng.com/pulp-paper/
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within the membrane at lower pH [6], thus protegtihe membrane and prolonging its life.
Running electrolysis at a lower pH could only bexsidered in cases where mill production is
limited by the causticizing plant or lime kiln ctee a shortage of cooking liquor and therefore
limiting pulp production. Pursuing electrolysisltaver pH will provide more NaOH to be added
to the white liquor allowing for additional pulpgatuction. However, some measures, such as
ion exchange, will have to be taken to remove éngtations.
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Figure 7.8 : Energy consumption in kWh per tonigriin as a function of BL pH and NaOH
strength at 70 °C and at a current density of k/&26n?

Minimizing energy consumption by operating at ahleigpH represents an opportunity to reduce
operating costs. On the other hand, the proca$srpmnce is also concerned with productivity
to assure economic viability of the technology. eTgrocess productivity can be expressed in
three ways: the NaOH production rate in kg/(h;rthe black liquor flow treated per unit surface
of anode in L/(h-) and the lignin production in kg/(h%n

The NaOH productivity represents the capacity efgiistem to remove sodium from the BL and
recovering it as caustic soda. It is moderatelyetated (R = 0.5) (Table 7.4) with current

efficiency. The experimental results show a deswaa productivity as pH is reduced and NaOH
concentration is increased. Generally, the causticentration has much more impact than the
pH of BL (Figure 7.9). In fact, when the NaOH si¢h is increased from 5 to 10 %, the NaOH
productivity drops by less than 5 % (on average%)4n the pH range tested (6.0 to 9.0). On
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the other hand, the productivity is estimated toooe third when the NaOH concentration
increased by two fold. Above 10 % NaOH strengtle, productivity drops drastically from the

loss of current efficiency.
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Figure 7.9 : Caustic soda productivity as a functdBL pH and NaOH strength at 70 °C and a
current density of 1.26 kA/Mm

On the other hand, the lignin productivity (kg/(f)ndictates the dimensioning of a lignin
recovery plant from the BL. We observed that Iigproductivity depends strongly on the final
pH and caustic soda concentration (Figure 7.1Q)deéd, the lower the pH, the lower the
productivity and, a lower NaOH concentration fawuyrocess productivity. The maximum
lignin productivity value is attained when elecysthg BL at pH 9.0 while making caustic soda

at 5 % strength offering a lignin productivity dfaut 7.0 kg/(h- ).
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Figure 7.10 : Lignin productivity as a function®f pH and NaOH strength at 70 °C, a current
density of 1.26 kA/mand lignin recovery according to Figure 7.2.

The process productivity can also be reported asdhume of BL treated per surface unit of
anode and time (Figure 7.11). We can see thatw®b% NaOH strength, the flow of BL
treated are the same at pH 8 and 9.0 but much laty@d 6.0 and 7.0 due to a higher sodium
recovery and lower current efficiency. At pH Grigreasing the NaOH concentration to 14 %
brings the BL productivity flow to the same levaD(L/(h- nf) as operating at lower pH and
NaOH levels. Lignin productivity and specific Blow are linked by the yield of lignin, which is
mostly dependent on pH (Figure 7.1).
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Figure 7.11 : Black liquor flow treated as a fuootof BL pH and NaOHstrength at 70 °C and a
current density of 1.26 kA/Mm
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Even though the results seem to suggest operatiqdd &6-7 to maximize current efficiency

(Figure 7.5) and NaOH productivity (Figure 9), Is@ shows that the energy consumption is
higher. Furthermore, we have recommended prewidhat it is crucial to operate at alkaline pH
(9.0) on the black liquor side to prevent precipita of dissolved divalent cations when crossing

the membrane [7].

With regards to process design and especially gipensioning, it is worth mentioning that the
flow of black liquor out of the system is lower ththe feed flow. The ratio of these two flows
shows a strong correlation (0.88) with the BL phi(ffe 7.12). At pH 10.0, the BL flow out of

the cell is 90 % of the feed flow. But at pH 5i5sireduced to 50 %. This flow reduction is due
partially to a much higher sodium recovery at low meaning that more water is transferred
with the sodium (4 moles of water per mole of sagii7] from the BL to the catholyte (NaOH)

compartment therefore reducing the flow exiting ¢cleé. It is important to note that evaporation

made a significant contribution as well to redune dutlet flow [7].
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Figure 7.12 : The ratio of black liquor out of ttell over the feed flow as a function of BL pH at
70 °C and a current density of 1.3 kA/m

7.3.2.4 The effect of current density

We have examined the effect of pH at which we ebdéygsed BL in combination with the NaOH
strength on the process performance. From an gmpeigt of view, operating at pH 9.0 seems to
be optimal and we select that pH value to invettigiae other process parameters. While energy
consumption is a major factor in the operating adsan electrochemical process, the current

density must be considered because it drives tbduption capacity. So, we investigated the
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effect of that variable in combination with NaOHncentration on energy consumption and
process productivity.

By increasing the current density, the cell voltagereases (Figure 7.13) since the electrolysis
cell behaves like an ohmic resistance. By tripling current density from 0.63 to 1.89 kA/at
10.2 % NaOH, the cell voltage increased from 3®5.1 V, an increment of 1.45 V or a 40 %
increase. The cell voltage increase comes fromhigber ohmic voltage drop through the
anolyte, the catholyte and the membrane along wWith overvoltage at the electrodeq.[6
However, at a constant current density we couldehexpected to observe a reduction in the
voltage drop as we increased the NaOH strengtmgike higher conductivity, but it did not
show in the results. In fact, increasing the Na@itcentration in the catholyte results in a
decrease of the membrane conductivity and increthgesoltage drop across the membrane as
demonstrated by Moshtarikhah [11]. According tds thuthor, the maximum conductivity
happened at 15 wt%, which is also typical for sodhwydroxide solutions. Making 15 % NaOH
will, however, negatively affect the current eféiocy cancelling the potential voltage gain.
Overall, the net voltage change was negligible canegb to the impact of the current density in

the range tested.
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Figure 7.13 : Cell voltage as a function of curréemnsity at various NaOH strengths (Black
liquor at pH 9.0 and 70°C)



142

Below 1.25 kA/nf the current density does not impact the curreitiefncy (Figure 7.14) buhe
NaOH concentration drives the current efficiencyvdaas it increases. However, above 1.25
kA/m? the current efficiency tends to drop as the curdamsity increases and this happens for
the three NaOH strengths tested: 4.7, 6.5 and %40.2According to Hine [20], the result of a
lower current efficiency at higher current densstgxplained by the back diffusion phenomenon.

At higher current density the hydroxyl ions areraatted more forcefully towards the anode
migrating back to the black liquor and reducingrent efficiency, which is based on the
production of NaOH. While making 10 % NaOH at k&/m? a major decrease in current
efficiency was observed therefore suggesting araction between NaOH strength and current
density. It must be mentioned that the negatifecebf current density on the current efficiency
is added to the loss of hydroxyl ions migrating kdo the black liquor from the higher
concentration gradient existing in the catholytantlin the anolyte. These results are consistent
with Moshtarikhah'’s findings [11] who reported thaat increase of current density and sodium
hydroxide concentration leads to a lower sodiumgpart or transference numbeg,jt a factor
which affects negatively the current efficiencytbé processes. A good transference number
(tva) means that most of the electric currentasried by the sodium iondn this case, in order to
maintain the current efficiency above 90 %, thestiatsoda concentration should be kept below

5 % unless a higher concentration is absolutelyired for a sound mill operation.

Moshtarikhah et al [11] showed that the electr@yaembrane cells of a chlor-alkali plant can be
operated at a much higher current density (up td®0n?) than the limit of 4 to 5 kA/fm
recommended by the manufacturer. At high curremsdy, they experimentally demonstrated
that the membrane no longer behaves as an ohmstares This could have some beneficial
implications for the chlor-alkali and our industrialectrolysis application as well. The
increasing membrane conductivity with current dgnsiould make it possible to operate
electrolysers at very high current densities casidly reducing the number of cells without
excessive energy costs. Higher current density éxperienced in this study should be explored,
but it must keep in mind that operating at a higherent density will shorten the anode life.
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Figure 7.14 : Current efficiency as a function ofrent density at various caustic soda strengths
(Black liquor at pH 9.0 and 70°C)

The overall impact on energy consumption (kWh/t NAQof increasing current density
combines the effect on the cell voltage and currefficiency. For a minimum energy
consumption below 3 500 kWh/t of NaOH, the recomdeehoperating zone in blue on Figure
7.15 shows that the NaOH strength should be kegityader 5.0 % offering a 90 % current
efficiency as previously found (Figure 7.14). Qisly, the energy consumption per ton of
caustic soda of this process is much higher (4QHa) the caustic produced by the industrial
chlor-alkali process (2 200-2 500 kWh/t) [18-Hine]Our process asdescribed here cannot
compete on the NaOH basis alone. However, it ®ffermerous opportunities of performance
improvement in a kraft mill, including the enhanaarhof pulp production by debottlenecking
the recovery furnace and the causticizing plam@hith the production of the lignin product to
be offered to speciality chemicals market or tdaep the fossil fuel in the lime kiln.
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Figure 7.15 : Energy consumption (kWh/kg NaOH) &srection of current density at various
caustic soda strengths (Black liquor at pH 9.0 ZDftC)

Earlier in this paper, the authors recommended tthatprocess should be operated at a pH of
about 9.0 for minimum energy consumption per tonligriin recovered (Figure 7.8). Even
though the lignin recovery is higher at lower pHe tenergy required increases per incremental
ton of lignin recovered. Therefore, the effortsrev&oncentrated on optimizing the process
operating conditions at that pH with regards torgnpeonsumption. As expected, the results
confirmed that the energy consumed per volume atklliquor is lower at a lower current
density (Figure 7.16). With a lignin recovery difoait 67 % at pH 9.0 (Figure 7.2), the energy
usage can be kept below 500 kWh/t of lignin wheerapng at a low current density (1.0 kAJm
and while making 10 % NaOH (Figure 7.17). Thisrggevalue corresponds to only 7 % of the
high calorific value of the lignin making the techogy very attractive for a kraft mill from an
energy point of view. Furthermore, from a produityi point of view, operating at low current
density will require more electrodes and membrame@ @and more cell units for a given lignin

plant capacity.
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Figure 7.16 : Energy consumption (kWH/of BL) as a function of current density at various

caustic soda strengths (Black liquor at pH 9.0 ZDf(C)
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Figure 7.17 : Energy consumption (kWh/t of lignas) a function of current density at various

caustic soda strengths (Black liquor at pH 9.0 Zbf(C)

This work demonstrated the effect of black liqubt gnd NaOH strength on process productivity
(Figure 7.9 & 7.11) at a constant current densityL.86 kA/nf. It is well known that the
productivity of an electrochemical plant depend®rgjly on current density, the higher the
current density the better the productivity [20hdeed, at 10 % NaOH, augmenting the current
density by a factor of three, from 0.65 to 1.89 kA/increases the productivity by a factor of
four showing the gain of productivity (Figure 7.18Yoreover, within the current density of 0.80
to 1.60 kA/nf, the process also benefits from an average 27c¥#ase in productivity when the
concentration of NaOH is reduced by half (from @®%b) therefore offering a production rate of

2.1 kg/(h-m) at 1.6 kA/nf, the maximum output obtained during the testiragpam.
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As expected, an increase in current density hassahnee impact on black liquor productivity
(Figure 7.19) as on NaOH production. Approximatieyr times more flow can be treated by
increasing the current density by a factor of thrden making 10 % NaOH. We observed a
higher variability (Error bars) in the results thatuld be attributed to the measurement of the
black liquor flow, which was sometimes more difficto estimate. Contrary to the NaOH
productivity, there was no benefit in reducing tdoacentration of the NaOH from 10 to 5 % for

which no explanation could be provided except thdlow measurement inconsistency.
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Figure 7.18 : NaOH productivity (kg/(h?) as a function of current density at various taus
soda strengths (BL pH of 9.0 and 70°C)
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Figure 7.19 : BL productivity (L/(h-f) as a function of current density at various tawsoda
strengths (BL pH 9.0 and 70°C)
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Lignin is the primary product of the process depelb in this work and a better productivity is
highly desirable. Like the NaOH recovery rate dmack liquor flow, the lignin productivity
which takes into account a lignin recovery of 6%5at pH 9.0, increases with current density
(Figure 7.20) showing a similar relationship. Beén 4.7, 6.5 and 10.2 % NaOH strength, the
productivities vary from 11 to 18 % in the rangecafrent densities tested (0.94 to 1.56 kA/m
The value at 8.7 % NaOH is lower than expectedthad/ery low productivity at 13.8 % NaOH
can be explained by the low current efficiency. ekimectedly, based on these results, the
electrolytic treatment of black liquor should beetgted at the highest current density possible,

while making NaOH at 10 %, without any benefit &waer concentration.
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Figure 7.20 : Lignin productivity (kg/(h-7) as a function of current density at various tiaus
soda strengths (BL pH 9.0 and 70°C

7.3.2.5 The effect of temperature

The effect of temperature on process performanceimagestigated in the range of 60 to 84 °C
while the concentration of NaOH was varied from ©.3.0.4%. As expected, the conductivities
of both solutions benefit from an increase in terapge (Figure 7.21). Black liquor
conductivity rises by 1.7 mS/cm per °C incremerd #re conductivity of NaOH solutions went
up by 2.9 to 5.6 mS/cm depending on the NaOH cdraigon. Consequently, the impact on the
cell voltage drop was approximately 8 % over thagerature range studied (Figure 7.22). That
corresponds to an average of 0.02 V/°C similar he value of 0.025 V/°C reported by
Moshtarikhah [11]. According to the authors, aoréase in temperature results in a higher
mobility of ions and a higher water content in thembrane resulting in a higher conductivity of

both the membranes and the solutions as well. M@ it is known that at higher temperatures,
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the thermodynamic potential decreases as expeatmtt the Nernst equation and also
contributing to a lower cell voltage. However, aleserved that the cell voltage tends to increase
with increasing catholyte concentration. This nsagreement with Moshtarikhah [11] who
reported that it is due to an increase in the mambrvoltage with increasing catholyte
concentration due a lower conductivity of the meamier For a more detailed explanation, we

refer the reader to abovementioned study.
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Figure 7.21 : Conductivity of black liquor and cacsoda solutions as a function of temperature
at various caustic soda strengths (BL pH 9.0 ag6 RA/nf) (mS/(cm-°C)
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Figure 7.22 : Cell voltage as a function of temp@eaat various caustic soda strengths (BL pH
9.0 and 1.25 kA/f)
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The benefit of increasing temperature is more pwoced at higher caustic soda concentration
(Figure 7.23) suggesting an interaction betweenwloeparameters. According to Moshtarikhah
et al [11], this could be explained by the facttthagher temperature increases sodium ion

mobility, which could result in a better gain agjlhér concentration.
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Figure 7.23 : Current efficiency as a functionerhperature at various caustic soda strengths (BL
pH 9.0 and 1.26 kA/A).

The combination of cell voltage and current efintg dictates the energy consumption expressed
in KWh/t of NaOH. It was observed that a highenperature reduces the energy consumption at
all NaOH concentrations tested (Figure 7.24). €hergy gain is more significant at higher
NaOH concentrations and seems to tend to a minivaloe at 10 % NaOH as the temperature
approaches 85 °C. According to the patent gratdddpsztajn [34], an energy benefit can be
achieved by operating the catholyte (NaOH) at 1BQ6C higher than the anolyte (Black liquor).
That temperature differential could not be obtaimeth our experimental set-up since the
temperatures of both streams were maintained by strae heating bath. Keeping the
temperature of the anolyte lower could be achiebgdcooling. In addition to the potential
energy gain, a lower temperature of the anolyte ldvalso offer the additional benefit of

extending the life of the anode.
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Figure 7.24 : Energy consumption as a functioreofgerature at various caustic soda strengths
(BL at pH 9.0 and 1.26 kA/f

Regarding the effect of temperature on processuatodty, only the NaOH production rate is
reported here. Unfortunately, the flow of blackulor was not recorded, therefore BL feed rate

and lignin productivity could not be evaluated eith

An increment of 11 °C from 62 to 73 °C did not haaey significant effect on NaOH

productivity at lower NaOH concentrations (5.3 ah8 %) (Figure 7.25). On the other hand, at
10.4 % strength an overall gain of 13 % in the prtihn rate was observed when increasing the
temperature by 20 °C. That productivity benefitlie essentially to the better current efficiency

(Figure 7.23) at a higher temperature.

In conclusion, according to the recommendationhef anode manufacturer to extend the anode
life, we suggest to operate at 70 °C or lower gitrenvery limited gain of performance at higher

temperatures.
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Figure 7.25 : NaOH productivity as a function ahfgerature at various caustic soda strengths
(BL pH at 9.0 and 1.26 kA/f

7.3.2.6 The effect of adding sodium sulfate to black liquor

The conductivity of 30 % solids BL is relativelywo((1.20 mS/cm) compared to 250 mS/cm for
the sodium chloride solutidhat a similar concentration [35] as used in theteddytic cells of

the industrial chlor-alkali plant. Higher condwity means a lower voltage cell and, thus, lower
energy consumption. Given the abundance of soduifate in a kraft mill, we were interested
in quantifying the improvement to the process pennce from the addition of salt to the black
liuor. To do so, we saturated the BL by addinig) teathe black liquor at pH 9.0 in excess of

saturation and let it stir overnight.

