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Reducing the amount of water used in pulp mills is one important topic in making pulp mills
more environmentally friendly. To establish a closed water cycle, the water needs to be purified
by removing harmful compounds. One of the biggest sources of wastewater at a pulp mill is wood
handling. The aim of this thesis was to study the ability of different wood-based materials to act
as an adsorbent for metals dissolved in the debarking water of a pulp mill.

Adsorption is a chemical process in which components in liquid are separated using a solid
surface that has attraction for some of the components. Important properties for adsorbent are
surface area, volume of pores, and the total charge. The properties of wood, such as the total
charge and the amount of metals it contains, affect its ability to act as an adsorbent. During pulp
process, these properties change. Adsorption conditions also affect the efficiency of adsorption.
The wastewater from wood handling is slightly acidic (pH 5) due to the dissolved wood material.

In this thesis, the metals studied were sodium, potassium, magnesium, and calcium. The ad-
sorbents and debarking water used in the studies were obtained from Finnish softwood pulp mills.
Used adsorbents were sawdust, brown stock pulp, mechanical pulp, and bleached pulp. The
amount of acid groups in the adsorbents were determined by acid-base titration. Adsorption was
studied by stirring the debarking water and the pulp for two minutes to half an hour at pH values
of two to eleven. After mixing, the debarking water was analyzed by cation chromatography and
the concentrations were compared to the metal concentrations of the original debarking water. In
addition, it was investigated whether the studied adsorption could be modelled with Donnan equi-
librium theory.

From the titration results, the amounts of acid groups for each adsorbent were calculated. The
total charges of sawdust, brown stock pulp, mechanical pulp, and bleached pulp were 0.161
mol/kg, 0.104 mol/kg, 125 mol/kg, and 0.049 mol/kg. In the adsorption tests, it was found that the
reaction is highly dependent on the pH. The results showed that sodium adsorption was most
efficient at pH 5 or less. When pH was raised above 5, sodium was desorbed back into water. For
potassium, magnesium, and calcium, the higher the pH was raised, the better the adsorption was.
On the other hand, when pH was below 6, these metals were desorbed back into water. Of the
adsorbents studied, untreated sawdust proved to be the best adsorbent by removing almost 24%
of sodium from the debarking water at pH 5 and approximately 60% of other metals studied from
the debarking water at pH 11.

The modelling of the reactions with Donnan theory was quite successful. The effect of the
amount of acid groups on the adsorption efficiency was observed in modelling. The modelling of
monovalent cations corresponded well to the results of laboratory experiments, but Donnan the-
ory did not model the adsorption of divalent cations at high pH values correctly. With the model-
ling, it was found that the more sawdust was added to the debarking water, the more efficient the
adsorption was. On the other hand, by increasing the mass of brown stock pulp, the adsorption
decreased.

The results of this thesis showed that metals can be removed from wastewater with adsorption
to wood-based materials by changing the pH. However, results also indicate that metals are also
removed with brown stock pulp, which is not suitable as an adsorbent without treatment. Thus,
the removal of metals also takes place in other ways than by adsorption on the wood material.

Keywords: Adsorption, debarking water, Donnan theory, pulp, wastewater
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Sellutehtaiden vedenkaytdn vahentaminen on tarkeaa tehtaiden ymparistdystavallisyyden
kannalta. Suljetun vesikierron aikaansaamiseksi vesi on puhdistettava haitallisista yhdisteista.
Yksi sellutehtaan suurimmista jateveden lahteista seka tilavuudeltaan ettd kuormittavuudeltaan
on puunkasittely. Taman diplomityon tavoitteena oli tutkia eri sellumassojen kykya toimia adsor-
benttina sellutehtaan kuorimoveteen liuenneille metalleille.

Adsorptio on kemiallinen prosessi, jossa nesteen sisaltdmia komponentteja erotetaan kaytta-
malla kiinteda pintaa, joka vetda puoleensa tiettyja komponentteja. Adsorbentin tarkeita ominai-
suuksia ovat pinta-ala, huokosten tilavuus ja kokonaisvaraus. Puun ominaisuudet, kuten koko-
naisvaraus ja sen sisaltamien metallien maara vaikuttavat sen kykyyn toimia adsorbenttina. Myds
adsorptio-olosuhteet vaikuttavat adsorption tehokkuuteen. Sellutehtaan kuorimojatevesi on lie-
vasti hapanta (pH 5) liuenneen puumateriaalin takia.

Tassa diplomitydssa tutkitut metallit olivat natrium, kalium, magnesium ja kalsium. Tutkimuk-
sissa kaytetyt adsorbentit ja kuorimovesi saatiin suomalaisilta sellutehtailta. Kaytetyt adsorbentit
olivat sahanpuru, ruskea massa, mekaaninen massa ja valkaistu massa. Happoryhmien maara
adsorbenteissa maaritettiin happo-emas-titrauksella. Adsorptiota tutkittiin sekoittamalla kuorimo-
vetta ja adsorbenttia kahdesta minuutista puoleen tuntiin pH-arvoissa kahdesta yhteentoista. Se-
koituksen jalkeen kuorimovesi analysoitiin kationikromatografilla ja pitoisuuksia verrattiin alkupe-
raisen kuorimoveden metallipitoisuuksiin. Lisaksi selvitettiin, voidaanko tutkittua adsorptiota mal-
lintaa Donnan tasapainoteorialla.

Kokeellisessa osuudessa maaritettin massojen sisaltdmien happoryhmien maara happo-
emas titrauksella. Adsorptiota tutkittiin sekoittamalla kuorimovetta ja massaa kahdesta minuutista
puoleen tuntiin pH arvoilla kahdesta kymmeneen. Sekoituksen jalkeen kuorimovesi analysoitiin
kationikromatografilla ja tuloksia verrattiin alkuperaisen kuorimoveden metallipitoisuuksiin. Li-
saksi selvitettiin, pystytdankd tutkittua adsorptiota mallintamaan Donnan teorialla.

Titraustuloksista laskettiin kunkin adsorbentin happoryhmien maarat. Sahanpurun, ruskean
massan, mekaanisen massan ja valkaistun massan kokonaisvaraukset olivat 0,161 mol/kg, 0,104
mol/kg, 125 mol/kg ja 0,049 mol/kg. Adsorptiotesteissa havaittiin, etta reaktio on pH-riippuvainen.
Tulokset osoittivat, etta natriumin adsorptio oli tehokkainta, kun pH oli 5 tai pienempi. Kun pH oli
yli 5, natrium desorptoitui takaisin veteen. Kaliumin, magnesiumin ja kalsiumin kohdalla adsorptio
lisdantyi mita korkeammalle pH:ta nostettiin. Kun pH oli alle 6, nama metallit desorptioituivat ta-
kaisin veteen. Tutkituista adsorbenteista kasittelematéon sahanpuru osoittautui parhaaksi adsor-
benttiksi poistamalla lIahes 24 % natriumista pH:ssa 5 ja noin 60 % muista tutkituista metalleista
pH:ssa 11.