The salt addition increased the conductivity of Blom 119 to 146 mS/cm, a 23.6 %
improvement that is significant at a 99 % confidemterval (Table 7.10). This increment of BL
conductivity translated to a 6 % drop in voltagdijaeh is statistically significant at 95 % only. A
higher sodium level was demonstrated to be beméfior the electrolysis of a sodium sulfate

solution [36, 37]. Here, the salt addition incehghe sodium level, which enhanced current

3421.5/23.7 x 60 +180 + 4 x (30-26) = 250 mS/cm
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efficiency by 8.5 %, but the difference was nongigant at 95 %. The combination of a lower
cell voltage and a higher current efficiency cdmited to reduce energy consumption by 13.5 %
with a 95 % confidence interval. On the other hatheg process NaOH productivity was
improved by 9.6 % but the difference was not sigaiit at 95 %. Overall, the addition of
sodium sulfate seems to help productivity, whichangefewer required electrolytic cells, lower
capital costs, lower energy consumption and, thawer operating costs as well. In general,
adding sodium sulfate to black liquor seems to owpr process performance with limited

significance.

Table 7.10 : The effect on process performancelding sodium sulfate to black liquor

NaSOadded 0. | onuiny, | eficency, | voliage, | Kt | FIOCHCY. ko
mS % \% NaOH
1 None 119,12 80,6 4,82 4 008 1,497
2 None 118,5 78,8 4,94 4201 1,417
3 None 118,3 76,2 4,94 4342 1,406
MEAN (Xy) 118,6 78,5 4,90 4184 1,440
STDEV (9) 0,40 2,18 0,07 168,0 0,05
COV, % 0,34 2,77 1,43 4,02 3,45
0]
1 Saturated 146,0 86,7 4,51 3499 1,613
2 Saturated 145,4 82,6 4,59 3722 1,526
3 Saturated 148,0 86,4 4,66 3636 1,596
Xo 146,5 85,2 4,59 3619 1,578
S 1,37 2,28 0,08 112,79 0,05
COV, % 0,94 2,68 1,67 3,12 2,92
I A I N R
Change, % 23,5 8,5 -6,4 -13,5 9,6
F(95 %) = 19.0 11,6 1,1 1,2 0,5 0,9
t-test value 33,7 3,7 -5,2 -4,8 3,5
t-value at 95 % = 4.3
t-value at 98 % =7.0
t-value at 99 % = 9.9
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7.4 Conclusions and discussion

In the context of sustainable development and eul@r economy, we have developed an
electrochemical approach that will provide lignma kraft biorefinery based essentially on the
judicious use of electricity compared to the chehapproach of consuming carbon dioxide and

sulfuric acid from an external source.

The present study reports on the effect of variopgrating parameters with the aim of
optimizing the process performance for differentirses of black liquor. Owing to abundant

experimental data and replicates it was possibtidar conclusions based on statistical analysis.

The perforamnce of the process was evaluated wssiftggood and hardwood black liquors and,
oxidized or non-oxidized softwood liquors. Despsieme differences in their properties and
component concentrations, it was shown that unuaeroperating conditions tested, there is no

significant difference in performance between tHegeors.

Unexpectedly, the number of anodes in the laboyat®il used showed a relatively strong
correlation (R = 0.61) with the current efficiencf¥he significant impact of that parameter was
confirmed by an analysis of variance. However,hage no fundamental explanation justifying
the effect of the number of anodes on cell perfarceaother than the fact that it may alter the

current distribution, which could consequently efféne current efficiency.

It is recommended operating at pH 9.0 to minimize énergy consumption per ton of lignin
recovered. By operating at that pH the precimtabf divalent cations within the membrane is
avoided at lower pH, thus protecting the membramk@olonging its life. Running electrolysis
at a lower pH is a possibility in cases where pritiduction is limited by the causticizing plant or
lime kiln creating a shortage of cooking liquor arttierefore, limiting pulp production.
Operating electrolysis at a lower pH will provideora NaOH that can be added to the white
liquor allowing for additional pulp production. Kever, some measures will have to be taken to

remove divalent cations such as ion exchange téopyo

The current density was the second most remarksyEmeter after the pH to influence the cell
process performance, including energy consumphia®H and lignin productivities. A similar
observation was reported for the chlor-alkali pescavith regards to energy consumption for
making NaOH [38].
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Given the limited benefit of operating at a higkemperature (80 vs 70 °C), it is recommended
operating at 70 °C or below to obtain a longer &anditk as suggested by the electrode

manufacturer.

On the other hand, the addition of sodium sulfatproves productivity. This would require
fewer electrolytic cells, lower capital costs, lovemergy consumption, and thus lower operating
costs as well. Overall, adding sodium sulfatelézkbliquor improves process performance.

Based on this study, the electrolytic treatmenblatk liquor should be operated at the highest
current density, i.e., 1.89 kAfmor higher, while making NaOH at 10 %. There se&mnise no
benefit to operate at lower NaOH concentrationis #xpected that the lignin productivity would
be 2.1 kg/(h-§) or higher. Although the above recommended canttare not optimal in
regards of the energy consumption, it will be esakto confirm them based on an economic
analysis especially the optimum current densitytha lowest cost per ton of lignin taking into
account the impact of higher current density on d@nede life. If the energy consumption
becomes a major concern, the caustic strengtheaeduced to less than 5 %.

In this study, we have determined the best opayatomditions for preparing black liquor for the
lignin precipitation step. A forthcoming study ivitonsist of investigating the lignin

precipitation and washing steps and the integraifdhe technology into a kraft mill.
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The technical feasibility of an electrochemical gass to extract lignin from black liquor (BL)
thus providing a lignin product for a kraft bio-redry has been demonstrated. The technical
aspects of lignin precipitation from electrolysed Bere investigated: coagulation, precipitation,
filtration and washing of the lignin product. Theperimental results showed that the filtration
rate is relatively low (64 kg/(h-7)), but adding NgSO, (120 g/L) during the coagulation step
improves the rate by a factor of 7.5. A longergudation time (4-5 h) increases filtration rate as
well. The lignin can be used as a feedstock ferdfemical industry or as bio-fuel for the lime
kiln. The purity of the washed lignin is adequé&te utilisation in the chemical industry, for
example, for making polyurethane. On the otherdhgiven the sensitivity of the lime kiln to
sodium, it is estimated that the electrolysed hgrontaining 0.64 % of residual sodium after one
single water wash could replace about 50 % ofithe kiln fossil fuel. A complete mass balance
of the major components providing the required datafuture work on the simulation of the
integration of this process into a kraft mill hésoabeen developed.

8.1 Introduction

Lignin recovery from kraft black liquor can be angdished by means of two commercially
available chemical technologies, LignoBoost [1] dmnghoForce [2], both of which use carbon
dioxide as an acidifying agent for precipitating flgnin and an outsourced sulfuric acid to wash
the lignin cake. Uloth et al [3] investigated ligrprecipitation using the waste sulfuric acid
produced by old Cl@generators [4]. Howell et al [5] simulated théegration of waste acid

precipitation into a hardwood kraft mill. Andri{f] has worked on the development of an
alternative process called Wet gas Sulfuric AcidS@Y in which sulfuric acid is used as an

acidifying agent. The particularity of this appecbais that the concentrated sulfuric acid is
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produced on the mill site from the sulfur contairiadthe concentrated non-condensable gas
(CNCG) generated during cooking [7]. However, thaximum capacity of a lignin plant is
dictated by the acid production, which in turn degee on the amount of sulfur recovered or
available. Namane et al [8] has investigated 8eaf sulfuric acid, and of organic acids, such as
acetic, citric, and formic acids as acidifying atgenThe authors observed that when the lignin is
precipitated with organic acids it contains lesbusithan when precipitated with sulphuric acid.
Lignin can also be removed by coagulants, sucHuasiaium sulfate [9] and as well as various
chlorides and nitrate salts, exploiting the bergfithesalt-induced precipitatiofi0].

An electrochemical approach [11-13] was developdguelectricity to bring the black liquor pH
to the point of lignin precipitation and splittisgdium sulfate available at the mill to provide the
acid required to wash the lignin. The fundamentélslectrolytic treatment of black liquor were
previously reported [14], the mechanism of ions snaansfer through the membrane was
investigated [15] and the process performanceudicy energy and productivity, was optimised
[16].

This work is concerned with the precipitation amdavery of lignin from electrolysed black
liquor, including coagulation and filtration stepalNe focused on filtration performance and
washing the recovered product. The effect of #ilWwing variables on the filtration rate was
investigated: (1) the coagulation time (2), theetygb BL (3), the temperature (4), the vacuum (5),
the end precipitation pH and (6), the addition ofliam sulfate. The results of the filtration
performance are compared with those of other methiod precipitating lignin from BL,
including CQ [1, 2, 17] and waste sulfuric acid [3, 6]. Comparis are made with the filtration
of CaCQ [18] which is a by-product of the causticizing mtl@f kraft mills. The lignin cake was
washed with dilute sulfuric acid and water. Theldy of the lignin product is reported and a
typical example of detailed material balance isvpted to integrate the technology to a kraft mill

supporting sustainable development.

8.2 Process description

The process was developed with three objectivesmibimum or no impact on the sodium-

sulfur balance of the recovery system, (2) minimenvironmental footprint and (3), concern
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with circular economy and sustainable developmefhe economic viability is an important

issue and will be discussed in a separate paper.

The entire lignin recovery process comprises 6 mstgps (Figure 8.1): (1) electrolysis of black
liquor to reduce pH, (2) coagulation of the lign{8) filtration of lignin slurry, (4) acid wash of

the lignin cake, (5) water wash and (6) salt splitt The inputs (in yellow) to the process arg: (1
black liquor, (2) sodium sulfate, (3) water, andatlicity. The outputs (in orange) are: (1) lignin
slurry filtrate, (2) acid washing, (3) water wagljsn(4) caustic soda and (5) lignin. Sulfuric acid

is produced on site from sodium sulphate spliting caustic soda as a by-product.

Na,S04 from ClO,

¢ Water
. generator or ESP " dust l_ /
®
< +
= -
5 Black liquor electrolysis Coagulation4.0h
§ atpH 9.0 & 70°C 83-85°C and 100 rpm
g -------- -
§
2 Black liquor lNaOH
;
K To
§ recovery — Ligninslurry
8" + _ system filtration
g ) |
Na,SO, splitting NaOH
Bipolar membrane
Electrodialysis
BME-3C
L -
To NaOH Sulfuric acid
wash (0.5N)
To H2504 H2S04 L filtration
Water
Acid washing I Water
To weak BL tank Water ( Water wash
and evaporators washingL filtration

Ligninto lime Kkiln
or chemical plant

(1) ESP dust: Electrostatic precipitator dust

Figure 8.1 : Simplified flowsheet of electrochenhigaovery of lignin from black liquor

The BL fed to the electrolytic unit is withdrawntexf the second effect of the evaporator train
containing approximately 30 % solids offering maximm conductivity to minimise voltage drop

[13]. That liquor, once electrolysed at pH 9.0sésit to a coagulation step in a continuous stirred
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tank reactor (CSTR) where sodium sulfate is adddtketp the formation of larger lignin flocs by
agglomeration, thus improving the filtration rat&he salt could be added to the BL prior to
entering the electrolytic cell to reduce energy stomption as demonstrated in a previous
publication [14]. Then, the lignin slurry is fied, the lignin cake is recovered and, the filtiate
sent back to the weak black liquor tank of the dleahrecovery system. The lignin product
which contains a high level of ash and sodium ishea first with dilute sulfuric acid (0.5 N) and
subsequently with water. Both wash streams amvezed and recycled to the recovery system
to avoid an additional organic load on the wastewseatment system.

To respect the requirement of sodium sulfur balanaée mill liquors, the acid is produced by
splitting the sodium sulfate using electro dialysisthe CIQ generator by-product or the ESP
dust containing mostly sodium sulfate. Both saHtpboducts can be captured before they are
sent back to the recovery system as constituentiseoblack and cooking liquors. The JS&,
from the CIQ generator is used as chemical make-up. Using qiatthese by-product salts
eliminates the need to purchase acid for ligninhwvags Bipolar membrane electrodialysis
(BME) and electrolysis also produce caustic soda bg-product, part of which can be used to
adjust the pH of the acid washing and water waski 1.7) before they are returned to the
weak black liquor tank. The BME produces chemigasid and caustic soda) on site in
agreement with the circular economy trend of emrimental requirements as that BME step
prevents the excess sulfur from being discarded the sewer as is the case when using
purchased acid. The depleted sodium sulphateisol@oming out of the BME system is
returned to the Cl@generator to be saturated again with sodium stéphd&he clean lignin
produced could replace fossil fuel in the lime loinbe used as raw material e in a polyurethane

plant.

8.3 Brownian coagulation and filtration theory

The recovery of lignin from black liquor requires@agulation step regardless of the technology
used: acidification with C®[1, 2], with sulfuric acid [3, 6-8], by desalkalgation using
electrolysis or, with an electrodialysis proceqddds13]. In fact, lignin starts to precipitate fino
black liquor at pH 10.5-11.0 [19] forming fine calilal particles. These particles are very
difficult to filter and eventually block the filter The coagulation step promotes the growth

formation of larger flocs thus facilitating filtian.
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8.3.1 Brownian coagulation

Lignin coagulation and precipitation are causedh®/continuous random movement of particles
that collide and stick together called Brownian gudation forming an agglomeration of larger
particles [20]. It is a physical process of ingtasollisions and of the attachment of particles
onto particles [21]. The thermal Brownian motidrparticles, accompanied by turbulence, shear
field, and external forces, such as gravitatiomal electrical, may cause coagulation [22]. Heine
et al. [23] reported that the more concentratedptiréicle suspension (up to 35 %) the better the
coagulation rate due to the higher probability @fision. The BL pH drops when G(s added,;
the lignin in solution is destabilised and colldigarticles usually carrying electrical chargeststa
to form at about pH 10.8 according to Kannangarg. [1n the present work, lignin coagulation
was initiated in the electrolysis step partiallydenthe influence of the forces produces from the

electrical field and continues progressively thiotige coagulation step.

8.3.2 Colloidal stability explained by the DLVO theory

The lignin coagulation rate can be predicted by wel-known DLVO theory which was
established by Derjaguin, Landau, Verwey, and Osekhbin the 1940s [24, 25] and for which
Trefalt [26] provided a short conceptual summaltyis assumed that the interaction forces in an
agueous colloidal suspension can be approximated byperposition of van der Waals and
double layer forces which have to be reduced irrotd enhance particle aggregation. Norgren
[19] applied this concept to a solution of krafyrin and reported that lignin coagulation
efficiency depends on temperature, ionic strength@H. Coagulation rate can be enhanced by
increasing the ionic strength of the solution by #ddition of salt to the point of critical

coagulation concentration (CCC).

Two well-defined regimes of kinetics have been idexn for the aggregation caused by
Brownian motion: (1) rapid diffusion limited clusteluster aggregation (RLCA) and (2) slow
reaction limited aggregation (SLCA). The CCC isedmined at the point of change of regime
from still reaction limited (RLCA) to purely diffusn limited (DLCA), which was well
illustrated by the addition of 1.3 M NaCl to Inch® Kraft lignin [17] at pH 10.5 and 70°C [19].
At higher ionic strength very large aggregatesfammed and the aggregation rate increases. He
also reported that increasing temperature decré28€s Unfortunately, the use of NaCl is not
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possible in a kraft mill because it causes seveuing of the heat exchanger of the recovery
boiler [27, 28]. In practice, N8O, salt is a preferable and very suitable salt sihcealready
present in the black liquor causing no problemsfdoncentration is kept below its maximum
solubility limit [29]. Furthermore, the benefitsf @dding NaSO, salt to BL have been
demonstrated for the electrolysis step: they alewer voltage and a better current efficiency

translating to lower energy consumption [16].
8.3.3 Overview of filtration theory

8.3.3.1 Objective

The main objective of the filtration step in thi®omk is the recovery of a maximum amount of

lignin solids rather than the clarification of thguid filtrate. The lignin slurry filtrate is rgcled

to the chemical recovery loop for its residual eslwhich are the sodium and, the energy from
the organic content. Returning the residual fiireo the mill avoids an additional charge and
cost to the waste water treatment plant. The tyuafithat filtrate is of no major concern for the

recovery system as long as it does not contain xa@essive concentration of burkeite (2

NaCOs- NaSOy) which could foul the evaporators by crystallisat{29].

8.3.3.2 Filtration theory

The basic filtration equation derived from the Raile and Darcy law, which describes the flow

of a fluid through a porous medium is presenteeqguation (1) [30, 31]:

AP = (Q/A)-H -0y 1)

APim = (Q/A) B- 2)
AP is the pressure across the cake

APy is the pressure drop through the filter medium,

Q/A is the specific flow rate in (s nf),

H is the cake thickness in m,

w is the filtrate viscosity in Pa-s,

ay is the specific filtering resistance related te take thickness in frand,
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g isthe resistance of the filter media fjn

For convenience [30], the cake thickness can baekkin terms of solid mass m per unit filter
area and the cake resistance can be representgg bypressed in m/kg; therefore equation (1)

becomes:

AP. = (Q/A)- (M/A) 1ty €))
The pressure drop through a filtering system is:

AP =AP; + APy (4)

ByreplacingAP; and APs,, in equation (4), the following expression is ob& for the total

pressure drop:
AP =0y i (M QIA) + §-11-(QIA) 5)

Supposing a homogeneous mix, it can be assumedhihanass of cake is proportional to the

volume of filtrate following a linear relationship:
Km=m/V (6)
In equation (6), m represents the mass of thediteake and V, the volume of filtrate.

Combining equations (5) and (6) and considering @V#dt where t is the time, equation (5)

becomes:

AP = @m-- Km)/AZ V-dV/dt + @-w)/A) dVv/dt (7)
The integration of Egn (7) at constant pressuf®) (yields:

t = (Otm - Km)/(2A% AP)- VP + 8- Ll(A- AP)-V (8)
The development of these equations and a realstadg are detailed in Ripperger [30].
In practice, the experimental results are plotiszbeding to t/V = f(V):

t/V = (o oK)/ (2AZ-AP)-V + G-l (A- AP) (9)
Usually t/V is a straight line with a slope "b" ¢aiming the filter resistanceif,:

b = Om - Km)/(A?)/(2:AP) (10)
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and the intercept "a" is used to calculate the filedia resistances {:
a=g3-ul(A-AP) (11)

8.3.3.3 Filtration mode

Four idealized models were developed by Ripperged €0]: (1) cake filtration, (2) blocking
filtration, (3) deep bed or depth filtration and ¢toss flow filtration. The cake filtration mode

the most frequently used model. As soon as tseléyer of cake is formed on the filter medium,
the subsequent filtration is accomplished by thkeciéself and the medium becomes only a
physical support. This model was used in our workhe following reasons: (1) simplicity, (2)
one single filter for the three process steps kfafion, washing and dewatering (3) either a
positive or a negative pressure (vacuum) througlctke. In the case of vacuum filters, the cake
is freely accessible and that facilitates automedice handling. However, the pressure difference
across vacuum filters is very limited, and the daal moisture of the filter cake is higher than

with pressure filters [30].
8.4 Experimental methodology

8.4.1 Experimental set-up

The experimental set-up used to study the ligniacipitation step consisted mainly of a
coagulation tank (2 L) and a laboratory vacuunefilfLL). The coagulation tank was immersed
in a temperature controlled bath (Figure 8.2) dnslais equipped with a single propeller type of
mixer with three bladeg)= 2.5 cm). The filtration unit used was the Buahtest kit purchased
from Larox (now Outote®) Model S5118-L1K2 of 5.5 cm diameter, which wasmected to a

vacuum pump (Figure 8.3).

% https://www.outotec.com/company/about-outotec/
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Lignin

Coagulation

set-up

Figure 8.2 : Experimental set-up for coagulatiorlectrolysed black liquor

8.4.2 Experimental procedure

Once electrolysed to the desired pH (9.0), the 8transferred to the coagulation tank. In most
trials, sodium sulfate was added to promote coaigulaf the lignin particles. A mild agitation
was maintained from the rotational speed of théaswi, which was high enough to favour the
collision of particles contributing to the growthlmgger flocs without breaking them but not too
slow to maintain the lignin particles in suspengi®a-34]. At 100 RPM the impeller of 2.5 cm
in diameter had a radial velocity of 13.1 cm/s mivia Reynold numb& of 922 characterising
the flow of the agitation as laminar [35]. The draf reaction was varied from 0 to 5 hours and
the temperature from 75 to 85 °C. The filtratiates are reported as follows: the volume (100
ml) of lignin slurry was filtered and filtration wsastopped when the surface of the cake was
liquid free. Then, the filtrate volume and solidcovered were measured and weighed (dry
basis), which gives an average liquid filtratioteraxpressed in L/(h-Pnand solids in kg/(h-f,
respectively. The lignin cake was washed by mednthe displacement method [36]. One
equivalent displacement washing volume was estunfiem the volume of the lignin cake

calculated from the filter diameter and the thicksmef the cake.

% Re=p-N- DY = 1 166 kg/fix 100/60 s X (0.0258)1%/0.00136 kg/(m-s) = 921.9
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Figure 8.3 : Buchner test kit from Outotec Latdx

8.4.3 Black liquor characteristics

The precipitation of lignin was experimented witottypes of softwood black liquors: oxidised
and non-oxidised black liquors provided by krafflsniocated in the province of Québec. The
detailed composition of those two black liquors hmeen reported previously [16]. Their
constituent concentrations were similar excepttfa sulfide, which was much lower in the
oxidised liquor that was submitted to an oxidatistep using oxygen. But, according to
Kouisni’'s patent [2] that treatment should havepaifive impact on the lignin filtration rate.

8.5 Results and discussion

8.5.1 Lignin cake filtration and washing
8.5.1.1 Lignin cake resistance

We performed a filtration experiment according hie procedure described above. We plotted
the results of t/V vs V (Figure 8.4) according tipperger’'s method [30] in order to estimate the
filler medium resistance and determine the cakieafibn resistance to be compared with

57 https://www.youtube.com/watch?v=6gZIbz240ic p. 93:
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literature data for lignin cake from other recovgmpcesses and with Cag@ake from the

causticizing plant.

1,50
1,25 ’
E
w
~ 1,00
0,75 -
Pt
0,50 T T T 1
0 100 200 300 400
Volume of filtrate, ml

Figure 8.4 : t/V vs volume of filtrate collected fine following coagulation conditions: 3 h
coagulation time, pH 9.0, 85 °C, 100 rpm, 120 gfNe,SO, added and, filtration done at a

constant vacuum of 16.9 kPa

It was noticed that the plot of t/V vs V does nolldw a straight line but tends to deviate when
the volume of filtrate reaches 200 ml. AccordiogRipperger [30], this could mean that there is
a combination of filtration modes involved in theparation process. He explains that deviation
by the fine particles trickling through the cakeddrocking the pores of the cake or the filter
medium. The process can perhaps be describedbbxlkang filtration at a higher volume of
filtrate or cake thickness. Khean [31] reportesirailar phenomenon for the filtration of CagO
solution, which is very similar to a kraft mill. h€ CaCQ is formed during the causticizing step,

separated from the cooking liquor, and washed poidaeing fed to the lime Kiln.

The resistance of the lignin cake was determinesedbeon Khean’s example [31] and was
compared to the values encountered in the litezat@ut we retained only the linear part of the
plot (Figure 4) where the mode of filtration candmnsidered as mainly cake filtration mode up

to 200 ml of filtrate. From the interpretationtbe results of that particular case, we can compute
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the resistance of the cake,) and of the filter mediumg) by modifying Eqgn. (10) and (11) to
obtain Egn. (13) and (14):

Om = 2- (b A-AP)/ (- Kim) (13)

B =a-AAP/u (14)

The interpolation of the results leads to the r#pt "a" and the slope "b" from the linear part of
the curve (Figure 8.4):

a=0.5970 s/ml = 5.97 x 16/n?

b = (YV)/V = 33 5/209 ml = 1.22 x 2@/nf

The experimental conditions of a typical filtratiotase and calculations of performance

parameters are detailed in Table 8.1.

Table 8.1 : Details of experimental conditions anthputations of performance parameters

Parameter| Symbal Value Parameter Symbol Value
Filter diameter (0] 5.5cm m (dry mass) m 0.0528 kg
. 2.376E-3 | Intercept "o
Filter area A " (Figure 4) a 0.5970 s/ml
; wpan 1.219 E-3
Vacuum AP 16 900 Pa | Slope (Figure 4 b (s/mi)/ml
Temperature T 85 °C Specific  cake Kn=m/\V 22.2 kg/m
mass
Cake height H 39.0 mm fConcentratlon 252.67 kg/m
actor
Filtrate Vv 2 09E-4 Flltgr medium 8 3.954E10 rit
volume resistance
Viscosit 0.000607 | Cake filtration o 1.519E9
y K Pa-s resistance m m/kg

Ripperger [26] suggested an index consisting ofpfueluct of the cake resistance and filtrate
viscosity to evaluate the filterability of a producHe determined the range of the index to be
between 1®which is a rapid filtering and ¥®where the product is nearly unfilterable. When
this criterion is applied to this work, the index éstimated at 7.04 4@vhich means that the

lignin product filters quite easily and rapidly.

The contribution of the filter medium in this woil the total filtration resistance was estimated

in order to determine potential improvement ofréifion rates. We suggest comparing the
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relative resistance of the two components (cakefited medium) on the same unit basis (m/kg)

according to the following ratio:
amKw/B =1.52 16 m/kg x 22.2 kg/rf/(3.95 13° m™) = 0.854 (15)

According to the value of equation (15), the filiva resistance of the filter medium used in this
work could not be neglected compared to the calsestemce. Indeed, according to our
calculation®, it is contributing to 46 % of the total resistanwhen the cake thickness reached
39 mm. Therefore, the filtration resistance of tiiter medium we used could not be neglected
compared to the cake resistance. A less tighdrfithaterial would help to improve the overall
filterability and reduce the size of the filtratisgstem.

8.5.1.2 Comparison to other lignin recovery processes

The filtration resistance of electrolysed ligninpdd 9.0 is compared to the cake resistance from
other lignin recovery processes (Figure 8.5) suchudfuric acid [36] and CLacidification [36,

17] of black liquor at similar pH values. The détetysed lignin offers the lowest resistance to
filtration. This is in agreement with Kouisni’s teat [2] claiming that the oxidation of black
liquor improves the lignin filtration rate. It wameviously shown that the electrolytic treatment
of black liquor generates oxygen at the anode, hlogidised the liquor to the point of
eliminating sulfur [14]. It can therefore be cambéd that the in situ super-oxidation produces a

significantly better filterability of the electradgd lignin product.

% 1.52 10 m/kg x 22.2 kg/rfi(1.52 16 m/kg x 2.22 kg + 3.95 1Bm?) x 100 = 46 %
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Figure 8.5 : Comparison of specific lignin cakéréition resistance for sulfuric acid and £0
lignin precipitation processes: Electrolysis at’@) coagulation and filtration at 85 °C,$,
and, CQ: acidification and filtration at 80 °C.

8.5.1.3 Lignin filtration resistance compared to calcium cabonate

Comparing lignin filtration resistance to lime muditration (CaCQ) encountered in the
causticizing plant of a kraft mill gives an insttive view on the filtration process. Cag@®
formed during the causticizing step and is sepdratmn the cooking liquor and washed prior to
being fed to the lime kiln [18]. Khean [31] inviggtted the filtration of lime mud and reported
the results of other studies (Table 8.2) as wallenrdifferent pressure drops. Here again, a great

variability in cake filtration resistance was ohsst depending on the pressure drop.

At a comparable pressure drop (70-75 000 Pa) linatibn resistance of the lignin product from
H,SO, and CQ processes is similar to the lime mud resistanc&3(10-1.02 13° m/kg). At a
lower pressure drop (16 900 Pa) the filtrationgtgice of lime mud is significantly higher (2.61
10" m/kg) than the electrolysed lignin (1.52°10/kg), actually 17 times higher. Over the years,
lime mud filtration has been improved by increasihg filter rotational speed thus producing a
thinner film, which is easier to filter and wasI8]1 At the design stage, the same improvement

could be applied to the lignin filtration operation



171

Table 8.2 : Comparing the cake filtration resistafar different lignin recovery processes

(pHDB.0) and CaCeat different pressure drops.

Product Process & Ref. AP, Pa | an m/kg AP, Pa am, Mm/kg
Electrolysis (Here) | 16 900 | 1,519E+09 - -

o H,S0,[36] 75000 | 1,1122E+10 75000 1,116E+1D
Han CO, [36] 75000 | 1,150E+10; 200000 2,562E+10
CO, [17] 70000 | 1,830E+09| 70000 1,020E+1D
[36] 16900 | 2,611E+10| 50714  5,556E+10
CaCo; [27- 37 50000 | 7,111E+10{ 107 143 7,722E+1P
Khean] 31 90714 | 4,167E+10| 105714  5,333E+1D
39 27000 | 2,400E+11] 140000 2,400E+1fL

8.5.2 Investigation of the lignin slurry filtration rate

In the previous section, we considered a typicabcstudy of filtration resistance of the lignin
cake and compared its performance to that of digam recovery processes and lime mud
filtration. The study of various parameters affegtthe filtration rates expressed in L/(ffror
kg/(h-nf) is presented in this report. The results of shisly will later be compared with studies
from the literature for sulfuric acid and @@rocesses.

8.5.2.1 The benefit of adding sodium sulfate

Norgren reported that lignin coagulation efficiersgpends on temperature, ionic strength and
pOH [19]. Coagulation efficiency and yield cand#anced by increasing the ionic strength of
the solution with the addition of salts [40]. dtimportant to note that the electrolytic treatment
of black liquor reduces its salt content [16]. E@ample, when electrolysed at pH 9.0, about 25
to 30 % of the sodium is removed and converteattiusn hydroxide. The extracted salt reduces
the liquor ionic strength thus affecting the coagjoh and filtration rate [40]. The addition of
sodium sulfate to black liquor before coagulatiorrginforce the ionic strength after electrolysis
was also investigated. The results showed thadtowritthe addition of salt, the filtration rate is
very low (64 kg/(h-rf). With the addition of 120 g/L of N&Os, which corresponds to a 56 %
increase in sodium concentration, the filtratiote rmcreased to 485 kg/(h®man improvement
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factor of 7.5, which significantly reduces the diihg surface requirement and, therefore, the
cost. The increase in ionic strength would sigaifitly improve the filtration rate of the
electrolysed lignin in comparison to that of the O@ocess (246 kg/(h-in[2]. Given the
demonstrated benefits for the electrolysis andafibn steps, N&O, salt should be added to the
black liquor. However, it is important that thedl concentration in the black liquor does not
exceed the solubility limit because it would crelatekeite crystallisation in the evaporator train,

which depends on the levels of J&&; and NaSO, [29, 41-43].
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Figure 8.6 : The effect on solids filtration rafeadding sodium sulfate (N8O,) to black liquor

prior to the coagulation step

8.5.2.2 The effect of final pH

The final pH of treated black liquor affects thiréition rate of lignin slurry and its impact has
been thoroughly investigated [1-Tomani, 2-KouisB8-Ohman]. For example, Ohman [36]
showed that the higher the pH, the higher theafilbn resistance and, consequently, the lower the
filtration rate. On the other hand, Kannangara [fEported that the pH has a relatively low
influence on the filtration rate. In this studye wprecipitated lignin from black liquor at pH
between 7 and 10 (Figure 8.7). We observed thert évough we added more 480, (175 g/L)
prior to the coagulation step, the filtration regemuch lower at pH 7.0 than at 9 and at 10, it is
only one third. It is known that the electrolyti@atment of black liquor reduces the ionic
strength and at pH 7.0, 56 % of the sodium was veh¢16]. Adding 175 g/L of salt to black
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liquor electrolysed to pH 7.0 was not sufficientésestablish the filtration rate obtained at highe
pH values (9.0 and 10). However, it is worth meming that Kannangara [17] obtained the
lowest filtration resistance at pH 9.0 when usin@,@s an acidifying agent applied to oxidised
black liquor. We observed that the cake has arl®ekds content at lower pHs (Figure 8.7).
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Figure 8.7 : The effect of end pH on filtratione@&nd cake solids

8.5.2.3 The effect of the type of liquor and coagulation the

The impact of two types of liquor on the filtratioate of oxidised and non-oxidised softwood
liquors were tested at various coagulation timegjireg fromO to 5 h (Figure 8.8). The results
show that a longer coagulation time produces abéttration rate. The probability of lignin

particles to collide and form bigger flocs is muklgher at prolonged coagulation. When
coagulation time is reduced, the lignin slurry cainbe filtered in an appropriate time. It was
observed that the oxidised black liquor gives adofiltration rate, which is in disagreement with
Kouisni’s claim [2]. However, it can be concludigt the electrolytic treatment of black liquor
is a more efficient way to improve the filtratiomte than chemical oxidation. A longer
coagulation time seems to favour a higher solidtexanof the lignin cake thus requiring less

drying energy.
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Figure 8.8 : The effect of the type of liquor armgulation time on

filtration rate and cake solids

8.5.2.4 Effect of the vacuum level on the filtration rate

Most filter cakes are compressible, therefore thmorosity decreases and their resistance
increases with increasing pressure. The compresdithe cake is caused by the compressive

stress on the particles structure, which is cabyatie drag forces of the flowing liquid [31].