Reaktioiden mallintaminen Donnan teorialla onnistui varsin hyvin. Mallinnuksessa havaittiin
selvasti happoryhmien maaran vaikutus adsorptiotehokkuuteen. Yksiarvoisten kationien mallin-
taminen vastasi hyvin laboratoriokokeiden tuloksia, mutta Donnan teoria ei mallintanut oikein kak-
siarvoisten kationien adsorptiota korkeissa pH-arvoissa. Mallinnuksen avulla havaittiin, etta mita
enemman sahanpurua kuorimoveteen lisattiin, sitd tehokkaampaa adsorptio oli. Toisaalta lisaa-
malla ruskeaa massaa adsorptio vaheni.

Diplomity6n tulokset osoittivat, ettd metalleja voidaan poistaa jatevedestd adsorptiolla muut-
tamalla pH:ta. Tuloksista havaittiin my0s se, ettéa metalleja pystytadan poistamaan myds ruskealla
massalla, joka ei sovellu adsorbentiksi ilman kasittelya. Nain ollen metalleja poistuu jatevedesta
myds muilla tavoin kuin adsorptiolla puumateriaaliin.

Avainsanat: Adsorptio, Donnan teoria, kuorimovesi, sellu, jatevesi
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1.INTRODUCTION

Reducing the amount of water used in the pulp mills is one important topic in making
pulp mills more environmentally friendly. To establish a closed water cycle, the water
needs to be purified by removing harmful compounds. This will reduce the amount of
fresh water intake in the pulp mill. On the other hand, it's noteworthy that all reusable
materials could be recovered from the water [1]. One of the biggest wastewater produc-

ers in pulp mills is the debarking plant.

This master’s thesis aims to research the capability of four different wood masses from
different stages in a pulp mill as an adsorbent for removing unwanted metal ions like
sodium, potassium, calcium, and magnesium from pulp mills debarking water. With ad-
sorption, components in an external solution are separated using a solid surface. A
solid surface has a charge and attracts some of the components. Donnan theory can
be used to model the adsorption of metals from water to fibrous material. Donnan the-
ory explains the movement of ions between fiber and external solution. Dissociated
acidic groups create a negative charge on the fiber. The mobile ions in the system are
distributed unevenly so, that cations are attracted, and anions are repelled by the fiber

to establish an equilibrium. [2]

The structure of wood, the processes of a pulp mill and the changes in fiber in the vari-
ous processes of a pulp mill affect the ability of wood material to act as an adsorbent.
Debarking water is naturally slightly acidic due to the wood materials dissolved in it,
which affects the adsorption efficiency. The adsorbents studied in this thesis are col-
lected from Finnish softwood mills and include sawdust, brown stock pulp, mechanical
pulp, and bleached pulp. In the experimental part, the amount of organic acid groups in
different adsorbents are determined. The amounts of acid groups are used to deter-
mine the potential of the fibrous material to adsorb positively charged metal ions. In ad-
dition, it is necessary to find out the reaction time and pH value where the adsorption is
most efficient. The amount of acid groups in the adsorbents are determined by acid-
base titration. Adsorption is studied by stirring the adsorbents and debarking water for
varying time periods at different pH values. It is also investigated whether the adsorp-

tion takes place according to Donnan theory.

In the second chapter, the general properties and structures of wood are presented.

The next chapter introduces the basic principles of pulp mill, how the pulp changes at a



certain stage and what chemicals are used. The fourth chapter discusses the
wastewaters produced in pulp mills. The final chapter before the experimental part is
about the chemical metal removal techniques, Donnan theory, and previous research
on the topic. The materials and methods chapter reviews the laboratory tests and cal-
culation methods, the results of which are discussed in chapter 7. Conclusions of the

thesis are discussed in chapter 8.



2. PROPERTIES OF WOOD

This chapter reviews the structure of wood at both general and detailed levels. The pur-
pose is to clarify the chemical structures present in wood and how they affect its pulp-
ing properties. Pulping properties include the wood type, fiber length, and contents of
lignin, hemicellulose, extractives, and inorganic compounds. Pulp is chemically or me-

chanically modified wood, in which the cellulose fibers are separated [3].

2.1 Wood structure in general

The outer part of the wood is called sapwood and it contains living cells. In the center,
there are dead cells, and the wood is drier than the outer part. This center part of the
wood is called heartwood. Heartwood is formulated when the inner parts of a wood
dies with a corresponding deposition of extractives. Extractives are compounds with
small molecular mass that are soluble in organic solvents. [4] Heartwood has many pol-
yphenols that do not exist in sapwood, giving heartwoods dark colour and resistance to
decay. [3] Because of the low moisture content, the heartwood is more difficult to pulp

than sapwood.

The fiber wall is divided into nested layers consisting of lamels. The thickest, secondary
wall (S2-layer) of the fiber determines the properties of the fiber and the outer layer of
the fiber determines its surface chemical properties. The intermediate lamel connects

the cells. It is amorphous and consists of lignin. [5]

Bark consists of inner and outer bark. The outer bark is made from three layers. The
chemical structure of bark varies between different species. There are four groups that
the chemical structures can be classified: polysaccharides, lignin and polyphenols, hy-

droxy acid complexes, and extractives. [3]

The chemical structure of bark is 10-30 % of extractives, 15-45% cellulose, and 15-
40% lignin. Leftover parts of barks mainly consist of different kinds of carbohydrates.
Outer bark consists of waxes. When the bark is burned to ash, the main components

are oxalate salts of calcium, potassium, silicates, and phosphates. [3]

2.2 Organic compounds in wood

The chemical structure of wood can be divided into macromolecular and low-molecular-

weight substances. Low-molecular-weight substances include organic and inorganic



matter, which can be further specified in extractives and ash (Figure 1). Macromolecu-

lar substances include polysaccharides, like cellulose and polyoses, and lignin. [6]

Wiood
Macromolecular Low-molecular weight
substances substances
Polysaccharides Lignin Inorganic Jrganic
Cellulose Hemicelluloze Ash Other Extractives

Figure 1. Classification of woods chemical structure. [6]

Most of the wood is cellulose (40-45%) and hemicellulose (15-25%) polymers. As com-
bined, they are called holocellulose.[7] Sugars are one of the minor polymers in wood.
[7] Holocellulose is mainly made from d-glucose, d-mannose, d-galactose, d-xylose, I-

arabinose, d-glucuronic acid.[8]

There are non-specific and specific interactions between the functional groups of the
fibers and the free ions. Non-specific interactions are electrostatic attraction or repul-
sion between ions and the fiber cell wall matrix. Specific interactions include the com-
plexation of metal cations with the functional groups of fibers and the adsorption of ions
on polarized surfaces. The interaction of ions with cellulosic fibers depends on the
charge properties of the fibers.[9] The pH of press-extracted wood fluid is approxi-

mately 4.7 so it’s naturally slightly acidic [8].

The pK, value of a carboxylic acid depends on the origin of it. In fibers, carboxylic acids
are from lignin and carbohydrate. Different pK, values of acidic groups present in fibers

are shown in Table 1.



Table 1. The pK, values of acidic groups in fiber [10].

Functional group pKa

Carboxylic acid, carbo- 3.1-3.3
hydrate

Carboxylic acid, lignin 5-6

Phenol 7.3-10.3

The main charge in wood is caused by the carboxylic acid with pKj values of 3.1-3.3
[11].