Experimentally, cake compressibility can be demmastl by varying the vacuum level. If the
cake is compressible, an x fold increase in filbrapressure produces a less than x-fold increase
in flow rate. In the present study, the filtraticate was tested as a function of the pressure drop
over a threefold range (16 900 to 50 700 Pa). rei@u9 shows that the filtration rate increases
only by a factor of 1.85 over the pression rangdicating that there is a certain degree of
compressibility of the cake affecting the filtraticate (kg/(h-)). It could be beneficial to keep
the operating pressure across the cake to a maxiofitd# 000 Pa to limit the negative effect of
excessive compressing of the lignin particles.owdr pressure drop would also be beneficial to

the washing steps.
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Figure 8.9 : The effect of the vacuum level onftheation rate (85 °C)

8.5.2.5 Comparing the filtration rates (kg/(h- m?)) of various acidification processes

It has been demonstrated that the benefits of gdda&SO, to the electrolysed black liquor prior
to coagulation for enhancing the filtration rateg(ife 8.6). The cake filtration resistance was
compared to data available from the literaturetf CQ and BSO, acidification processes
(Figure 8.5 and Table 8.1). It can be concluded #tectrolysed black liquor, which is super
oxidised, offers the lowest cake resistance unitgitas experimental conditions when O, is
added. The filtration rate rather than the caligafion resistance was compared to other
acidification processes. The data for fidification were taken from the literature [Z] but
the results by acidifying with $¥$0, or with a BSOJ/NaSO, mix were obtained from
experimental work performed in this study. Thed&alt mix was produced from the electrolysis

of NaSQ, [44].

The solids filtration rates of the four acidifyingethods are compared for medium concentration
of black liquor solids ranging from 27 to 40% (Teal8.3). The acidification of non-oxidised
black liqguor using C@technology gives a filtration rate similar to tekectrolysed BL without
the addition of Ng5O;. However, when salt is added to the electrolyBéd the filtration
performs better for both the non-oxidised and ®adiBL. The electrolysed BL with salt added
produces a filtration rate between 2 and 6 timghdr than CQwith oxidised BL depending on

the study considered. However, within that sotalsge, the acidification with 430, delivers a
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filtration rate one to two orders of magnitude haghhan electrolysis and G@espite the fact
that the BL is not oxidised. Regardless of thehhegntent of Ng50O, in the more dilute acid
mix, the 60 % acid strength filtered better. Afyaig with 60% HSO, gives a better filtration
rate (7 297 kg/(h-f) than the acid/salt mix (2 756 kg/(hf)in almost threefold higher. The
acid/salt mix was composed of 15 %S4, (160 g/L) and at that acid concentration it camgai
250-262 g/L of residual N8Oy [44]. It was anticipated however that the higleleof NgSO, in

the acid mix would perform better based on theirdliced precipitation of lignin.

Table 8.3 : Filtration rate of lignin slurry fronefdwood BL using various acidification processes

at similar conditions

Electrolysis H,SO, (NOSWBL*)
€O, CO, (OSWBL) (This work)
Conditions . H,SOJ/
OSWBL LignoF-orce (This work) H,SO, | NaSO,
[16] [2] "
H,SO, (%) - - - 60 15
BL solids, % 30-37 30-40 29-30 27.0 27.0
pH 9.4-9.8 10.0 9-10 8.7 9.3
T, °C 70-80 70-75 75-84 70 70
Vacuum, kPa 70 Pressurised 16.9 33.9 33.9
T NOSWBL — 50-60 0 g/L**— 64.0
F"”a“r?? rate, | go.p56 7297 2756
kg/(h-nT) OSWBL — 150-180 | 120 g/l 485
* OSWBL: Oxidised Black Liquor, NOSWBL: Non Oxidis&lack Liquor
**Na,SO, added to the electrolysed black liquor prior te toagulation step: 0.0 and 120 g/L

It is important to mention that adding,$0y, to the black liquor from an external source will
disturb the Na/S balance of the recovery systemyimgp that most of the filtrate would have to
be discarded. To In order to overcome that isteeacid must come from an internal source
from splitting the NagSO, from the electrostatic precipitator dust or sake by-product from the

CIO; generator or from the sulfur from concentrated-oondensable gas (CNCG) [6].

8.5.3 Lignin cake washing and product purity
Once the coagulation of the electrolysed blackdighas been completed, the lignin slurry
produced is transferred to the filtration and tresking steps. In the first step, the lignin slusry

separated from the mother liquor to recover theipiated lignin as a cake. The filtrate is sent
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back to the black liquor circuit. In a second stigye lignin cake is washed with dilute sulfuric
acid (0.5 N) to remove residual sodium. In a thtelp, the lignin cake is washed with water to

remove residual ash and undesirable organics agsaithigh purity lignin product.

8.5.3.1 Comparison of filtration rate of the lignin slurry, the acid wash and the water wash

The filtration of the lignin slurry is a criticatep and the acid and water wash could add to the
process complexity and increase the equipment cd$ie performance of filtering the lignin
slurry, the acid and the water washes are comparete basis of two metrics: L of filtrate per h

per nf and kg of dry solids per hFigure 8.10).

The lignin slurry has a significantly higher liqufitration rate (2 172 L/(h- &) than the acid
wash filtrate (988 L/(h-f)) and water wash filtrate (672 L/(hh Based on the rate of kg of
solids recovered rather than liquid filtrate, thgnin slurry and water wash have a similar
filtering performance. These results can be coepavith the LignoForce COprocess [2] in
which the author reported a first step filtratiaiter between 150 to 180 kg/(Hf)ncompared to
100 to 240 kg/(h- ) for the last step without re-slurring of the caleperformed in this study.
These numbers support the results obtained witHilieeing lignin slurry: the washed lignin
obtained from electrolysed black liquor filters rhufaster than the LignoForce process using
CO, with oxidised black liquor.
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Figure 8.10 : Filtration rate of lignin slurry, dcwash and water wash at 85 °C expressed in
L/(h-nf) and kg/(h-rf)
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8.5.3.2 Purity of lignin

The quality requirements of the lignin depend enuitilisation. According to Heiskanen [45], a
high quality lignin should contain less than 1.0a%h and more preferably less than 0 .5 % for
certain use. Based on preliminary tests, the whslhectrolysed lignin containing ashes (Table
8.4) has an acceptable purity to make polyuretli@le But, the lignin could also be used for its
bio-energy potential to replace fossil fuel in timee kiln [45, 48]. In our application, the critic
component to monitor is the sodium, which can cgueblems of severe fouling of the walls of
the lime kiln when in excess [3]. It appears, @iouthat if the lignin contains less than 0.3 %
sodium, it could replace more than 98 % of the ifds®l requirement [3]. A lower sodium
content could be achieved by increasing the nuroberater wash steps or subjecting the lignin

slurry to an electric field [45].

The lignin cake was washed by displacement [34,5€9, The experimental cake washing
method used in this work comprised one volume disgghent with acid at 0.5N followed by one
displacement with water. The unwashed lignin cak&tained 93.4 % of lignin but a significant
amount of ashes (14.7 %) which included 6.7 % sodand 2.8 % sulphur. The washing
procedure used in this study reduced the ash 9 ,8he sodium by 91 % and the sulphur by 37
% (Table 8.5). It was noted that the washed ligrake had higher moisture content (61.5 %)
than the unwashed cake (56.0 %). The moistureenbicin be reduced by adding a drying step
after the water wash as proposed by Kouisni [2].

Given the sensitivity of the lime kiln to the sontidevel in the washed lignin and according to
the sodium balance provided by Uloth [3], it isimstted that the electrolysed lignin containing
0.64 % of residual sodium could replace close t&®&0f the lime kiln fossil fuel. However, it is
anticipated that an additional water wash of tigaih cake would make it possible to achieve
almost a complete replacement of fossil fuel aoomed by Uloth [3]. Moreover, by using
Ohman’s novel washing method [37], higher purignlh can be produced as well. This author
recommended that the final pH of the spent acidwei®uld bdess than 3.75 for better washing
efficiency. In this experimental work the final pikfs 1.7 indicating that an excess amount of

acid was used.

Experiments were conducted with different typesdlaick liquors. Once washed, however, all

lignin samples from oxidised and non-oxidised softd liquor as well as softwood and
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hardwood liquors have the same appearance excptth hardwood lignin has a lighter colour
(Figure 8.11).

Table 8.4 : Composition of unwashed and washedhlipgtovered from electrolysed BL

Electrolysed| Unwashed Washed lignin cake

Component| BL at pH lignin - 'Sample[ Sample] Sample COV, | Removal,

9.0 cake #1 #2 g3 |Mean s | g %
Solids, % 30,4 46,8 35,7 35,8 44,03 385 4,1632,4 -
%O'St“re’ 69,6 53,3 643| 642 560 615 471685 -
Ashes 42,8 14,7 2,50 2,30 2,19 2,33 0,15%,7 84,1
Sodium 24,6 6,74 0,59 0,62 0,70 0,4 0,058,9 90,6
Total 1,02 2,77 1,71 1,72 1,81 1,75 0,05%,2 36,9
sulphur
Lignin 40,1 93,4 97,6 97,1 99,1 979 1,041,1 -

Oxidised SW BL Non oxidised SW BL Non oxidised HW BL

Figure 8.11 : Samples of washed lignin from oxidiseftwood liquor and non-oxidised
softwood liquor and hardwood liquor

8.5.4 Process mass balance

With the objective of integrating the proposed ilgrecovery process to the recovery system of a
kraft mill, detailed mass balances were perform€&dbles 8.5 to 8.8) of the most relevant
components encountered in the major steps of tbpoged electrochemical lignin recovery

process (Figure 8.1).
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8.5.4.1 The electrolysis of black liquor

The black liquor fed to the anode compartment ef d¢ectrolytic treatment undergoes major
chemical modifications [14]. The most importanabe is linked to the extraction of a portion
of the sodium, which is converted to sodium hyddexin the catholyte compartment of the cell.
It can be observed that the sodium balances aternwdt % (Table 8.5). The concentration of
sodium in the black liquor varied from 68.4 to 6Q/8, which corresponds to a 24 % recovery as
NaOH. It is worth mentioning that every mole oflson that crosses the membrane towards the
catholyte compartment entrains 4 to 5 moles of wakeis producing a concentration effect on
solids, organics and lignin. Moreover, as a restilivater being transferred, the flow of treated
BL is lower than the feed flow, in this case a mthn of 10 %. It was noted that the sulfate
level increases through the electrolysis step duthe oxidation of sulfur compounds: sulphide
becomes thiosulphate and thiosulphate is oxidisesllphate. The potassium (K) moves along
with the sodium to the catholyte compartment to enlOH with a 56 % recovery. However, it
is apparent that some K (28 %) was lost betweemnihé to the electrolysis cell and the outputs
comprising the electrolysed BL and the NaOH stred®egarding the carbonate balance, it was
observed that the concentration increases thrduglelectrolysis step. It is postulated that some
organics were oxidised at the anode and convestedrbonate. No explanation for the excess of

total sulfur (38 %) in the outputs has been found.

8.5.4.2 Bipolar membrane electrodialysis of NaSO,

The purpose of the bipolar membrane electrodiaBME) of NaSO, is to provide the sulfuric
acid required to wash the lignin cake. In thaspective, the caustic soda becomes a by-product.
The process is operated in batch mode. The depteium sulphate solution is sent back to the
CIO; generator when 80 % conversion is achieved produaistream of approximately 67 g/L.
At that conversion rate, it is expected that theahconductivity estimated at 157 mS/cm will be
reduced to approximately 107 mS/cm corresponding tirop of only 32 %, which does not
significantly affect the cell voltage. The masdabae presented in Table 8.6 is based on the
stoichiometric reaction of the sodium splittingt oo experimental chemical analyses. The dry
solids and inorganics do not balance due to therasion of water to Hand OH, which are
accounted for in the products. However, it is expe that there will be some sulphate leaking

through the cationic membranes contaminating thist@asoda as shown by Cloutier [44]. But
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in this work, the temperature was much lower (489<C), thus, it is assumed that the level of

sulphate will be negligible.

Table 8.5 : Mass balance of the electrolysis step

Process inputs Process outputs
Diff.
Component Water to )
P fBL NaOH | Total BL NaOH | 151 %
eed treated | stream
stream
Flow, L/h 4,65 0,88 | 553 | 420 | 1,05 | 525 | 12,8
_ g/L 331 0,0 410 145
Dry solids gh | 1567 00 |1567| 1718 | 152 | 1870 | 19,3
g/L 821 - 748 996
Water g/h | 3820 876 |4696| 3138 | 1048 | 4186 | 9,6
_ g/L 181 0,0 244 0,0
Organics g/h 841 0,0 841 | 1024 00 | 1024 | 21,7
_ g/L 150 0,0 165 145
Inorganics [ g/p 697 0,0 697 | 694 152 846 | 21,5
o g/L 135 0,0 159 0,0
Lignin g/h 628 0,0 628 | 666 0,0 666 6,1
. g/lL | 68,4 0,0 60,8 | 72,6
Na g/h 318 0,0 318 | 255 76,3 | 331 4,1
K g/L 5,3 0,0 0,9 13,0
gh | 244 0,0 244 | 3,9 13,7 | 17,6 | -28,0
: g/L 2.8 0,0 13,6 0,0
SO, gh | 12,9 0,0 12,9 | 57,1 0,0 57,1 | 344
g/L 9,2 0,0 14,1 0,0
Sot gh | 42,9 0,0 42,9 | 59,3 0,0 59,3 | 38,2
) gL | 17,7 0,0 25,5 0,0
COs gh | 825 0,0 82,5 | 107 0,0 107 | 29,5

8.5.4.3 Coagulation, filtration and lignin cake washing

Partial characterization and mass balances of ¢a@gu slurry filtration steps, acid and water
washings were gathered (Table 8.7) with the charaeition of the lignin cake. The chemical
analyses of the acid wash and the fresh water asddthe water wash filtrate are not shown
because they were not performed. Their respedtoves were: 1.55, 2,10 and 2.04 L/min.
Therefore, no overall mass balances could be cdetpfer those steps which were not essential
to determine the impact of the process on the mgowystem. However, detailed
characterizations of the mixture of lignin sluragid and water filtrates were performed which
stream will be returned to the black liquor circdibe lignin cake was partially characterized as

well.
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Table 8.6 : Mass balance of bipolar membrane @édtlysis (BME)

Process inputs Process outputs
Diff.
Component Na,SO, | H,SO, | NaOH ’
Nf:zesd(?“ Vf\gae;[sr Total | after | after | after | Total %
BME BME | BME
Flow, L/h 0,17 2,27 2,44 0,15 1,59 0,68 2,42 -0,7
) g/L 335 0 335 66,9 245 47.2 - -
Dry solids : :
g/h 56,6 0,0 56,6 10,2 39,1 31,9 81,1 43,4
g/L 925 - - 989 990 1001 - -
Water
g/h 156 2270 | 2426 150 1578 | 676 | 2405 | -0,9
] g/L 335 0,0 335 - 47,2 - -
Inorganics
g/h 56,6 0,0 56,6 - 31,9 31,9 | -43,7
Na' g/L 94,4 0,0 94,4 - 27,1 - -
a
g/h 18,3 0,0 18,3 - 18,3 18,3 0,0
SO~ g/L 226 0,0 226 24,0 - - -
! g/h 38,3 0,0 38,3 38,3 - 38,3 0,0
s g/L 75,4 0,0 75,4 8,0 - - -
e g/h 12,8 0,0 12,8 12,8 - 12,8 0,0

The flow rate at the exit of the coagulation taslequivalent to the flow from the electrolysis.
The NaSQO, was added as a solid in the actual experimenbwitivater. In practice, the salt will
be added as a solution, as it comes out of the Gé@erator at a concentration of 335 g/L, which
will dilute the lignin slurry, but will not increasthe amount of water returned to the BL since it
is already sent back as make-up. The volume afrliglurry filtrate collected is about 75 % of
the volume of the slurry, the rest remained inltgein cake. On the other hand, the flows of

acid and water filtrate are very close (97 %) ® dlcid and water flowing in.

The final pH of the water wash filtrate was low7(lindicating that an excess of acid was used in
the acid wash step. The total flow of the mixtreturning to the weak BL is estimated at 6.73
L/h containing 254 g/L of solids, including 18.9_géf soluble lignin, 65.7 g/L of sodium and
26.7 g/L of total sulfur and organics other thagnin. The level of carbonate in that mixture
stream was not detectable. It is assumed thataH®nate that was present in the lignin slurry
filtrate was released from the solution when mixéth the acid filtrate and the slightly acidic
water filtrate. This indicates that an excess amofiacid was used in the acid wash step.
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8.5.4.4 Global mass balance

The mass balances closure varied between -14.6r ¥hdodry solids indicating a deficit to an
11.6 % excess for the total sulphur (Table 8.8)o dlbbal balance could be performed on
potassium due to a lack of reliable data from asialy For this experiment, 12.8 g of K coming
from the chip are fed to the electrolysis cell witie black liquor. According to the chemical
analysis, 8.3 g are recovered in the caustic stas and only 1.9 g are present in the
electrolysed black liquor stream. Therefore, 20oftthe K coming into the system is not
accounted for in the process outputs comprisingcthestic soda and the returned filtrates. It
should be mentioned that K is not an important coment in this process. On the other hand, the
sodium, a critical component, balances at 8 % wischkatisfactory given the numerous steps.

Despite the evaporation, the water balance clase$a

The total sulfur, which includes sulphide and thipbate components, sulfate and the organic
sulfur tied to lignin, is all accounted for at & 46 difference. The total sulfur balance is caiic
and indicates that the process returns the samardrtmthe recovery system within 5 %. It was
noted that the Na/S ratio in the liquor returnedhe recovery system was half the ratio of the
black liquor fed to electrolysis. The sodium stdfaeeded in the coagulation and electro-dialysis
increases the sulfur in the process but when iatedrto the recovery system the ratio will be re-
established since it was derived from it. It igortant, however, to note that the process creates
a net loss of sodium and sulfur leaving with tlgmiin product. Usually, in a kraft mill, there is
an excess of salt produced by the CHenerator that could be used to compensate faethe

losses at no additional cost.
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Table 8.7 : Mass balance of the coagulation, fittrg acid and water washing steps and the

washed lignin cake

LIGNIN ACID Lignin,
COAGULATION SLURRY ;
WASH acid and
FILTRATION water wash | Vashed
Component filtrates lignin
Na,SO, | Lignin Filtrate Acid Mix
feed @ Slurry stream
Flow, L/h 0,0 4,20 3,15 1,59 6,73 -
. g/L 0,0 530 - 24,5 254 -
Dry solids
g/h 503 2222 - 39,1 1207 445
g/L 925 748 - 990 908 -
Water
g/h 0,0 3138 - 1578 6 113 711
. g/L 0,0 244 - 0,0 69,7 -
Organics
g/h 0,0 1024 - 0,0 470 423
) g/L 0,0 530 166 24,5 185 -
Inorganics
g/h 503 2222 522 39,1 1242 10,4
L g/L 0,0 159 73 0,0 18,5 -
Lignin
g/h 0,0 666 230 0,0 124 436
Na* g/L 94,4 99,7 99,7 0,0 65,7 -
a
g/h 163,1 418 314 0,0 442 2,8
K g/L 0,11 0,93 0,93 0,0 - -
g/h 0,0 3,92 2,94 0,0 - -
- g/L 0,0 94,7 94,7 24,0 - -
SO,
g/h 340 397 298 38,3 - -
s g/L 0,0 41,2 41,2 8,0 26,9 -
o gh | 1134 173 130 12,8 181 7.8
- g/L 0,0 25,5 25,5 0,0 0,0 -
COs3
g/h 0,0 107 80,2 0,0 0,0 -
(1) Chemical analyses of a typical CIO ; generator effluent from a Québec mill
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Process inputs

Process outputs

Component Black | Water | Na,SO,to | Na,SO, | Water | Acid | Water NaOH | NaOH Filtrate Lignin Diﬁezznce,
liquor | to EL |coagulation | toBME | to ED |wash | wash Total | stream | stream an_d product Total
EL BME | washings
Dry solids | 1567 0,0 503 56,6 0,0 0,0 0,0 |2127| 132,8 31,9 1207 445 1817 -14,6
Water [ 3820 | 876 0,0 156 2270 | 0,0 | 1020 |8142| 1048 676 6113 711 8548 5,0
Organics | 841 0,0 0,0 0,0 0,0 0,0 0,0 841 0,0 0,0 470 436 906 7,7
Inorganics | 697 0,0 503 56,6 0,0 0,0 0,0 |1257 0,0 0,0 1242 10,4 | 1253 -0,3
Lignin | 628 0,0 0,0 0,0 0,0 0,0 0,0 628 0,0 0,0 124 436 560 -10,7
Na"| 318 0,0 163,1 18,3 0,0 0,0 0,0 500 76,3 18,3 442 2,84 540 8,0
K'| 24,4 0,0 0,0 0,0 0,0 0,0 0,0 24,4 13,7 0,0 - - - -
SO, | 12,9 0,0 347 38,3 0,0 0,0 0,0 399 0,0 0,0 - - - -
Stot| 42,9 0,0 113 12,8 0,0 0,0 0,0 |169,1 0,0 0,0 181 7,78 189 11,6
CO; | 825 0,0 0,0 0,0 0,0 0,0 0,0 82,5 0,0 0,0 0,00 - 0,0 -100
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8.5.4.5 Process requirements and products

The electrolytic production of lignin from blackglior relies only on electric energy from an
external source and requires sodium sulfate frormtmnal source (Table 8.9). The amount of
black liquor solids needed per unit weight of ligmiroduced is 3.6 g/g of lignin. The sodium
sulfate requirement for coagulation and electrdydia, which is provided by salt by-products
and available in the mill, adds up to 1.18 g/gighih. Water is needed for the production of
sulfuric acid in the electro-dialysis step, for séti soda in the electrolysis and electro-dialysis
steps, and finally for washing the lignin cake.eThtal quantity of water is estimated at 18.6 g/g
of lignin. The acid requirement for lignin cake shéng, which is provided by salt splitting
amounts to 0.09 g/g of lignin in agreement with tble findings (0.1 g/g lignin) when using
waste acid containing residual sodium sulfate [Bjnally, under the prevailing experimental
conditions herein, the electrolysis and electrdydia processes consumed 1.48 Wh/g of lignin.
Lower energy consumption could be achieved by smiregy the temperature, lowering current
density and reducing the concentration of the chalmiproduced ()0, and NaOH) [16].

Table 8.9 : Process requirements and products

Component per g of lignin
BLS, g/g 3,594
g. Water from BL and to EL, g/g 18,67
Na,SO,, g9/g 1,284
NaOH produced, g/g 0,378
g H,SO, produced and used, g/g 0,090
g Hydrogen produced, g/g 0,008
Oxygen produced, g/g 0,061
5 Electricity (EL+BME), Wh/g NaOH 3,561
% Electricity (EL+BME), Wh/g lignin 0,791
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8.6 Conclusion and discussion

It has been demonstrated in this study that théwnieal feasibility of the proposed
electrochemical approach to extract lignin fromckléiquor providing acceptable lignin product
purity for a kraft bio-refinery. The technology msed essentially on the judicious use of
electricity alone, without resorting to purchasdgemicals from external sources. It has been
shown experimentally that the process does noarthghe Na/S balance of the recovery system
because it produces its own chemicalsS®&, and NaOH, from Ng&O, salt splitting for washing
lignin and pH adjustment, respectively. This optis in agreement with the circular economy
concept. Moreover, it generates no additionaluefft, which supports the sustainable

development strategy.

During the present investigation, the effect ofimas operating parameters on the filtration rates
were determined namely for the lignin slurry, tliedaand water washes. The efficiency of lignin
the cake washing was also reported. The diffestis of the entire flowsheet were detailed and
complemented by a mass balance of the major companelrhese data are required for the
integration of the proposed lignin process to thenaical recovery system of a kraft mill which

will be the object of future work.

The experimental results showed that the lignimafiion rate is relatively low (64 kg/(h?nbut
adding NaSQO, (120 g/L) during the coagulation step improves ridte by 7.5 times. A longer
coagulation time (4-5 h) yields a better filtraticate forming bigger flocs and favours a higher

solid content of the lignin cake using less enengine drying step.

Based on the liquid filtration performance, thenligslurry filters faster (2 170 L/(h-3)) than the

acid (988 L/(h-rf)) and water ((672 L/(h-f)). Nevertheless, when considering the rate of kg o
solids recovered instead of the liquid filtratee tlgnin slurry and water wash have a similar
filtering performance (671 vs 767 kg/(f))n These results are in agreement with the result

reported with the LignoForce G@rocess.

Electrolytic treatment of the black liquor accomieah by the addition of N&O, in the
coagulation step delivers a better filtration rdtan CQ processing. The additional oxidation
occurring at the anode seems to be more efficieant the chemical oxidation with oxygen to

improve the filtration rate. Based on prelimindegts, the purity of the washed electrolysed
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lignin is acceptable to the chemical industry, sashpolyurethane making. On the other hand,
given the sensitivity of the lime kiln to sodiunt, is estimated that the electrolysed lignin
containing 0.64 % of residual sodium could replalmse to 50 % of the lime kiln fossil fuel.

However, it can be expected that one additionakmatash of the lignin cake would achieve a

lower sodium level allowing for an almost total legement of fossil fuel.

The electrolytic production of lignin from blackglior relies only on electric energy from an
external source and requires sodium sulfate frormemnal source. The requirements in g/g of
lignin are as follows: 3.6 g of BLS, 1.18 g of oS8O, and 18.6 g of water. The acid
requirement for lignin cake washing, which is pd®d by salt splitting, amounts to 0.09 g/g of
lignin. In addition to the acid, the process maRe$/ g of NaOH per g of lignin produced.
Finally, under the prevailing experimental condigdherein, the electrolysis and electro-dialysis
processes consumed 1.48 Wh/g of lignin. It is lvenentioning that the process creates a net
loss of sodium and sulfur leaving with the ligniroguct. The excess salt usually produced by
the CIQ generator could compensate for this loss.

The next step in the development of the electroctentechnology proposed herein to produce
lignin will be the simulation of the process intagion to a kraft mill based on the complete mass
balance of the major components developed in tloskwaking into account the impact on
energy balance and existing mill equipment botit&re
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The technical feasibility of the electrolytic tremnt of black liquor from a kraft mill was
demonstrated using the commercial FM-21 membraliehz¢ was originally developed for the
chlor-alkali industry. The electrolytic treatmenvolves simultaneous desalkalinisation of 30 %
solids black liquor at the anode and co-produciwdrNaOH at the cathode. The cell was
operated for a total of 38 hours during which theact of current density (from 1.5 to 3.9
kA/m?), NaOH strength (5.4 to 9.5 %) and temperaturet¢6Z1 °C) were investigated. The
current density had the greatest impact on progegsrmance. The best productivity achieved
in terms of black liquor treatment was 171 L of Bh-nf) while running at 3.9 kA/fand about
70 °C. Under these conditions, the cell was produé.0 kg of NaOH/(h-f) at 5 % NaOH
strength and energy consumption was 4 030 kWh/t HNaO'he results were compared to
experiments performed with a laboratory cell. dtrecommended to backwash the anode
compartment on a regular basis with diluted caustida to prevent long term fouling of the

anode and membrane.

9.1 Introduction

In the context of sustainable development and impl#ation of biorefineries in the pulp and
paper industry, an efficient electrochemical predess been developed to precipitate lignin from
black liquor (BL) [1-3] as an alternative to thengentional chemical approach using carbon
dioxide, such as LignoBoost [4] and Lignoforce [5) sulfuric acid [6-8] as acidifying agents.
The proposed technology relies on the judicioulssation of electricity from a renewable source
to reduce the pH of black liquor to the point okgpitating lignin while producing valuable
NaOH for a kraft mill.
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The technical feasibility of the process was prasip demonstrated on a laboratory scale [3] and
the effect of the basic electrochemical cell opegatparameters on the performance of the
electrolysis of kraft pulping black liquor was refeml [91]. The fundamental electrochemistry
occurring at the anode was described as a desaf#ialon reaction where the hydroxyl ions
were neutralized to water therefore reducing thepBl. Oxygen was produced at the anode and
partially consumed to oxidize sulfur compoundsyestigation of the mass transfer mechanism
through the membrane [10] led to the conclusior tha process should be operated with the
black liquor at basic pH, preferably higher thaf.9.The electrolytic treatment of BL was
optimized [11] in terms of energy consumption. &fyy a study related to the precipitation of
lignin from electrolyzed BL showed that the filtbility of lignin was found to be excellent and
superior to the C@lignin [12]. The washed lignin product was foutal be acceptable as a

partial replacement of fossil fuel in the lime kdncording to Uloth’s findings [6].

The electrolytic treatment of a high organic cobhferd, such as black liquor, is quite unusual in
the chemical industry, especially when micellesafoidal particles could be formed within the

cell during processing. However, the challengédessin designing the anode compartment to
facilitate the exit of particulates, which wouldhetwise settle and severely foul it. Many

electrochemical cells, including the FM-21, weresigaed for the production of chlorine and

caustic soda from sodium chloride solution or hgarofrom an alkaline solution.

This study has demonstrated the technical feasilmfithe electrolytic treatment of BL using the
FM-21 commercial cell and evaluated its performaniteexplored the effect of current density,
temperature and concentration of caustic soda dnpeeformance characterized by current
efficiency, energy consumption, specific NaOH afatk liquor productivities per unit area.

9.2 Specialized cell designs

9.2.1 Cell designs in the chemical industry

The appropriate design of an electrochemical @akctor depends on the application. Filter-
press-type electrolysers are one of the most impbrcommercial electrochemical reactors
comprising rectangular flow channels [13]. Thelvantageous characteristics make them one of
the most studied in the academic field [14]. Savhehe design criteria to be considered in

achieving a good performance reactor are [14-15]a(uniform current density distribution that
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is applicable to high densities, (2) a uniform #lede potential distribution, (3) a large specific
electrode area, (4) high mass transport ratedp{b)ohmic losses, (6) applicable to multiphase
systems with the ability to handle solid, liquid,gaseous products, (7) simplicity of design and
installation, (8) reliable operation with low mantnce, (9) low capital and running costs (10)

and ease of scale-up.

The ElectroProd cell from ElectroCell [16] is a satile cell design suitable for electrolysis and
electrodialysis applications. It offers multiplerdigurations: monopolar design in 1, 2, 3 and
even 4 compartment arrangements. Laboratory weported by Cloutier et al. on the
electrolytic treatment of black liquor [17-19] wpsrformed with a laboratory version, the MP
model. The BITAE from Thyssenkrupp-Uhde with a special anode de§&§lj offers a
modular design that provides many advantages, sisclhow investment costs, low energy
consumption, and a long service life. Their calln be used for chlorine and hydrogen
production as well. Other manufacturers of commérdectrolytic cells have been reported by
[21]; DeNora [22], Asahi Glass [23] and Asahi Kajs].

9.2.2 Proposed cell designs specialized for black liqudreatment

Electrochemical treatment, such as electrodialsdelectrolysis, of spent cooking liquors in the
pulp and paper industry have been proposed as asarthie 40's as an alternative to chemical
treatment. Electrodialysis and membrane electioiy®re investigated to separate and recover
various organic chemicals from sulfite spent cogkKiquor [25-30] and black liquor [1-2, 31-
44).

Electrolysis can be used to treat black liquor rideo to precipitate lignin for various usages and
also to oxidize it to value added derivatives alf.wEhe purpose of the anodic electro-oxidation
is to modify the lignin by depolymerisation [45-4&})d transform it to more valuable derivatives,
such as organic acids (Vanillinic acid) and antbmagne [45, 47]. An alternative purpose of
electrolytic treatment can simply be the desalksdition of black liquor to bring the pH down in

order to precipitate lignin as proposed in thigigtu

A first attempt of the electrolytic treatment ofbk liquor was reported by Dyfverman in 1942
[48]. There are a few cell designs that have hmeposed for the specific application of the
electrolytic treatment of black liquor. Feeding Bk an electrolysis cell is peculiar because
during the treatment lignin starts to precipitatehe form of fine colloidal particles that cause
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fouling of the anode compartment. Therefore, asguhigh fluidic velocity is necessary to
maintain the particles in suspension thus prevgrgeitling and, eventually, cell plugging.

The first patented concept of treating black liquectrolytically to precipitate lignin was

granted to Kennedy and Jernigan in 1959 [49]. Miaehine comprises a drum anode, which is
soaked and rotates clockwise in the black liqudNhen a current is passed through the
electrolyte, ligneous material is deposited on @nede as a thin layer sprayed with water to
soften up the ligneous film, which is subsequergiyoved with a scraper blade. There has been

no commercial application of that device reported.

The electrolytic cell from Edel et al. [50] com@ssan anode compartment separated from the
cathode by a cationic membrane. The alkaline ligsidesalkalinized at the anode where the pH
drops to the point of precipitating the lignin.ght brown foam is formed and floats at the end of
the cell and the lignin product is recovered fdufa use. The particularity of the cell design is

the floatation of the lignin product in the anodampartment.

Herron et al. [51] developed an electrodialysis$ seécifically to treat black liquor. The cell has
a fluid flow design with high turbulence at the m@ane surface with a continual change in flow
direction created by the corrugated shape of the@sompartment. The cell design comprises a
bundle of tubular anodes surrounded by two memisrareating a narrow passage for the black
liquor thus enhancing flow turbulence and keepimg ¢olloidal lignin particles in suspension.
Pilot trials [52] were performed in kraft mills bob commercial installation has been reported to

date.

Stiefel et al. [45] proposed a unique cell design the treatment of black liquor with the
objective of depolymerizing lignin. The purposenst to precipitate lignin but to cleavage the
lignin molecules and recover them as a value agdeduct. The cell comprises two cylindrical
anodes and a tubular ceramic nanofiltration mengran anionic exchange membrane is
surrounding the ceramic membrane, between the dataond the permeate containing the lignin-

derived product. This design needs further deveky effort to reach commercialization.