2.2.1 Cellulose

Cellulose is the most common biopolymer in the world. [10] It is a polydispersed linear
glucan polymer of d-glucopyranose units linked by (-(1,4)-glycosidic bonds. [11] The
backbone of cellulose is made up of chains of cellulose molecules (Figure 2) consisting

of glucose anhydride units CsH10Os arranged in bundles.

OH

HO e

HO o |©
OH O

_ OH

n

Figure 2. Structural formula of cellulose. [10]

The degree of polymerization of cellulose is approximately 10 000. [12] In each gluco-
pyranose unit there are three hydroxyl groups. Due to these groups, polymer tends to
form both internal and external hydrogen bonds. As a result of bonding, cellulose mole-
cule bundles are aggregated into microfibrils, which may form crystalline and amor-
phous areas. Further merging of microfibrils into fibrils and cellulose fibers a high de-
gree of crystallinity (60-75%) is formed. A high degree of crystallinity makes the poly-

mer chemically very persistent material. [11]



Native cellulose is insoluble in most solvents. \When treated with alkali, cellulose does
not dissolve but swells [3]. Cellulose derivatives are mainly made from so-called cellu-
lose 2, which is formed by treating native cellulose with alkali. Highly bleached cellu-
lose has less than 1000 glucose units, whereas untreated cellulose has over 10 000
units. [3]

2.2.2 Hemicellulose

Hemicellulose makes up 20-35 % of the dry weight of wood. [13] It is a heteropolymer
that consists of polysaccharide polymers. The structure of hemicellulose is formed of a
few types of sugars, from hexosis, pentoses or from deoxyhexosis. [4], [12] Hemicellu-
lose also contains acetyl- and methyl-substituted groups, and small amounts of uronic
acids. [4] In hardwood, hemicelluloses are formed from O-acetyl-4-O-methyl-glucu-
ronoxylan. Softwood hemicellulose contains a backbone polymer of d-galactose, d-glu-
cose, and d-mannose [12]. One typical hemicellulose is xylan, which is a compound

that has pentoses bonded to each other (Fig. 3) [14]

HO 0 HO 0 HO O HO 0
AN A= A = A = N
4 OH OH OH OH
Figure 3. Primary structure of a B-(1-3)-D-xylan [15]

Hemicelluloses are in the cell walls of the fibers where they act as wall support materi-

als. [16] They form internal bonds with cellulose and lignin in the wood material.

The branched and amorphous structure as well as the low polymerization degree of
hemicellulose makes hemicelluloses more unstable than cellulose. [4] Hemicelluloses
are reactive in different conditions. In alkaline solutions, hemicelluloses are soluble,
whereas acidic conditions hydrolyse hemicellulose. The acetyl groups are hydrolyzed
to give free acetic acid in alkaline conditions [3]. This free acetic acid consumes a great
amount of alkali that is used in cooking. In pulp and paper process, cellulose can be
cleaved by two different reactions, which are indiscriminate chain cleavage and termi-
nal cleavage. The more common reaction mechanism is indiscriminate chain cleavage.
Transition metals in the process increase the cleavage reactions and thus reduce the
yield.[17]



2.2.3 Lignin

Lignin is a heterogeneous branched polymer, where propyl benzene derivates are at-
tached via covalent bonds forming a grid like structure [5]. The linkages in the polymers
are C-O-C and C-C. The most common linkage type in lignin is 3-O-4 ether bond. The
structure of lignin consists of three aromatic phenylpropane units: p-coumaryl alcohol,
coniferyl alcohol, and sinapyl alcohol. [4] The initial stage of softwood lignin is mainly
coniferyl alcohol, whereas in hardwood lignin, the main initial stage is sinapyl alcohol.

[18] Lignin also contains methoxyl groups. [3]

OH OH OH
0 T
|
OH CH; OH CHy OH CH,
p-coumaryl  coniferyl sinapyl
alcohaol alcohol alcohaol

Figure 4. The precursors of lignin. [19]-[21]

Lignin’s primary role is to support the wood’s structure by filling the intermidiate lamella.
[12] There are several groups in lignin that contribute to the colour of the pulp, for ex-
ample coniferylaldehyde, carbonyl groups, quinonic structures and phenolic groups.
[22] These groups are removed from the pulp when lignin is removed, which also
changes the colour of the pulp. Only free phenolic groups in lignin can react with oxy-
gen in pulp and paper processes. The ionized lignin structure decomposes and dis-
solves under alkaline conditions due to a chain reaction. [17] The high electron density

required for the first impulse of oxygen reactions is provided by addition of alkali. [17]

2.2.4 Extractives

The highest concentrations of extractives are found in the heartwood and bark. The

main extractives can be divided into three groups: aliphatic compounds, terpenes, and



phenolic compounds. [23] Most of the aliphatic compounds in wood are fatty acids,
fatty alcohols, and hydrocarbons. The fatty acids occur in wood as esters, unlike fatty
alcohols, which can be found as free compounds. [24] Terpenes have a high concen-
tration in softwoods whereas, in hardwoods, the concentration of terpenes is small. [3]
Terpenes are cyclic compounds built from the condensation of several isoprene units in
a linear or cyclic structure. [25] Monoterpenes, sesquiterpenes, diterpenes, and triter-
penes are the four major terpen groups present in wood. [24] The occurrence of ter-
penes in softwoods and hardwoods is different. In softwoods, main terpenes are mono-
sesqui-, and diterpenes, as well as sterols. In hardwoods, terpenes occur as higher ter-
penes, sterols, and triterpenoids, which are terpenes with oxygen in the structure. [24]
Phenolic compounds are water soluble compounds that usually function as fungicides
in heartwood and bark. Most of the phenolic extractives are removed in cooking, but

they can be found in acetone extracts in wood and mechanical pulp. [11]

2.3 Inorganic compounds in wood

There are always some inorganic compounds in wood. They are important for the
growth. The inorganic compounds are carried into the tree in aqueous solution where
metals appear as cations. [26] After the elements have entered the wood, they can be
organically associated or precipitate as inorganic salts to form a part of the solid tis-
sues. Some of the compounds are left in aqueous solution present in the living
cells.[26] The inorganic compounds in wood are determined from the wood ash using

atomic absorption spectroscopy (AAS).

Usually, the concentration of inorganic compounds in wood is 0.3-1.5 m-%. Content of
inorganic compounds can be large if there is a lot of silica. Usually, it is less than 0.5
%. [27] Ca, Mg, and K are the most common metals found in wood. They appear as ox-
alates, carbonates, and sulphates, or bound to carboxyl groups in pectic materials [28].
Other inorganic compounds found in wood are Na, Si, B, Mn, Fe, Mo, Cu, Zn, Ag, Al,
Ba, Co, Cr, Ni, Pb, Rb, Sr, Ti, Au, Ga, In, La, Li, Sn, V, and Zr [29]. In pulp process, in-
organic compounds, especially metals cause carbohydrates to break. Therefore, efforts
are made to remove inorganic compounds from the pulp with chelating agents. The
most used chelating agents are ethylenediaminetetraacetic acid (EDTA) and diethy-

lenetriaminepentaacetic acid (DTPA) [17].