Belo et al. [53] claimed to have developed a ndoatk liquor electrolyser that achieves lignin
recovery by anodic electrodeposition. This eldgt®r consists of a laboratory plate and frame
of an electrochemical cell type. The principléage similar to Kennedy’s [49] design where the

precipitated lignin is deposited on the anode. cfager is needed to remove the lignin product
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from the anode. The advantage of this designasitidoes not require a filtration system. But,
there is no mention of how the recovered ligniwashed. It is clear that this equipment is still

at the experimental laboratory stage.

9.2.3 Selecting the commercial FM-21 Cell

None of the cell designs described above have begmorted to have reached commercialization
for treating black liquor. The authors of the mmsinvestigation have chosen the commercial
FM-21 cell because of its practicality and ver#gtiior demonstrating the technical feasibility of
the process on a larger scale. The cell was deedlon the 1980’s by ICI, but it is now
manufactured by INOVYN, a subsidiary of INEOS [58hd is well suited for non-chlor-alkali
applications. The cell is proposed for the eldgtiotreatment of black liquor with the objective
of taking the application from the laboratory te thext step of technology readiness, that is pre-

commercialization [54].

The FM-21 electrolysis cell is mostly used in th@duction of chlorine, caustic soda, and
hydrogen as well using an alkaline solution (KOR)the electrolyte. It is also suitable for
particular applications, such pslysilicone production and sodium hypochlarit€herefore, this
cell design appears as an excellent candidateldak hiquor electrolysis. Indeed, in a previous
study, it was recommended to reduce the diameténeotubular anodes of the laboratory unit
used to improve current distribution [9]. Basedtbat recommendation of smaller anodes, the
search for the most appropriate electrolyser ldthéoselection of the electrode design of the FM-
21 cell comprising numerous thin lantern anodeke particularity of the electrodes used in this
work is that they are stamped from a metal shegbth electrodes (anode and cathode) are
pressed from integral sheets of pure metal, whitiplffies recoating the electrodes and makes it
cost effective. The effective electrode area aé amonopolar cell is 0.42 T{both sides of the
anode). This electrolyser is therefore very cormpakhe individual lightweight electrodes are
readily handled without the need for lifting dewscallowing the electrolyser to be rebuilt or
refurbished by a small crew in a short time [SBhother key feature of the cell design other than
the lantern electrodes is the elimination of exaépiping to the individual cell compartment by

the use of a simple but effective internal manifatchngement [21].

The FMO1 laboratory unit (64 chis a scaled-down representation of the commefeial21
cell. Experimental results from the laboratorytwan be extrapolated to the full size cell with
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confidence based on the concept of similarity fesuecessful scale-up as proposed by Sulaymon
because of similarities in (1) geometrics, (2) kimagics, and (3) current and potential distribution
[56].

The FMO1 and FM-21 cells have been the object afiyrsudies for various applications [14-
15]: lignosulfonate into vanillin [57], Cerious ismxidation [58], catecholamine derivatives [59],
oxydation of cresol compounds [60], destruction dation of indigo textile dye [61-63],
destructive oxidation of cresols, indigo textiledannasses [64], Arsenic removal [65], reduction
of ferricyanide ion to ferrocyanide ion [66], arftetreduction of copper ions [67]. They were
extensively characterized in terms of hydrodynamiosing, mass transfer, performance and
scale-up [13-14, 57, 68- 81].

In addition to FM-21™, INOVYN [55] offers an easy-bperate FM-1500™ monopolar
electrolyser, based on further developments indésgn of the original FM-21™ electrolyser.
The FM-1500 model is a larger version containinga®0 anodes as compared to 52 anodes in
the FM-21-SP [55]. These low cost, yet extremedysatile electrolysers are used in over 45
plants worldwide with a chlorine production capgdit excess of 1 million tonnes per year. Due
to its design and flexible nature the FM1500™ maenbr electrolyser is ideally suited to
polysilicone production and small sodium hypochplants in the range of 1 to 10 tonnes per
day of chlorine. It has the capacity to be skid-med and shipped anywhere in the world. The
FM-1500™ is easy to be installed in an existinghpland, if required, has the flexibility to be
expanded to cope with increased production neé&usividual electrodes and membranes can be
easily and quickly removed and replaced, thereliyyoping maintenance downtime. Electrodes
can be recoated without the need to replace thal mgbstrates.

BICHLOR™ is another electrolytic cell offered by @VYN [55]. It is a modular electrolyser
comprising a series of discrete modules consisiirgnode, membrane and cathode. Any sealed
individual module can be removed from the elecsetywithout affecting the others. The design
facilitates maintenance work on the individual miedun workshop controlled conditions, rather
than in the main cell room, as required by thetedeser filter press design. This modular design

has a major influence in minimising plant down time
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The FM-1500™ and the BICHLOR™ cells are improvedsians of the FM-21™ cell. It seems
reasonable to eventually consider and evaluate thew cell designs as potential candidates for

this application on a large scale.
9.3 Experimental methodology

9.3.1 Experimental set-up

The experimental work presented here was perfomvigdthe commercial electrolytic cell FM-

21 (Figure 9.1) [82]. The cell was hydraulicallynmected to the same experimental set-up used
in the previous studies [1-3]. Given the vergatitif the installation, both streams (Black liquor
and caustic soda) can be diverted from the laboratell to feed the larger cell. The set-up

provides pH and temperature controls. Voltage @amdent were monitored and recorded every

minute.
1 NaOH
1 Electrolysed
L black liquor | . |
8 || g
Na' «———
S a S
- OH ]
o |l i
H.0
% C CcM A ™M % C
Black liquor
Water b)
A: Anode, C: cathode, CM: cationic membrane

Figure 9.1 a) A full size FM-21 cell - b) Schematiche internal cell arrangement (one anode, 2

membranes and 2 half cathodes)

The FM-21 cell was assembled with one lantern anmukeounded by two NAFION-324
membranes and two half-cathodes (Figure 9.1 by.tHeopurpose of illustrating the internal cell
components arrangement, Figure 9.1b shows thamn#mabranes are at a certain distance away
from the anode. In reality, the cell is considemsl a zero gap design meaning that the
membranes are nearly sitting on the surface ofatede. The electrodes are composed of
numerous (228) narrow lanterns , 2.2 mm wide, 202 ttlmck and 210 mm long [83-Byrne] and
spaced 2.2 mm apart (Figure 9.2 a). The totateffe projected anode area is 0.21 per side

(a total of 0.42 for both sides) and the total @ffe membrane (2) area is 0.42 as well (Table
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9.1). The cell was electrically connected to a @osupply from Rapid Power Technologies, Inc.
(Model 4890-23), which can deliver from 0 to 8 00Qoarat O to 24 V.

L 0.55cm
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Figure 9.2 a): Section of a lantern anode e Siew of anode
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The feed ports to the anode compartment were neoldifi accommodate black liquor electrolysis
with the potential formation of colloidal lignin gecles and, to assure an evenly distributed flow
and, therefore, current distribution as well. Itypical chlor-akkali plant, the internal mixing of
electrolytes within the anode compartment is dritbgngas lift [21]. In this application, it is
assumed that most of the oxygen formed at the arsodensumed in the reaction of oxidizing

sulfur compounds [9].

9.3.2 Experimental method
The experimental method used in this study waslaind the one described in our previous

work [1-3]. The same experimental set-up was uUmedhis time it was connected to the FM-21
cell rather than the ELSEP laboratory cell. Thelge tank was filled with the minimum
operable volume (50 L) of 30 % black liquor in arde shorten the time to lower the pH to the
target value. As recommended by Ghatak [38], elatgh of lack liquor was filtered through a
400 mesh screen to remove suspended materialsasugbod fibers and other particulates. The
concentration of black liquor was 30 % solids aadtained approximately 60 g/L of sodium and
120 g/L of lignin, which is typical of a kraft blacliquor [2-3The catholyte tank initially
contained 180 L of NaOH at 5.4 % strength.
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Table 9.1 : Dimensions of cell components and dpegya&onditions

No. of lanterns (lamellas) per anode side 228
Lantern width, mm 2,2
Lantern width (B), mm 210
Effective anode area per face’> m 0,105
Total effective anode area (2 sides}, m 0,211
Membrane width, mm 210
Membrane length (L), mm 1 000
Total membrane area’m 0,42
Electrode spacing (S), mm 55
Hydraulic diameter g=2-B-S/(B+S), cm 1,10
Density of electrolyte, g/ch 1,166
Kinematic viscosity of electrolyte/), cnf/s| 0,0116
Black liquor flow (Q), L/min 26,0
Mean fluid velocity (v), cm/s 46,9
Over all compartment voidage 0,80
Reynold number (Re) = vyd 4 439

Initially, the pH of the black liquor was reducesbrh 12.5 to 9.0. Thereafter, the pH was
automatically controlled at 9.0 by the additionfigsh black liquor at 30 % solids. Under that
pH target, the effect of the following parameteexevinvestigated: (1) current density, (2) NaOH
strength and, (3) temperature. The current densityalculated by dividing the total current

applied to the cell by the total membrane surfa@@2 nf) as recommended by the cell

manufacturer. The pumps were running at their marn capacity to assure the highest flow
velocities possible, which were 26 L/min for thedk liquor and 33 L/min for the caustic soda
stream, respectively. We estimated that the flegime in the anode compartment was turbulent

(Re=4 439), which is critical for the clearancelwé potential colloidal lignin particles out of the



201

anode compartment. Black liquor and NaOH stream®vied as co-current flows into the cell.
Initial and final volumes of fresh and treated bgsi fed into the cell and coming out of the cell
were measured for each run. Knowing the duraticheexperiment, the respective flows could
be computed. The cell performance was charactei®e (1) the current efficiency, (2) the

energy consumption, the specific NaOH and blaakdrgproductivities.

The current efficiency is estimated from the tetamber of moles of NaOH produced calculated
from the volume multiplied by the concentration t(@iion) and divided by the number of
theoretical moles that should have been producedrding the number of Faradays used. The
energy consumption is reported in kWh per ton o®DNa The NaOH productivity was computed
from the total amount of NaOH produced (volume »antration) divided by the total
membrane area. Black liquor productivity was eated from the flow divided by the membrane

surface area and reported in L/()m

9.4 Results and discussion

The black liquor was delivered from the mill atld pf about 12.5. Based on our previous study,
it was recommended operating the electrolytic stepH 9.0 [10]. So, the system was loaded
with an initial volume of fresh black liquor andeetrolysis proceeded to reduce the pH of this
initial batch down to the target value of 9.0. fdadter, the experimental program was executed
at that pH.

9.4.1 Adjustment of black liquor pH

As electrolysis proceeded, the evolution of the @Hthe initial batch of black liquor and
temperature are shown in Figures 3 and 4, resgdgtivAfter 5 h, the targeted value of 9.0
(Figure 9.3) was attained. During that period, ¢baductivity of both streams increased. The
chemistry occurring at the anode during the elégioo treatment of black liquor is more
accurately represented by a desalkalinization i@athan an acidification [84]. The reactions at
the anode are quite different for black liquor #l@lysis compared with alkaline water
electrolysis. The hydroxyl ions are oxidized to tevaresulting in desalkalinization and
electroactive organic anions are oxidized as wé&his anodic reaction proceeds via a sluggish

one electron charge transfer (38).
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Normally, at constant temperature, the BL conditgtidrops [3] because a fraction of the
sodium is being extracted leaving behind a sodiwpleted and less conductive BL. In this
particular batch experiment, the initial temperatwas 48 °C and was increased to 83 °C (Figure
9.4) thus improving conductivity. In a subsequiest performed at constant pH (9.0), the black
liuor conductivity increased steadily with tempara at a rate of 1.52 (mS/cm)/°C (Figure 9.5).
Moreover, the NaOH conductivity (Figure 9.3) alswreased from the combination of an
increase of temperature and concentration, which inigially at 5.4 % (wt) and reached 6.5 %

by the end of the experiment.
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Figure 9.3 : Evolution of conductivity and pH of BRO L), and conductivity of the NaOH
solution (180 L) during initial batch processing
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Figure 9.4 : Evolution of black liquor temperatared NaOH solution during initial batch

processing
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Figure 9.5 : Black liquor conductivity as a functiof temperature

9.4.2 Decomposition voltage and limiting current density

The results of this study with the FM-21 cell werempared with those obtained with the
laboratory ELSEP unit. The current density profikea function of the total voltage for a 30%
black liquor solution was developed for both celtspH 9.0 while making 10 % caustic soda
(Figure 9.6). We can observe that the currentstakteat a lower voltage with the ELSEP cell
(2.32 V) than the FM-21 (2.85 V). No explanatioould be proposed other than that the BL
batches were different considering that the opegatonditions were similar. It was also noted
that the FM-21 cell resistance was 14 % higher§(©8n?) than the resistance of the ELSEP cell
(1.37Q/m?). This situation is partially due to the thickesmpartment of the FM-21 cell (5.5

mm) compared to the ELSEP cell (4.0 mm) [9].

The limiting current density is the current densitty which the sodium concentration at the
membrane and black liquor interface tends to z&®%).[ Under that condition, the process
becomes diffusion limited. At that point, the \age-current curve starts to deviate from linear
even though the voltage has increased (Figure B&xed on the deviation, the limiting current
density for the electrolysis of BL using the FM-&dll was estimated to be around 3.2 kA/nn
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the previous work with the ELSEP laboratory cdie turrent density did not exceed 2.0 kA/m
and the limiting current density of the process waisattained at pH 9.0.

Limiting current density, 3.2 kA/m 2 5

FM-21
R = AV/AI
1.56 Q/m?2

w

ELSEP
R =AV/AI
1.37 Q/m?

Current density, KA/m 2
N

[
‘

0 2 4 6 8 10

Tension, V

Figure 9.6 : Current density as a function of geltage for the ELSEP and FM-21 cells

9.4.3 Correlation matrix

A correlation matrix was computed using the sofev&XPLORE developed by CANMET —
ENERGY [86]. The matrix (Table 9.2) shows the etation between the most pertinent
parameters of the process, dependent and indepewndeables, indicating how strongly two
variables are related to each other. The absolaliges of the correlation coefficients were

divided into four categories and colour coded (€hR).

As expected, the current density shows a strongeletion with voltage (0.93), energy (0.75),
NaOH (0.83) and BL flow or productivity (0.96). &lcell is considered as a resistance and a
higher current density increases voltage and ensyggumption. On the other hand, the

higher the current density, the higher the proditats and the BL flows since more work can be
accomplished per unit area. Current density hdswacorrelation with Faraday efficiency

meaning that in the range tested, it has a low anpa current efficiency.
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Table 9.2 : Matrix of correlation between dependard independent process variables

No. Variable 1 2 3 4 5 6 7 8 9
Current
1 density, KA/m 2 o0

2 |BLtemp., °C 0,25 00

3 [NaOH temp.,°C |-0,28 | 0,73 00

4 |NaOH, % 023 | 0,04 | 0,11 WSS
5 |Tension, v 093 | 0,06 |-0,44 | 0,06 [N
g |Cument 033 | 046 | 0,07 | 0,39 | 0,09 00
efficiency, %
7 | kwhit NaOH 075 |-038|-038|-028| 050 | -0,79 WEW
Productivity,
8 | NaOH/(m? | 088 | 042 | -0.13 | 0,35 [ 0,65 | 0.79 | 0,25 [EKUS

Productivity,
L of BL/(h/m ?)

0,96 | 0,28 | -0,20 | 0,03 | 0,92 0,23 | 0,28 | 0,77 00

NUL: 0.0 <|R| = 20.3  Weak: 0.3<|R|<0.5 | Moderate:0.5 <|R|<0.7 | Strong: 0.7 <|R|=<1.0

It is expected that both temperatures (BL and Na@bi)ld be correlated (0.73) because both
streams were circulated through a common heatistegy Despite a common heat exchanger,
there was a difference in temperature betweentthestreams due to unequal heat losses because
of the length of piping and size of the reservow$jich were different for each stream. the
temperature is not dependent on current densitytHerNaOH stream (R=-0.28) and the BL
stream (R=0.25) even though the current that reh&éh@00 amps provides a significant amount
of power. In fact, it only accelerates the heatimgcess allowing the temperature target to be
reached faster. Temperature seems to have avedjativeak effect on current efficiency
(R=0.46), energy (R= -0.38) and NaOH productiviR=0.42) and no impact on black liquor
productivity (R=0.28). The NaOH concentration als#s a relatively weak effect on current
efficiency (R=0.39) and NaOH productivity (R=0.35)d, no effect on BL productivity (R=0.03)
within the range studied. Energy consumption idenately correlated with the cell voltage
(R=0.50), as expected.
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9.4.4 The effect of current density and NaOH strength

Current density plays a major role in the perforoganf an electrochemical process. It drives
productivity up, but negatively impacts energy aongtion; the higher the current density, the
better the productivity but at the expense of higtrgergy consumption. According to Chikhi
[80], a higher current density causes a non-unifdrstribution of the current density affecting
cell performance. However, a higher electrolytanvflrate could compensate and make current
density more uniform. In this study, flows wermiled by the pump capacities, therefore that
variable could not be investigated. Chikhi [803alshowed that NaOH concentration has no
influence on the current density distribution. thins study, black liquor and NaOH streams were
fed in a co-current flow into the cell. Operatiaigcounter-current flow (BL and NaOH solution)

can help to reduce or eliminate non-uniformitieswfrent densities [80].