Werkelin et al. [30] studied four Finnish wood species, spruce, pine, birch, and aspen.
From each wood, they analyzed wood, bark, and foliage. Their results for wood and

bark are presented in Table 2 which are the relevant results for this thesis.



Table 2. The main elements and their amount found in Finnish wood species. [30]

Wood (ppm) Bark (ppm)
Ca 410-1340 4800-19100
K 200-1310 1600-6400
Mg 70-290 210-2400
Mn 15-240 110-1100
P 0-350 210-1200

They discovered that the ash content was highest in bark, and lowest in wood. Calcium
had the highest concentration in both wood and bark. In foliage, potassium had the

highest content. Their results were very similar to those of previous studies [31]-[34].
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3.BASIC OPERATION OF A PULP MILL

The basic operations of a pulp mill are wood handling, cooking, washing, and screen-
ing, oxygen delignification, and bleaching. Of these, the operations that chemically
modify the fiber are cooking, oxygen delignification, and bleaching. This chapter intro-
duces the chemicals typically used in the operations, as well as their chemical reac-
tions with the fibers. Knowing how the fibrous material changes in the basic processes
enables the evaluation of its ability to act as an adsorbent. Knowledge of the chemicals
used is important in order to know the source of the metals in the fibers and in the wa-

ter.

3.1 Cooking

Cooking aims to remove lignin, which is a natural compound of wood that keeps fibers
together. Due to the removal of lignin, the wood starts to defibrate. Lignin is removed
with heat and chemicals. [17] When lignin is removed, it also decreases the amount of
acid groups in pulp [35]. The most common method of cooking is sulphate cooking in
which the main chemical used is white liquor. White liquor is a mixture of sodium hy-
droxide, NaOH, and sodium sulphide, Na,S. White liquor gives the process solution a
basic pH of 10-14. [14] Another type of cooking is sulphite cooking, in which sulphite

and hydrogen sulphite solutions are used as an extraction reagent. [14]

In sulphate cooking, the most important reaction of lignin is cleavage of B-O-4 struc-
tures. For carbohydrates, important reactions are the peeling reaction, alkaline hydroly-
sis, and the formation of hexenuronic acid. [36] The cleavage reaction of phenolic -O-
4 structure is shown in Figure 5. The formed episulphide structure is unstable, so reac-
tion continues forming hydrosulphide and thiosulphate ions as products. [37] If no free
phenolic groups are available, cleavage happens with an ionization of a-hydroxyl
groups with OH". [38]

HO H,CO HO H5CO HO_, H;CO

[
\?Hz \‘I:H2 3 CH, CHy GH,
o HE—0 wus  HCZO oo HC. e
HG-OR OR i H HCYs™ ‘—_‘2;2_— HC® S HC

|

> —_— _— e
HyCO’ -! H,CO” \[/: HyCO” : HyCO : H,CO :

oY o] o 0 0

Figure 5. Cleavage of phenolic 3-O-4 structures in lignin. Modified from [39].
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Carbohydrates react via peeling reaction (Figure 6). In this reaction depolymerization of
the polysaccharides occurs in stages, beginning with the reducing end group. In the be-
ginning of the reaction, equilibrium is established between hemiacetal and open alde-
hyde form. Also, further equilibrium of aldehyde and keto structure will be established.
These structures undergo a (-elimination reaction. After B-elimination has happened,
the product will react via benzylic acid rearrangement and form an isosaccharinic acid.
[40]

OH OH OH

™0 O o xog: I o" OH
HO HO CHO HO CH,OH
OH

H OH H
. OH oH
H OH = H&“ eSS H
j%cr 1,OH , CH,OH HO CH,OH

<~ HO b 0" 0T 0

|

OH

OH
HO COO

CH,OH
Figure 6. Peeling reaction in sulphate pulping.[40]

The alkaline hydrolysis causes a cleavage of the cellulose chain. Due to the reaction,

cellulose loss increases. The reaction mechanism is illustrated in Figure 7. [41]

OH

l/}g() Wr
OH HO oH
o}
e

OH
HO OH

oH t OH OH
. oH N .

\ O _Ho oA 0 _HO o 0 Ho OH
(o} o} o = 0 0 ol =—= "o H o
HO o HO = o HO o o

OH o 0
OH oH
H+

OH

Figure 7. Alkaline hydrolysis. Modified from [41]
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The hexenuronic acid is formed by the reaction of xylan in alkaline conditions. Xylan is
substituted with 4-O-methylglucuronic acid groups linked through an alfa-glucosidic
linkage. With alkaline, methoxyl group is eliminated as methanol forming a product of
hexenuronic acid (HexA) (Fig. 8). [40]

nm Em}

-CH OH
HO HO
0 0 <0
HyC™ B

OH O~ 0oH

Figure 8. Formation of hexenuronic acid. Modified from [42]

Because hexenuronic acid is more stable than xylan, after cooking, most of the xylan

left is in hexenuronic acid form. [40]

From an environmental point of view, one important reaction during cooking is the
cleavage of the methyl-aryl ether linkages in lignin. This reaction is minor, but the prod-
ucts constitute the origin of the smell from kraft mills. Like described in Figure 9, methyl
mercaptan is formed. This can react further in alkaline conditions and form a methyl-
mercaptide anion and further dimethylsulfide. These products are volatile and toxic

compounds.[40]

CH,SH
4~ CH; , O
d 0" = 0
‘ol HS™ D_

Figure 9. The formation of methylmercaptan.[40]

In sulphite process, the ether bonds in lignin goes through hydrolysis reaction. [14] So-
dium sulphite Na>SO3 is one of the most important chemical used in sulphite cooking. It
is used as an aqueous SO; with a base. In sulphite processes, sulfonic groups are in-
troduced into the partially hydrolyzed lignin resulting a fully water-soluble lignosul-

fonate. Figure 10 shows the sulphonation of lignin under acidic conditions. [40]
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HO_ H,CO HO H,CO HO H,CO

CH, CH, CH,
| I 1

HC—O HC—O0 HC—O
| . | - |

HC-OR +H HC—OH, +HSO', HC—SO,H

_ —_— =
-H,0
H4CO H4CO H,CO

OR OR

Figure 10. Sulphonation of lignin in sulphite cooking. [40]

In acidic conditions, condensation reaction of lignin can also take place with acid acting
as a catalyst. In this reaction, the existence of free aromatic carbons in the para posi-
tion to methoxyl group allows the production of C-C-bond to a neighbouring benzylic
carbon. Linkage can be formed only if methoxyl group is formed via protonation and

elimination. [40]

3.2 Oxygen Delignification

Oxygen delignification is performed in-between cooking and bleaching. It uses oxygen
and alkali to remove residual lignin remaining in pulp after cooking. [17] The reaction

breaks and oxidizes lignin into a form that can be dissolved in alkali, eliminates the lig-
nin’s colour components, and removes resin from the pulp. [17] Oxygen delignification
can be performed in a lower kappa number than pulping, which results in decrease of

bleaching chemical consumption. [17]

In oxygen delignification, the main reaction of lignin with a phenolic hydroxyl group is

an oxidation of aromatic units like shown in Figure 11. [43]

R O—O0OH
R R
) / OCH4
0,/OH ) IA
B ———— ] b
+ 0,/0, o
OCH, OCH,
o o
0O—0H
OCH,4

P2 ——
bt

Figure 11. Oxidation of lignin.[43]
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After the reactions of phenolic end-groups, there are three ways the lignin can react:
via sidechain elimination, ring splitting or demethoxylation. In oxygen delignification, re-
ducing end groups in carbohydrates are oxidized to an aldonic acid group. These al-
donic acid groups inhibit the endwise degradation. [43] In oxygen delignification, heavy
metals cause harmful chain cleavage. To prevent this reaction, magnesium sulphate,
MgSOys, is used to the treat the pulp, which slows down the decrease in viscosity up to

a certain lignin content. [44]

3.3 Bleaching

Bleaching is done to decrease the darkness of pulp. It aims to dissolve and remove lig-
nin. It also decreases the amount of fiber bundles, shives, and bark and removes ex-
tractives from pulp. [45] When hemicellulose and lignin dissolves during bleaching, the
acid content of pulp decreases from unbleached pulp. [35] Bleaching is done with multi-
ple stages by delignification and dissolved material extraction phases. [46] The deligni-

fication process breaks down the lignin and dissolves it in water. [3]

The most used bleaching chemicals are chlorine dioxide, sodium hydroxide, ozone, hy-
drogen peroxide, sodium dithionite, peracetic acid, peroxymonosulfuric acid and chelat-
ing agents. Different bleaching chemicals tend to react with different groups. Main

bleaching chemicals are divided into three groups in the Table 3. [46]

Table 3. The main bleaching chemicals and their reactivity.[46]

Group Chemicals Reactivity

1 O3 All aromatic lignin units

with phenolic groups

2 02, CIO2 Free phenolic hydroxy
groups

3 H202, NaOCI Carbobyl groups from lig-
nin

In the production of mechanical pulp, bleaching is performed in two stages using perox-

ide and dithionite.
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In bleaching, the residual lignin left after pulping is removed. This is done by oxidating

the pulp several times. The basic reaction of lignin during bleaching is presented be-

low.
R R R
Oxidation 3 NaOH (aq) =
—_— —_—
. COOH P Coo
- OCH, - N ~7 TCOO
o O
O |

Figure 12. The basic principle of lignin reactions during bleaching.[43]

Chlorine dioxide bleaching is done under acidic conditions. ClO- attacks to lignin
groups and degrades most of the residual phenolic groups in lignin. The oxidation

mechanism for lignin reacting with chlorine dioxide is presented in Figure 13.

|

; ~OCH,
+ClO,
. +H,0
clo,
— i HCIO,,,-CH,OH
OCH,

O +CIO,
x\

| ’

-
0
~OCH
3 | OCH;,
0

+H,0
i HoCI

Figure 13. The main reactions of chlorine dioxide and phenolic lignin.[47]

X
| COOCH,

COOH

For mechanical pulps, bleaching is done in two stages with peroxide and dithionite
S204°. [17] In dithionite bleaching, dithionite and pulp react to reduce double bonds and

carbonyl structures, like orto- and para quinones. As a product of this reaction, partly
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bleached pulp is produced. Partly bleached product is obtained due to coniferaldehyde,
which is still partly present in the structure. [48] The reaction mechanism of dithionite

bleaching is presented below. [49]

R R R
+ SO, + 80,
o~ -S0, . -S0O, )
0 0 0

Figure 14. The mechanism of dithionite bleaching. [49]

Hydroxyl radical reacts with lignin’s side chains and with the aromatic rings, thus, in pH

values higher than pKs 11,9, only side chain cleavage occurs (Figure 15). [50]

Hydroxyl radical present in the reactions can be formed from homolytic cleavage of hy-

drogen peroxide or by decomposition catalysed by metal ions.

H,CO H,CO

H,CO
o e Kj o Yo
HOH,C HOH,C
2 OH 0 HO, ’
OH | 2 o,
OH
[ ocks
0 OCH, 0] O OCH,4
} OH
H,CO OH
0—( - +
J OCH,
0 CH,OH ;

0

Figure 15. Cleavage of residual phenolic -O-4 structure with hydrogen peroxide.
[51]
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When bleaching with hydrogen peroxide, it is noteworthy that hydrogen peroxide de-
composes easily into water and oxygen. Especially copper, iron, and manganese-ions

speed up the reaction. That is why pulp is usually prepared with chelant before bleach-
ing with peroxide. [48]
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4. WASTEWATERS IN PULP MILL

Water plays a major role in the pulp and paper industry. In recent years, water usage

and reduction have improved. As a result, various wastewater treatment methods are

being developed. [52] The chemical content of wastewaters varies between different

pulp mills. Differences are caused by the wood used and differences in pulping pro-

cesses. [53] Wastewater is produced in multiple stages of a pulp mill. For bleached

kraft pulp mills, the wastewater flow is approximately 20-90 m3/ADt [52]. ADt is a term

used in pulp industry to describe an air-dry ton of pulp product. Main emissions to wa-

ter are dissolved organic compounds, chlorine compounds, extractive compounds,

metals, and salts. [45] More specified classification of emissions in different stages is

presented in Figure 16.

Fibers,
DOCs,
Chlorate,
P, N, salts

li

Bleaching

Bark,
Fibers, ) .
Extractives, Terr_lpo_rar;- Tenjpc:_rar;
DOCs. emissions emissions
Sand
. ) Washing and
v‘,;[;d h:?.r;‘dg?g > Cooking Screening
(&2 MRl (0.5m3ADt)
Wealk
Black
Liguor
Evaporation

Figure 16. Emissions to water from pulp mills.[52]
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Metals that do not participate in the pulping process are called Non process elements

(NPEs). [54] In addition to wood, NPE compounds are entered to pulp mill with make-

up chemicals and process waters [55]. NPEs in water can cause problems such as

scaling, plugging, fouling and corrosion. Table 4 shows the harms of some NPEs for a

pulp mill.
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Table 4. NPEs and their effects in pulping process.[54]

NPE Digester Bleaching Evapora- Recov- Causticiz- Lime
tors ery ing kiln
boiler
K, Plugging
Cl and cor-
rosion
Ca Scaling of Scaling of  Scaling of
heating sur-  wash heating
face and equipment  surfaces
screens
Mg Poor lime High
mud filtera-  dead
bility, plug- load in
ging of fil- lime cy-
ters cle
Al Sodium al-
uminium
silicate
scaling
Mn, Peroxide High
Fe decompo- dead
sition load in
lime cy-
cle

The amount of water utilized is directly proportional to the pulp mill's wastewater load.

There are many ways to reduce the water consumption, all of which aim to increase

water recirculation in the pulp and paper mill. However, when reducing water usage,

the whole pulp mill must be considered. Considerations include scaling, corrosion, and

accumulation of salts or non-process elements in process waters. [52]

Wood handling is the pulp mill’'s second largest producer of wastewater after bleaching

with effluent flow of 0.5-10 m3/ADt [52]. Most of the wastewater from wood handling is
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caused by debarking. Debarking is usually done by wet debarking. In debarking, bark
and dirt from the wood is removed with water flow. In winters, the water consumption of
debarking increases, as water is used for de-icing in addition to debarking. The water
consumption of the debarking can be reduced by converting the wet debarking to a dry
debarking. [17] When using dry debarking, the effluent flow can be reduced to 95 %.
Reduction of biological oxygen demand (BOD), and chemical oxygen demand (COD)
can be 97 %. For total phosphorus content (Tot-P) the reduction percentage can be 71

%. Pollution loads of wet and dry debarking processes are presented in Table 5.