Over the experimental program, the current density varied from 1.5 to 3.9 kA/mand results
compared at two caustic soda concentrations: Had3820 %. The impact of current density on
cell voltage shows a linear relationship for botim@entrations (Figure 9.7). At 7.25 % NaOH
strength, increasing the current density by a facf@®.6 increases the voltage by only 60%. A
similar result occurred at 8.9 % NaOH where thaag# increased by 50%. We also observed
that the cell voltage is lower at 8.9 % NaOH ratliean 7.25 % partly due to a higher

conductivity from the higher NaOH concentration.

e NaOH 7.25% e NaOH 8.9 %

Voltage, V
al (o]
(J
.\

0 1 2 3 4 5
Current density, KA/m 2

Figure 9.7 : Effect of current density and NaOHesgth on cell voltage at pH 9.0 and 70°C.
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The experimental results with the FM-21cell showattthe current efficiency tends to increase
with current density (Figure 9.8). The verticadamorizontal margins of error were computed
from the error bar functionality provided by Excftware. They are based on the standard
deviation of experimental measurements at a 95 Afidence interval. In previous work with
the ELSEP cell, the current efficiency was dedrepflL1] above 1.25 kA/f It is important to
note that both cell designs and particularly thedencompartmens are entirely different. The
ELSEP [50-Herron] cell contains 10 tubular anode®.5 cm diameter and spaced out by 2.5 cm
when the FM-21 contains 228 thin lanterns spacédwy2.2 mm. These specific configurations
have an impact on process performance. The cefigtoation influences current distribution
and performance [80]. It was reported that the EHRSvould benefit from using smaller diameter
anodes in terms of current and potential distrdngi well known to affect performance [85].
Based on the numerous studies reported with the2EMnit, it is assumed that the cell design

was optimized for delivering a better performanta higher current density.
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Figure 9.8 : The effect of current density on catrefficency at 8.4 % NaOH

Despite the fact that the current efficiency insesawith current density, the energy consumption
increases (Figure 9.9) most likely due to a higiedr voltage drop that counteracts the benefit of

a better current efficiency.
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Figure 9.9 : The effect of current density on egargnsumption at pH 9.0 while making 8.4 %
NaOH

As expected, more black liquor can be treatedlaglaer current density, which is in agreement
with a higher current efficiency and higher caustocla production rate (Figure 9.10), because
more current is supplied as a driving force percdjgearea. In terms of energy, operating at a
lower current density consumes less kWh per liteBlo treated or per kg of NaOH produced,

which is in agreement with our conclusion from ayoous laboratory study [11].

The higher the productivity, the smaller the anadd membrane area requirements. Therefore,
fewer cells are required thus reducing the capibat required for a given installation capacity.
However, the optimum operating conditions will beteimined based on the most economical
situation taking into account the best combinatdproductivity and energy consumption. The

economical analysis of the proposed process wamdetye scope of this study.
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Figure 9.10 : The effect of current density on Na@td BL productivities at pH 9.0, 70 °C while
making 8.4 % NaOH

9.4.5 Effect of temperature

The effect of temperature on process performanceimeestigated in the range of 63 to 71 °C.
The process performance will definitely be bettéraahigher temperature, however, it is
recommended by the anode manufacturer to operatenaikimum of 70 °C to prolong life of the
anode coating. Figures 9.11 shows the cell volteya function of BL temperature and Figure
9.12 indicates the cell voltage as a function eftdmperature difference between BL and caustic

soda stream under specific test conditions.

The cell voltage (Figure 9.11) dropped when thepemature was increased from 63 to almost 70
°C regardless of the the current density and Nat#hgth. The main reason for the cell voltage
reduction is the higher conductivities of the swlng (black liquor and NaOH) at higher
temperatures. However, above 70 °C, the resutt& sim increase in voltage, which seems to be
contradictory. Indeed, a previous study [11] ablatory scale had shown a progressive voltage
reduction when temperature was increased from 6Qo°Glightly above 83 °C. The only
explanation for a higher voltage above 70 °C is wlative fouling of the anode compartment
over the experimental program caused by ligninipredion, especially at lower temperatures,
that might have increased the cell resistance dhesriding the benefit of a higher temeprature.
A temperature difference between the anolyte ardctholyte (Figure 9.12) was experienced.

That situation could have benefited the procesgopeance, but unfortunately it was not
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possible to confirm that benefit of running thehcdyte (NaOH) at a higher temperature than the
anolyte as proposed by Lipsztajn et al. [87].

6,0
2.9 kA/m?
2.73kA/m? NaOH:7.2%
NaOH: 8.5 % ®
> 5’5 2.5 kA/m?
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b NaOH: 8.7 %
= 50 .
g ! N 3.0 kA/m?2
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Figure 9.11 : The effect of temperature on celtagé at pH 9.0
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Figure 9.12 : Cell voltage as a function of a terapege differential between
the anolyte (pH 9.0) and the catholyte (8.4 % Na@t).7 kA/nt
As shown in the correlation matrix (Table 9.2), terelation coefficient between temperature

and current efficiency is weak (R=0.46). In fawb, conclusion can be drawn on the effect of

temperature on current efficiency in the range afON strength tested (Figure 9.13). A large
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variation from 65 % to above 100 % was observesimtlar operating conditions, which makes
it impossible to quantify with statistical signiéiace the effect of temperature in the range studied
based on the limited number of repeats performéduch more repeats would have been
required. In an earlier study, it was shown thatrent efficiency was improving with

temperature, especially at higher caustic sod& (%).[11].
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Figure 9.13 : Current efficiency as a function af 8mperature at pH 9.0

Regarding the effect of temperature on energy aopsion, Figure 9.14 shows a higher energy
consumption at a lower temperature and is espgaddivated at 63 °C (6 200 kWh/t NaOH).

Firstly, at a lower temperature the conductivitedsboth streams are lower contributing to a
higher cell voltage. Secondly, it is importanntention that at a lower temperature the solubility
of lignin is reduced and the possible precipitatadnlignin might have caused fouling of the

anode compartment therefore contributing to thesia®e in cell voltage and energy consumption.
As the temperature increases, it is likely expedteat some of the precipitated lignin have
redissolved in the liquor thereby reducing comparitnresistance combined with better

conduction for the solutions.
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Figure 9.14 : Energy consumption as a function lot@nperature (pH 9.0), 2.7 kAfwhile
making 8.4 % NaOH

Despite the fact that it was not possible to reaatonclusion on the effect of temperature on
current efficiency, the effect on productivity perhance was significant with correlation
coefficients of 0.83 and 0.96 for NaOH and blaakutir productivities, respectively. Both
productivities increased with temperature (Figurg5® which is in agreement with previous
work [11]. There is a net productivity benefit bperating at 70 °C in comparison to the low
60’s. It is, however, valuable to mention thahming at lower temperature will extend the

coating of the anode and reduce operating costs.
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Figure 9.15 : Process productivity as a functioBbftemperature (pH 9.0),
2.7 KA/nt, 8.4 % NaOH
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9.5 Conclusions and discussions

This study demonstrated the technical feasibilitthe electrolytic treatment of 30 % solids black
liquor from a kraft mill using the commercial FM-2Z&ll. The FM-21cell, although developed
initially for the chlor-alkali industry, has the \@htage of being versatile and commercially

available.

Firstly, a batch of black liquor was electrolyzedreduce pH from 12.5 to 9.0 at which lignin
will precipitate. Then, the cell was operated ifeed and bleed mode to study the impact of (1)
current density from 1.5 to 3.9 kAfm(2) NaOH strength from 5.4 to 9.5 % and (3) terapee
from 62 to 71 °C. The best productivity achievedterms of black flow treated was 171
L/(h-mf) while running at 3.9 kA/Mmand about 70 °C. At these conditions, the cels wa
producing 6.0 kg of NaOH/(h-3nat 5 % strength and the energy consumption wirs&ed at 4
030 kWh/t NaOH.

The experimental results with the FM-21 cell weoenpared satisfactorily with those obtained
with the ELSEP laboratory cell. The limiting cumtedensity with the FM-21 cell was
determined to be 3.2 kAfmwhen operating at pH 9.0 and 70 °C. At pH 9.8, résistance of the
FM-21 (1.56Q/m?) is approximately 14 % higher due in part to tleickompartment channels
(0.55 cm) compared to the ELSEP (0.4 cm). Thetilmicurrent density could be increased by
increasing both flows, the black liquor and caustida stream.

During the experimental program, the cell was ojgerdor a total of 38 hours with interruption
at the end of the day. The demonstration was eesstul experience deriving from the minor
modification of the feed ports of the anolyte comupent. However, given the harsh conditions
of black liquor and the potential of lignin predagion and fouling of the anode, it is
recommended to perform backwashing of the anodepadment on a regular basis with the
caustic soda produced which can be diluted dowmpHdl1.0 in order to minimise the quantity
used. At that pH, the precipitated lignin will siidve restoring cell performance and preventing

severe long-term fouling of the anode compartment.

It can conclude that the tests performed with tMeZA cell made it possible to advance the
technology to the point of pre-commercializatiohherefore, it is recommended that the FM-21

cell be used for the electrolysis of black liquorgrecipitate lignin in a kraft mill taking into
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account the minor modification of the anode commpartt. However, the FM-1500 and the
BICHLOR models from the same company, which arerawed versions of the FM-21, should

be considered as candidates as well. The FM-1§@6sa larger capacity than the FM-21 and
the BICHLOR has the advantage of having modulargamments that can be removed from the
electrolysers without affecting the others.
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CHAPITRE 10 DISCUSSION GENERALE

La production de pate de plusieurs usines kraftliestée par la capacité de la chaudiere de
récupération et/ou l'atelier de caustification daeune surcharge thermique et chimique
respectivement. De plus, l'industrie des patepagiiers s'intéresse a développer de nouveaux
marchés basés sur la production de produits a wvajeutée tel que la lignine dont la valeur
actuelle est strictement énergétiqgue pour remplesecombustibles fossiles. L’extraction de
lignine représente une opportunité unique pour mmeklla situation financiére d’'une installation
existante. Extraire la lignine est actuellememratique la plus courante et la plus efficace pour
désengorger la chaudiere de récupération en réduasaharge thermique. Tel que décrit dans
cette thése, la lignine peut étre extraite baséeirsel approche chimique mais cette technologie
possede plusieurs limitations dont plusieurs peuvétre éliminées par une approche

électrochimique.

En effet, la récupératin de lignine peut aussi éffectuée de facon électrochimique en utilisant
I'électricité de facon judicieuse offrant de nombreavantages au point de vue environnental et
énergétique. A date, aucune étude n’'a été effeqaémettant de fournir les données nécessaires
pour le design et l'intégration judicieuse en usileela technologie d’électrolyse de la liqueur
noire. Cette présente étude porte sur le développe d'un procédeé électrolytique comme
moyen électrochimique de produire de la lignineagtipde la liqueur noire d’'une usine de pate
kraft.

Les articles 1 et 2 ont couvert I'aspect des réastchimiques qui prennent place lors de I'élegt®l

de la liqueur noire et des phénomenes de trarddariasse a travers la membrane alors que I'aBicle
a consisté a l'optimisation des conditions d’opératdu procédé électrolytique a I'échelle de
laboratoire. L'article 4 comprend la récupératimla lignine de la liqueur électrolysée incluat |
étapes de coagulation, de précipitation, de fiiratet de lavage de la lignine électrolysée.
Finalement, 'article 5 confirme la faisabilité tedque du procédé d’électrolyse de la liqueur naire
I'échelle commerciale. La présente discussion éxarde facon générale, les principaux résultats,
les limitations, les connections entre les difféesnsections et les avantages de la technologie

proposeée ainsi que les prochaines étapes powdhation en usine.

Dans l'article 1, I'analyse des résultats des sssgpérimentaux ont permis de conclure que le

diametre des anodes de la cellule devraient éttement inférieur a 1.0 cm afin d’'uniformiser la
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distribution de courant le long de la cellule. t€atbservation a conduit a la recommendation de
d’effectuer des essais avec la cellule électralgigommerciale FM-21 qui est équipée d’anodes
de type lanterne de 2.2 mm. De plus, il a été adr@aue les sulfures présents dans la liqueur
noire étaient oxydés par I'oxygene produit a I'amodCet effet est bénéfique convertissant ceux-
ci en un produit plus stable (Thiosulfate) évitentgénération de sulfure d’hydrogéne toxique
lors du lavage acide de la lignine. D’autre pbétude de la distribution du voltage selon les
composantes individuelles de la cellule d’électselya conduit a la recommendation d’améliorer
la conductivité de la liqueur noire en ajoutant swifate de sodium afin de réduire la

consommation d’énergie.

L’article 2 démontre clairement que I'électrolyse ld liqueur noire ne devrait pas étre effectuée
a un pH acide. Il est fortement souhaitable denteair le pH alcalin pour protéger la membrane
contre la précipitation de métaux divalents afinpdelonger sa durée de vie. Il a été démontré
que si le pH est maintenu a 9.0, environ 30 % dliuso doit étre extrait de la liqueur noire. Ce

sodium est converti en soude caustique allégeactidege au systéme de caustification dont la
capacité est parfois limitée.

~

L’article 3 qui a consisté a I'optimisation de Beétrolyse de la liqueur noire, confirme que
d’effectuer I'électrolyse de la liqueur noire a yoH alcalin (9.0) tel que recommendé
antérieurement est aussi trés favorable du poiMugeénergétique. A ce pH, la consommation
d’énergie est minimale. L’efficacité du procédé iedépendante de la source de liqueur qu'elle
provienne de bois résineux ou de bois feuillu, bgr'soit oxydée ou pas rendant le procédé plus
versatile. L'addition de sulfate de sodium tel guecommendé est bénénifique pour la
performance du procédé tant du point de vue prodigécet de la consommation d’énergie.

L’article 4 démontre clairement que l'approche #ilggtique (pH 9.0) offre un taux de
récupération de lignine (68 %) semblable aux agmechimiques utilisant I'acide sulfurique et
le CG. De plus, il a été démontré que la technologoppsée n’affecte pas le rapport Na/S des
liqueurs de l'usine. L’addition de sulfate est &égque non seulement a I'étape d’électrolyse
mais aussi pour I'étape de coagulation. En eléetaux de filtration augmente par un facteur de
7.5 lorsque que 120 g/L de sulfate de sodium esit@ja la liqueur. Un temps de coagulation de
4-5 h est bénéfique. L’addition de sulfate avedamps de coagualtion prolongé donne un taux

de filtration nettement supérieur a celui de ldtedogie de CQ Il est prévu que plus de 90 %
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du combustible fossil du four a chaux peut étreplae par de la lignine qui a été soumise a
deux étapes de lavage. La récupération de lankgpar filtration est proposée par rapport a

d’autres techniques de séparation di a la faniéialeé cette opération dans les usines kraft.

L’article 5 confirme la performance du procédé isdiht la cellule commerciale FM-21
développée pour l'industrie du chlor-alcali. Ldldle doit étre opérée a une densité de courant
inférieure & 3.2 kA/rhet une température de 70 °C pour maximiser laeddeévie des anodes.

Du point de vue environnemental, ce procédé récuilsidérablement les rejets aux effluents
d’'un atelier de lignine par rapport a I'approcheindque en accord avec les criteres du
développement durable. De plus, les produits ahies requis au lavage de la lignine sont
produits sur place a partir du sulfate de sodium.

Au point de transfert technologique, il est primatdd’effectuer des bilans massique et
éenergétique de lintégration dans une usine typiguéde considérer de controler le procédé a
I'aide de sondes de conductivité plutét que de qe4, premiéres étant plus robustes et résistantes

dans un milieu agressif comme la liqueur noire.

L’économique du procédé repose sur une augmentdgoproduction de pate et sur la valeur
accordée a la lignine. Dans cette étude, la valeda lignine est principalement basée sa valeur
calorifique pour remplacer le combustible fossilfdur & chaux. Cependant, cette lignine peut
étre utilisée comme matiere premiere pour l'indasthimique telle que la fabrication de
polyuréthane ou autres produits chimiques. Il iegbératif de positionner cette nouvelle
technologie par rapport a I'approche chimique cotieanelle utilisant le C®tant du point de

vue économique que du point de vue opérationnel.
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CHAPITRE 11 CONCLUSION ET RECOMMANDATIONS

11.1 Conclusion

L’initiative de bioraffinage fait partie de la félai de route pour capturer les avantages natueels d
I'industrie des pates et papiers du Canada. Qmadigstrie est constamment a la recherche de
nouvelles sources de revenus visant en autreothugtion de bioproduits a valeur ajoutée dont
la lignine. L’'approche électrochimique de récutiérade lignine considérée comme de seconde
génération par rapport a I'approche chimique watiitsdu CQ et de I'acide sulfurique s’inscrit
dans le contexte du développement durable favdrigarproduction de produits chimiques
localement minimisant I'empreinte environnementale traitement électrolytique de la liqueur
noire pour la production de lignine offre des oppoités uniques, d’abord pour l'industrie du
bioraffinage en émergence et pour I'amélioratiors disines de pates kraft existantes dont
'augmentation de production de pate et la récum#rale soude caustique. Cette approche de
traitement électrolytique de la liqueur noire neegsite aucun agent acidifiant de source externe
et ne généere aucun effluent additionnel. La teldgie peut fournir de la lignine et de la soude
caustique a une bioraffinerie basé sur I'utilisaiedicieuse de I'électricité pour réduire le pH de
la liqueur noire au point de précipitation de gnlne tout en produisant de la soude caustique.
L’acide sulfuriqgue nécessaire au lavage de latigrmprovient du sulfate de sodium déja présent
dans l'usine et soumis a une étape d’électrodiadysgmbranes bipolaires. Cette étape permet
de recycler les eaux de lavage sans affecter lgorgple la teneur en sodium et soufre de la

liqueur de cuisson.