Table 5. Pollution loads of wet and dry debarking. [52]

Effluent flow BODs COD (kg/ADt) Tot-P (g/ADt)
(m3/ADt) (kg/ADt)

Wet debark- 3-10 5-15 20-30 25-35

ing

Dry debarking 0.5-2.5 0.5-2.5 1-10 10-20

The colour of compressed debarking water is dark. The colour changes depending on
the pH and is caused by the oxidation products of substances dissolved from bark.
Typical pH of debarking water is approximately 5, which is due to extractives dissolved
from wood and bark. [56] As explained in Chapter 2.3, wood and bark contain metals
that will dissolve to debarking water. Calcium has the highest concentration of metals in
wood. Water solids consist of, for example, lignin, tannin, fatty and resin acids, and car-
bohydrates. Fatty acids and resin acids are proved to be toxic before treatment. Nowa-
days, the most efficient way to reduce toxicity is biological treatment. [45] 30-50% of

debarking effluent contains COD emissions, about half of which is due to tannins. [57]

The amount of effluent from cooking is small compared to the amount of effluent from
debarking and bleaching. The effluent produced is usually condensed water and black
liquor leaked from the process. Condensation waters may contain volatile and highly
odorous compounds such as methyl mercaptan. In kraft cooking, COD-emissions are
about 1000-33 600 mg/L. Most of this is due to methanol. [58] In sulphite cooking,
COD- emissions range from 7500-50 000 mg/L. From this, 30-60% is due to acetic
acid, and 10-25% from methanol. [59]

Bleaching causes most of the pulp mill wastewater (approximately 85%). The amount
of wastewater produced is proportional to the amount of lignin in the pulp to be

bleached. The more lignin the pulp contains, the more bleaching chemicals are



needed, and the more wastewater is produced. [60] Wastewater from bleaching con-
tains toxic compounds, such as dissolved organic compounds and chlorine com-

pounds. In the delignification phase, lignin enters to the water. [53]

21
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5.METAL REMOVAL METHODS AND THEORIES

This chapter discusses traditional metal removal methods, ion exchange, and adsorp-
tion. In addition, Donnan equilibrium theory is presented, which is used to model the re-

sults of the laboratory work.

5.1 lon exchange

lon exchange is a chemical reaction in which the ion in external solution is exchanged
with the same charged free mobile ion from the solid material. lon exchange is often
considered as a separate but similar process to adsorption. [61] The exchange occurs
when ion diffuses from the external solution into the solid material and ion from the
solid material diffuses into the external solution. According to the basic principle of ion
exchange, the movements of external ions and their counterions must always fulfil the
electroneutrality principle. [62] The solid material, ion-exchangers are typically resins.
lon-exchangers can be cation-exchangers, anion-exchangers or amphoteric exchang-
ers that exchange both anions and cations. [63] Cation exchange can be written as

equation (Eq. 1):
M*X~(s) + N*(aq) » N*X~(s) + M*(aq) (1)

Where ion exchanger M* X~ is ionized with soluble ion M*, and N* is an ion in the ex-
ternal solution. A similar equation can also be written for the anion exchanger with the

difference that the ion of the insoluble exchanger has a positive charge. [62]

5.2 Adsorption

Adsorption is a chemical process in which components in liquid are separated with
solid surface which has attraction for some of the components. The adhesion of parti-
cles to the surface of a substance by adsorption is because the surface molecules of
the material tend to enter a lower energy state. The incorporation of particles into the
surface of the substance reduces the surface energy. The adhesion of particles to the
surface of a substance can be classified into chemisorption and physisorption. In
chemsorption, coupling occurs through chemically generated bonds, and in physisorp-
tion, coupling is caused by weak van der Waals forces. [64] The amount of adsorption
depends on the properties of the material acting as the adsorbent. These properties

are for example the surface area, the conditions where the adsorbent is used, and the
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volume of pores. [65] Typically used adsorbents are activated alumina and carbon, sil-

ica gel, which have numerous fine pores. [66]

Adsorption can be described by several different models and equations. In this thesis,
adsorption is modelled using Donnan equilibrium theory, which is presented in more
detailed in the next subsection. However, the most common method is Langmuir's ad-

sorption isotherm, in which adsorption is described by the equilibrium reaction [67]
A(s)+S(s) = AS(s) (2)

where A is the adsorbate, S is the free adsorption site on the surface of the substance
and AS is the reserved adsorption site. According to Langmuir's assumptions: the en-
thalpy of adsorption is independent of the degree of surface coverage 6, the molecules
adsorb to a certain point and do not move on the surface, and a certain point of the sur-
face of a substance can adsorb only one molecule, so the resulting layer is monomo-
lecular. [68] The degree of coverage 6, describes the proportion of the surface of the
substance that is already filled with the adsorbent. The degree of coverage can be rep-

resented as an equation

_ Kceq
0 = ke (3)

where K is the equilibrium constant for the adsorption reaction and ceq is the equilibrium
concentration of the adsorbent. From Equation 3, we note that when K is small, the

coverage 6 = Kceq and when K is large 6->1. [68]

5.3 Donnan Equilibrium theory

Donnan theory describes the ion equilibrium between two phases. Donnan effect was
first presented in 1911 after Frederick George Donnan and it was used to describe sol
concentration effects of electrochemical cells.[69] Afterwards the theory has been ap-
plied to, for example, the characterization of colloids and the characterization of elec-

trolyte intercactions with fibers [70], [71].

According to Donnan theory, ions pass through the membrane due to a charge gradi-
ent, and back to the original side to balance the concentration. This phenomenon is il-
lustrated in Figure 17. [72] Donnan theory combines the structural properties and

charge properties of the fiber, and the ionic composition of the whole system [73].
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Fiber phase External solution
Na® R
Na’
CI
_ Cl
Na+ R_
R b
N
Na' .

Figure 17. The principle of Donnan equilibrium theory. Modified from [74].

Donnan theory can be easily explained by thinking of NaCl solution and a semipermea-
ble membrane which divides the NaCl solution into two equal volumes. Na* and Cl-ions
in the solution can cross the membrane. When another electrolyte NaR is added, Na*
ion can cross the membrane, but R ion cannot. The reason can be that it is adsorbed
on a surface or carrier, or it is simply too big molecule to cross the membrane. The
equilibrium will be established when Na+ and CI- will diffuse across the membrane. At
the equilibrium, the energy needed to transport reversibly and isothermally Na* to the
other side of the membrane equals the energy which can be gained by the equal re-
versible and isothermal transport of Cl". So, the energy gained in the system must be
zero. [72]

The interaction of ions with the cellulose fibers depends on the charge properties of the
fibers. Fibers are naturally slightly acidic so Donnan equilibrium theory can be applied
to understand the reactions. The most important factor for ion exchange is the pH of
the suspension. [75] On fibers, there are phenolic hydroxyl groups and carboxylic acid
groups to use as cation exchangers. [76] The dissociated acidic groups, carboxylic
acid, and phenol groups create a negative charge on the fiber and mobile ions are dis-
tributed unevenly. This means, that fibers repel anions and attach cations to them.

When equilibrium is established, the distribution of any freely mobile ion between two



25

phases can be calculated by multiplying the known concentration of an ion in the exter-
nal phase with Donnan distribution coefficient. This basic principle can be written in the

form of an equation as follows
[X1y = 2% [X]s (4)

Where the subscripts fand s denote the fiber phase and the external solution phase. A
is the Donnan distribution coeffiecient and z; is the charge of the ion. From eq. 4, the

distribution coefficient can be determined as

= Xy

zj
A [X]s

The electroneutrality condition for the external solution can be written as

—pH _ 10—14+pH n ziXT,i _
10 10 +Zt=1vT+vfwz_1) 0 (6)

Where X7, is the total molar amount of cations i, Vris the total volume of the system (l)
and Vris the water content in wood (I/kg). [66] The electroneutrality for the whole sys-

tem is

(Ve + V(= D) 1077 = (Vp + V(271 = 1)) 1071442 .

KilA7,]
..t 2?=1 ZiXT,i - Vf Zn Ll =0 (7)

=1k, +210-PH

Where Kiis the dissociation constant of acid i, and [Af ;] is the concentration of acid i
(mol/kg). [66]
Towers and Scallan combined the Donnan distribution conditions, mass balances of

ions between phases, and electroneutrality conditions in their model which is written in

one equation, see eq. 8 [77]
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SilX; v

2 _ . —-pH e (pZitl Ll LA,
(A2=1)-107PH + z,- (A D

2ilA7]r =0 (8)

Where A is the Donnan distribution coefficient, z; is the charge of cation i, [Xizi]T is the
concentration of metal cation i (mol/kg), Vr is the total volume of water (I/kg), F is the

water content in pulp (I/kg), and [AF;]7 is the amount of of acid groups i in pulp. In

equation 8, the sum of acid groups in adsorbent is calculated as

-1 _  KilAif]
[4f]r = Ki+A-10~PHs )

Where Ka, is the dissociation constant of acid group i (mol/L) and [4; ] is the concen-

tration of acid group i (mol/kg). The Donnan distribution coefficient can be numerically
determined from equation 8. The coefficient depends on several parameters: volumes
of the fiber and external solution phase, the number of acidic groups in fiber and this

pKa values, pH of the solution, and ionic strength of the suspension.

When the Donnan distribution coefficient is calculated from equation 8, the concentra-

tion of ions in external phase can be calculated according to eq. 10.

Xi

Laivins and Scallan [78] extended the theory made by Towers and Scallan [74] about
partitioning of cations between fiber and external phases to study ion-exchange of
pulps. According to their study, higher valency cations bind to the pulp quickly even in
dilute solutions. To exchange higher valency cations by monovalent cations, higher
concentration of cations is required. Also, when pulp was washed with acid, all cations

were replaced with hydrogen.

Rasanen has studied ion exchange of fibers and water solutions using Donnan theory
in four different articles [79]-[82]. The first study was about Donnan equilibrium model
and the relationship with pH and complexation equilibrium in fiber suspension. [79]
Second publication studied the complexation of metal ions[80], and the last two were
about displacement flow and ionic equilibrium in pulp beds with laboratory experiments
and mathematical modelling [81], [82]. Radsanen developed an extension to Donnan

theory models, which are the equations that facilitate the calculation of pH and combine
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Donnan theory with complexation models. The experimental part verified the assump-
tions by determinating acidic and basic properties and metal ion sorption of hardwood
kraft fibers at different ionic strengths in the presence of a chelant and by modifying the
fiber charge by selective hydrolysis of hexenuronic acids. The developed model pre-
dicts quantitatively the ionic equilibria in all systems investigated. [73] He also pre-
sented the electroneutrality conditions earlier presented in two different equations for

both phases in one. [75]

Athley et al.[83] investigated the interactions of divalent metal ions and oxygen-deligni-
fied pulps. The study was done by comparing a classical complex formation model and
Donnan theory. Their results were that manganese ions had higher affinity for the pulp
tan calcium ions. Also, Donnan model gave 10-45% lower prediction of metals in pulp

than amounts determined in laboratory tests.

Yantaase et al. [84] compared ion exhange and Donnan equilibrium models to study
adsorption of sodium and calcium ions into pulp fibers. In this study, they found that the
Donnan model predicted adsorption better than multi-component ion exchange model
in the pH range 2.7-6. At pH value higher than 6, both models failed to predict the ad-
sorption of calcium to brown stock pulp. At higher pH, calcium adsorped to brown stock

pulp more than what the carboxylate ions were providing.

Interactions between calcium, copper and aluminium ions and wood fibers were stud-
ied by J. Lindgren et al. [85] They were also capable to find equilibrium model for pH <
6. Using IR measurements, they determined that Donnan equilibrium model is incapa-
ble to model molecular-level interactions between fibers and metal ions. They con-
cluded that there were specific interactions between fibers and metals in the system.
An equilibrium model was derived for the equilibrium reaction between two fibers and

one metal ion, which explains the results of the study.
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6. MATERIALS AND METHODS

This chapter introduces the methods of the experimental part, as well as the sub-
stances and analytical methods used. In addition, formulas used to calculate the results

are presented.

6.1 Preparation of the adsorbents

The four adsorbents examined in this thesis were sawdust, brownstock pulp, mechani-
cal pulp, and bleached pulp. The initial metal concentrations of the adsorbents are
shown in Table 6.

Table 6. The amounts of metals in the adsorbents (mg/kg). Measured according to
Tappi standard T 266 om-02 [86].

Sample Descrip-  Sawdust Brown Mechanical Bleached
tion stock pulp Pulp Pulp
Aluminum, Al 4.79 8.73 5.64 1.99
Barium, Ba 6.81 12.6 4.7 0.47
Boron, B 1.30 0.84 9.30 <0.1
Cadmium, Cd 0.12 0.14 <0.1 0.11
Calcium, Ca 661 1252 1289 568
Chromium, Cr 0.15 0.15 0.24 0.11
Cobalt, Co <0.1 <0.1 <0.1 <0.1
Copper, Cu 1.18 0.23 26.7 71.1
Iron, Fe 9.88 6.36 5.06 2.75
Magnesium, Mg 154 159 1071 36.0
Manganese, Mn 62.8 58.5 3.24 0.45
Molybdenum, 0.15 0.10 0.12 <0.1
Mo

Nickel, Ni 0.29 0.23 0.49 0.27
Potassium, K 369 422 36.5 19.4
Silicon, Si 16.0 56.3 86.7 16.5
Sodium, Na 3.10 3463 352 72.3
Strontium, Sr 3.69 7.10 4.97 0.86
Titanium, Ti <0.1 0.17 0.28 <0.1
Vanadium, V 0.29 0.30 3.47 <0.1
Zinc, Zn 7.34 6.43 3.06 3.69