Cette étude a démontré la faisabilité techniqua etbustesse de I'application de la technologie
d’électrolyse au traitement de la liqueur noirel'dehelle de laboratoire jusqu’a a la mise a

I’échelle utilisant avec succes la cellule élegttigue commerciale FM-21 fabriquée par INEOS.

D’abord, les réactions fondamentales d’électrochitors du traitement de la liqueur noire ont
été élucidées a l'aide de la cellule de laboratolra membrane agit comme milieu sélectif pour
les ions sodium qui se déplacent de la liqueurendains le compartiment anodique vers le
compartiment cathodique sous linfluence du chartgrteque pour y former de la soude

caustique. Les principales réactions comprennantidcomposition de I'eau et I'oxydation
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avancée des composés sulfureux a l'anode et laecsiom du carbonate de sodium en

bicarbonate et éventuellement en dioxyde de carbelos le pH final du traitement.

Il a été démontré par modélisation que la dengtéadirant dans la cellule de laboratoire équipée
d’anodes tubulaires le long de la cellule présedntarprofil sinusoidal et pouvait étre améliorée.
On a observé un maximum de densité de courant-vis-de la partie de la surface de I'anode
tout pres de la membrane et un minimum dans lesoescentre les anodes. Dans le but de
d’uniformiser la densité de courant en diminuaritecescillation, il est proposé de réduire le
diamétre des anodes permettant alors de mettreddn®des offrant ainsi plus de surface de

réaction par unité de longueur.

L’analyse de la contribution des différentes congmbss de la cellule a révélé que la réaction de
décomposition comptait pour 48 % du voltage tosatie de la surtension des électrodes a 21 %.
La perte ohmique des électrolytes (liqueur noires@tide caustique) et des membranes est
estimée a 25.6%, 20.1% and 5.5 % respectivemeatconsommation énergétiqgue du procédé
bénéficierait grandement de matériaux d’électroffeartt une meilleure surtension et d'une

conductivité bonifiée de la liqueur noire.

Les phénomenes de transport de masse lors dumteaiteélectrolytique de la liqueur noire ont été
élucidés. La membrane agit comme milieu séledtifrdes ions sodium qui se déplacent de la
liqueur noire dans le compartiment anodique vec®hapartiment cathodique sous l'influence du
champ électrique pour y former de la soude caustiqune solution analytique simplifiee de
I’équation de Nernst-Planck a été appliqguée poueld@per le profil de la concentration des ions
Na’, H" ainsi que le profil du pH a travers la membrahe. concentration des ions Ndans la
membrane se maintient au méme niveau que daregikuli noire sur presque toute I'épaisseur de
la membrane. Et puis, elle s’ajuste en fin de ®@u niveau de la concentration de sodium dans
la soude caustique, qu’elle soit plus élevée o fdible que celle dans la liqueur noire. Le
profil du pH affiche une forme semblable. LorsgleepH de la liqueur noire traitée est
légérement acide (pH 6.0), la membrane opére dadal acide sur presque toute la profondeur
dans la membrane. A l'approche de la surface aetacbavec la soude caustique, le pH devient
neutre. Cette situation peut étre critique caidas divalents en solution pourraient précipiter e
endommager la membrane. Il est alors fortemerdmetandé de maintenir la liqueur noire

alcaline en gardant le pH au-dessus de 8.0-9.0.
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Lors du traitement électrolytique de la liqgueurrecd pH 9.0, correspondant au point désiré de
précipitation de la lignine, le taux d’extraction dodium a été d’environ 30 %. Celui-ci dépend
evidemment de l'alcalinité de la liqueur noire, Pplelle contient de sels alcalins, plus il faut

extraire de sodium pour atteindre la cible de pH.

Le traitement électrolytique de la liqueur noirété soumis a un programme d’optimisation des
principales conditions d'opération utilisant diéts types de liqueur. Les résultats ont été
soumis a une analyse statistique pour détermiatfet’significatif ou pas de certains parameétres

sur la performance du procédé.

La densité de courant est la deuxieme plus impttamriable apres le pH affectant la
performance du procédé en termes de consommatiémerdjie et, de productivité de soude
caustique et de lignine par unité de surface. rSkds essais en laboratoire et dans la plage de
densité de courant investiguée, il est recommanolgécer a la densité de courant maximale
testée soit 1.89 kA/frou supérieure avec production de soude caustidi®8tde concentration.
Dailleurs, sous ces conditions expérimentaleseilsemble pas y avoir de gain a opérer a une

plus basse concentration.

En regard de la performance énergétique, il estmetandé d’opérer a pH 9.0 pour minimiser la
consommation d’électricité par tonne de lignineug&rée. De plus, en maintenant le pH de la
liqueur noire alcalin, la membrane opere entieréntms un état alcalin éliminant alors le
potentiel de précipitation de cations divalentsgeant ainsi la membrane et assurant une durée
de vie prolongée. Etant donné les bénéfices derpeance trés limités d’opérer a 80 °C versus
70 °C, il est recommandé de suivre l'avis du le ofacturier d'anodes d'opérer a 70 °C

contribuant a prolonger leur durée de vie.

Il a été démontré que sous les conditions testiéry, a pas de différence significative dans la
performance du procédé lors du traitement de lzeliq noire de bois résineux et de feuillus et
entre la liqueur noire oxydée et non oxydée maldes différences significatives dans la

composition et la concentration de certains compasageurs.

De facon inattendue, le nombre d’anodes dans laleale laboratoire qui a variée de 4 4 10 a
dévoilé un impact statistiquement significatif diafficacité de courant, et ce résultat a été
confirmé par une analyse de variance. La seulicaxipn plausible pourrait étre I'influence de

cette variable sur la distribution de courant dedbule affectant I'efficacité de courant.
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L’addition de sulfate de sodium a la ligueur nagteque I'on retrouve en abondance dans une
usine kraft améliore la performance globale du @déc. une meilleure productivité et une
réduction de la consommation d’énergie ce qui aowa effet de diminuer le nombre de cellules

requises et conséquemment de réduire le colt eoliifigations et les colts d’opération.

La filtrabilité représente un défi important daesdesign d’'un atelier de production de lignine.
Cette étude a démontré la faisabilité techniquélider la lignine électrolysée avec succes et de

la laver pour obtenir un produit de qualité acceletpour une bioraffinerie.

Les résultats expérimentaux ont montré que le trifiltration de la lignine est relativement
faible (64 kg/(h-f), mais que 'addition de N8O, (120 g/L) dans I'étape de coagulation accroit
la filtration par un facteur d’au moins 7.5. Umigs de coagulation prolongé (4-5 h) améliore le
taux de filtration suite a la formation de grosccet, produit un gateau de lignine avec une plus
haute teneur en solides réduisant ainsi I'énergipiise au séchage. Des taux de filtration de
(670 et de 770 kg de lignine/(h?fnont été obtenus pour la suspension de lignirgedavage,
respectivement. Ces valeurs sont nettement swpésicaux taux de filtration du procédé de
précipitation de la lignine au GO Le traitement électrolytique bénéfice de la stgpeydation de

la liqueur noire a I'anode bonifiée par I'additide sel, deux techniques connues pour améliorer

la filtrabilité.

Le procédé électrolytique offre un taux de récugp@nade lignine semblable a celui aux options
chimiques utilisant le COou l'acide sulfurique, soit pres de 70%. Baseée les résultats
préliminaires, la pureté de la lignine lavée edfisante pour fournir la matiere premiére a
I'industrie chimique entre autres la production mdyuréthane. D’autre part, étant donné la
sensibilité du four a chaux au sodium, la lignifec&olysée soumise a une seule étape de lavage
et contenant 0.64 % de sodium pourrait remplacefiram 50 % du combustible fossile.
Cependant, il est estimé qu’une étape additionaellavage permettrait de réduire suffisamment
la teneur en sodium permettant de substituer peesfl0 % du combustible fossile. La
consommation d’électricité comprenant I'étape d#rldyse et d’électrodialyse est estimée a
1.48 Wh/g de lignine, nettement inférieure a sonvpar calorifique supérieur (7.0-7.5 Wh/g)

offrant un bilan énergétique positif.

Suite a l'investigation et I'optimisation de I'éam’électrolyse a I'échelle laboratoire, des essais

ont été effectués avec la cellule FM-21 pour trdadiqueur noire contenant 30 % de solides afin
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de comparer sa performance avec la cellule dedatiog. La cellule FM-21, bien qu’elle ait été
développée initialement pour l'industrie du chlikadi, offre I'avantage d'étre versatile et

disponible commercialement.

Les essais d’électrolyse ont été effectués en ap&xaellule en mode d’alimentation et de purge
continue (Feed and bleed). La densité de counawteldu procédé avec cette cellule se situe a
environ 3.2 kA/M. La meilleure performance de productivité en ®srde débit de liqueur noire
traitée a été de 171 L/(h?)rbasée sur la surface de membranes. Cette pivitiiet été obtenue

a une densité de courant de 3.9 kAlégérement au dessus de la densité de courate lifBous

ces conditions, la cellule produisait 6.0 kg de N&®-nf) & 5 % de concentration. L’énergie
consommée a été estimée a 4 030 kWh/t NaOH. Ledtaés obtenus avec cette cellule
commercialeont été comparés de maniere satisfaisante aveslldecde laboratoire bien que sa
résistance électrique soit 14 % supérieure dd emiepaux compartiments anodiques et
cathodigues plus épais. La limite de courant @iuétre haussée en augmentant les débits de

liueur noire et de soude caustique dans leur campnt respectif.

La démonstration du traitement électrolytique ddidaeur noire a été effectuée avec succes
grace a une modification mineure du systéme deildision de la liqueur a I'entrée du
compartiment anodique. Les résultats encourageemtpermis de faire avancer la technologie
proposée du niveau de laboratoire au niveau degrénercialisation. |l est alors recommandé
d’utiliser la cellule FM-21 pour traiter la liqueumroire pour la précipitation de la lignine en

considérant la modification mineure apportée aigdes

11.2 Contribution de cette recherche

Les principales contributions de cette recherch&sgment ainsi :

 Elucidation des principales réactions fondamentaigs se produisent lors de
I'électrolyse de la liqueur noire.
* Analyse détaillée de la contribution des differentemposantes au voltage total de la

cellule avec recommandation pour ameélioration.
* Application du modele simplifié de I'équation de rN&t-Planck pour déterminer le
profil des ions et du pH a travers la membrane mieaada recommandation de maintenir

la liqueur noire a un pH alcalin.
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» Optimisation du traitement électrolytique de laukgr noire et détermination des
meilleures conditions d’opération.

* Amélioration de la filtrabilité de la lignine paapport aux options chimiques.

» l|dentification du mode de filtration de la ligninet détermination de I'épaisseur
maximale du gateau pour une meilleure filtrabilité.

» Deétermination du pH optimal (9.0) de I'électrolypeur la consommation minimale
d’énergie par tonne de lignine récupérée.

» Avancement du niveau de maturité technologiquetadiesde pré-commercialisation en
démontrant avec succes la faisabilité techniqud’daectrolyse de la liqueur noire
utilisant la cellule commerciale FM-21.

« Démontration tres claire des bénéfices de I'opéilmttrolytique par rapport a I'approche
chimique.

« Démontration de certains aspects du développenueablg de la technologie proposée.

11.3Recommandations

Bien que cette étude ait couvert en détails leslitions d’opération des principales étapes de la
technologie, I'impact de son intégration dans usie@ide mise en pate kraft nécessite une étude
approfondie comprenant les bilans massique et étigug. De plus, une analyse économique
permettra de positionner ce procédé parmi les aaipéons de production de lignine a partir de

de la liqueur noire.

11.3.1 Aspect opérationnel de la technologie

Les résultats des essais avec la cellule de labaaint permis de conclure qu’il serait bénéfique
de réduire le diametre des anodes. Cette conal@smmonduit a recommander la cellule FM-21
eéquipée d’électrodes formées de fines lamelleslégpélanternes”. Dans cette étude, la cellule
a eté opérée pendant un nombre total de 38 hst kssentiel d’effectuer des essais prolongés
dans une étude de démonstration en usine pourrcanfi’'opérabilité en continu amenant ainsi
la technologie au stade commercial. Cette dématittr pourrait inclure le développement
d’'une méthode de nettoyage du compartiment anogiguen lavage a la soude caustique diluée
soit 0.1 N correspondant a un pH de 11.0 qui alespir de solubiliser la lignine. Un nettoyage

a la soude caustique est une pratique courantetpotgrtechnologie membranaire.
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Il est recommandé d’opérer I'étape d’électrolyamdH alcalin, de préférence 9.0, d’abord pour
minimiser I'énergie électrigue consommeée par tamdignine récupérée et puis pour prévenir la
précipitation dans la membrane d’ions divalentssguit présents dans la liqueur. Cette valeur de

pH pourrait varier selon les caractéristiques dajleeur noire spécifique a chaque usine.

Les unités d’électrolyse de la liqueur noire etl@l&odialyse a membranes bipolaire du sulfate
de sodium produisent de la soude caustique plulidéed (5-10%). |l est de pratique courante
dans une usine de diluer la soude caustique caeefi0 %) livrée a l'usine avec de I'eau pour
accommoder les besoins de l'usine dont la condsmtravarie de 5 a 10 %. Il est donc

recommandé d’utiliser la soude caustique a failwacentration en remplacement de I'eau

permettant d’améliorer le bilan d’eau.

Tous les essais de filtration ont été effectués avemontage expérimental équipé d’'une pompe
a vide. |l est recommandé de considérer un syst@mpeession tel qu'utilisé pour I'option

chimique LignoForce™ connu pour opérer a des passplus élevées et capable de livrer de
meilleurs taux de filtration. Cependant, il fadhssurer de ne pas dépasser la pression qui

pourrait rendre le gateau compressible.

Il est essentiel d’effectuer des tests de durabilés anodes en laboratoire. Celles utilisées lors
de cette étude étaient composées d'une base dae titkrouverte d’'oxyde d’iridium. Ces
matériaux sont treés dispendieux et une durée dpreiengée favorise la rentabilité du procédé.

11.3.2 Bilan massique

La technologie a été développée avec la perspedévaéveloppement durable et I'objectif de
recycler les eaux de lavage de la lignine san<taifde bilan Na/S. |l est recommandé de
développer un modele de simulation de I'intégratienla technologie dans une usine kraft afin
de déterminer le bilan massique détaillé des coarmies majeures de liqueurs noire et de cuisson
(Solides, eau, sodium et soufre) a I'aide de ledgctels que CHEMCAD, ASPEN ou autres et
d’identifier le potentiel d’engorgement des unitds production et celles du systeme de

récupération spécifique qui sont spécifiques a gbasine.

11.3.3 Bilan énergétique
Il est attendu que l'approche électrochimiqgue comse plus d'électricité que l'approche
chimique. Malgré tout, il semble possible que ilarbénergétique global de I'usine soit positif
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avec l'intégration d’'un atelier de production dgnine. Sous certaines conditions d’opération, la
consommation d’électricité par tonne de lignineupfrée est nettement inférieure son pouvoir
calorifique supérieur. De plus, selon la littératuil semble possible de rétablir le bilan
énergétique en brdlant la lignine dans des unigs<ambustion autres que la chaudiere de
récupération (chaudiere a biomasse) afin d’obtenimeilleur rendement thermique. Donc, il
serait primordial d’intégrer I'aspect énergétiquansl le modele de simulation mentionné ci-haut

afin de déterminer les besoins additionnels d’éeeatg source externe a l'usine, si nécessaire.

11.3.4 Aspect économique

L’aspect économique de l'intégration d’un atelier groduction de lignine est déterminant pour
'implantation commerciale. La valeur accordéadignine repose sur le prix du marché ou sa
valeur énergétique. Une analyse de sensibilitérpbicomprendre entre autres les variables

principales suivantes :
(1) le colt en immobilisation,
(2) la valeur de la lignine

(3) la valeur d’'une tonne additionnelle de pateurs2 augmentation de production de pate est

considérée,

(4) le colt de I'électricité,

(5) la densité de courant de I'étape d’électrolyseametre crucial d’un procédé électrochimique
(6) le prix des produits chimiques (acide sulfuaapi soude caustique)

(7) la durée de vie des électrodes et des membranes

Une analyse économique comparative permettraiodeipnner la technologie électrolytique par

rapport aux autres options de production de lignine
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