Sawdust was produced as follows. Chip samples were dried under a controlled temper-

ature of 35 degrees. The chips were then milled to 1mm particle size to increase the
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surface area using a Wiley mill M02. Wiley mill is a common mill used in pulp and pa-
per industry laboratories. The sample is loaded into a funnel and into spinning four-
blade-rotor which works against stationary knives. Grinded samples that passed the

screen are collected into container below the mill. [87]

Collected sawdust was then stored under —20 degrees Celsius. Brown stock pulp was
first centrifuged and then stored in freezer in 0 degrees Celsius. The wood samples
were stored in the cold, as changes in the properties of the wood samples can be ob-
served when stored at room temperature. When stored at room temperature, for exam-

ple, the pH of the pulp has been found to decrease significantly. [88]

Before laboratory tests, brown stock pulp, bleached pulp, and mechanical pulp were
further wet disintegrated. [89] The disintegrator is used for pulp samples to separate fi-

bers without altering their structural qualities. [90]

6.2 Acid-base titration

Acid-base titration is a quantitative analysis method to determine the concentration of
acid or base. In this thesis, acid-base titration was used to determine the concentra-
tions and pK, values of different acid groups in sawdust and pulp samples. With acid-
base titration, all the acid groups in the adsorbent can be determined with a single

measurement.

Before titration, 3-5 g of adsorbent was washed with distilled water and filtered with a
Buchner funnel. The adsorbent was washed again with 0.1 M HCI so, that the pH is ap-
proximately 2. The final wash was then done with distilled water. 1 g of acid-washed
adsorbent was added to 490 ml of distilled water and 10 ml of 0.05 M NaCl was added.
The solution was stirred and titrated with 0.05M NaOH. The addition of NaOH was
done every 30 seconds and the pH was measured after every addition. From the

measurements, a diagram of pH as a function of the volume of NaOH was drawn.

The equivalent points of the titration curves were determined with first and second de-
rivatives. The first derivative is calculated from the data to observe equivalent points

according to Eq. 11

wPH ==~ v (11)
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The first derivative pH-values are plotted as a function of volume mean. The equiva-

lence points are the maximum values.

The second derivative can be calculated according to Equation 12.

ApH
@ o aen AG)
deH_ dvz AV (12)

The resulting derivative values are further plotted as a function of the volume deriva-

tives. The equivalence points are then solved from a linear equation.

The acid groups in pulps and NaOH react in a molar ratio 1:1. The amount of acid

group (mol/kg) can be calculated from the equivalence point (Eq. 13-14)

n(OH™) = n(acid) (13)
c(acid) = ;E;iil?) * pulp dry matter content (14)

pKa values of weak organic acids can be calculated from the titration curve. At the half-

equivalencepoint, pH=pK..

6.3 Cation chromatography

The determination of the metal ions in debarking water after adsorption tests were car-
ried out with cation chromatography. As chromatography, Dionex ICS-6000 was used
with lonPac CS16-4 um 2*250 mm analytical column and precolumns CG16-4 um 2*50
mm and NG12*50 mm. Eluent in use was methane sulphonic acid. Measurement
ranges of the ion chromatography used for K*, Mg?*, and Ca?* were from 0.2 mg/L to 5

mg/L. For Na* the measurement range was from 2 mg/L to 25 mg/L.

6.4 Determination of metal concentration and moisture degree
of the adsorbents

From each pulp type, the dry matter content was measured with a thermogravimetric
moisture analyzer Precisa XM 60. Moisture degrees of the adsorbents were measured
to calculate the number of acid groups according to the weight of dry adsorbent. This

makes comparison of acid groups more straightforward.
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Metal concentrations in adsorbents were determined according to TAPPI T266 —
method. According to this standard pulp samples are ashed in the oven and then di-
luted to HCI solution. [86] In order to apply Donnan theory to modelling, it is necessary
to know the amounts of metals in both the external solution and in the fiber. This gives
information about how much metals are in the adsorbent in relation to the acid groups it
contains, as well as how much metals may move to the external phase in equilibrium.
Known metal concentrations in the debarking water were used in all adsorption-related

calculations to determine removal efficiency.

6.5 Determination of reaction time of pulp and metal solution

Before tests with debarking water and adsorbents, the optimal contact time is deter-
mined with synthetic wastewater. The reaction time was determined to know how the
metals move between the phases at different times. With the information obtained from
this study, the debarking water and adsorbents were allowed to react for an optimal
time. Synthetic wastewaters were prepared from distilled water and metal chlorides.
4.69-10“* mol/L of CaCls, 5.76-10-° mol/L of MgCl, and 7.30-102 mol/L of NaCl were
weighed to a flask and mixed with 250 ml of distilled water. pH was adjusted to 5 with
0.1M HCI. 1 g of pulp and 50 ml of synthetic wastewater was pipetted into five flasks.
Flasks were then mixed for 2, 5, 10, and 30 minutes. After each period, the sample was
filtered with a Buchner funnel and syringe filter. Samples were analyzed with cation
chromatography. The filtration with the Blchner funnel was intended to stop the sorp-
tion and separate most of the solids from the debarking water. Because the filtered de-
barking water samples were analyzed with cation chromatography, the samples still
had to be filtered using a syringe filter. A syringe filter was used to ensure that the de-
barking water samples did not contain solids and thus plug the chromatography. The
results obtained from the cation chromatography (mg/L) were converted to concentra-
tion per the mass of sawdust to give an idea of how the cations reacted with the pulp.

An average was taken from each pair of duplicates.

6.6 Adsorption tests with debarking water

For the actual adsorption test, samples were prepared from 1 g of adsorbent and 50 mli
of debarking water for six different flasks. Samples’ pH was then adjusted with 0.05M
NaOH and 0.1M HCI so, that the pH varied from 2 to 10. Also, one blank sample is
made from only debarking water. After mixing time, the samples are filtered first with a
Buchner funnel and then with a syringe filter. Samples were analyzed with cation chro-

matography.
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Removal efficiencies were calculated by subtracting the final cation concentration from
initial cation concentration in debarking water. The change was further divided by the
initial cation concentration in debarking water and multiplied by 100 to give the removal

efficiency as a percentage. The calculations are presented as equations below.
ALX;] = [Xi]1 — [Xi]2 (15)

ALX,] - % =% 100% (16)

In the Equations 15 and 16 [X;], is the initial concentration of cation i (mg/L) in debark-

ing water, [X;], is the final concentration of cation i (mg/L) in debarking water.

6.7 Donnan Theory calculations

For every adsorbent and debarking water, concentration of divalent anions were calcu-
lated using Donnan theory and Excel solver-command. This was done, because it was
assumed that there are some anions in the adsorbents that were not determined in
chromatography. For adsorbents, the determination of anion concentration was done

using Equations 6 and 7.

Titration results were used to solve the equations for the pulp samples and sawdust, as
the compounds used in the titration and their amounts were known. The solution were
no acid or base additions had been made was used to solve equations. In this case,

the only ions present in the solution were the Na* and CI initially added to the solution.

The concentration of anion was first solved from the equation so that the solution of
each equation approached zero. The Excel Solver command was then used to resolve

pH and Donnan distribution coefficient A for entire titration data.

The knowledge of the original pH of debarking water was used to determine the anion
concentration in debarking water. When no pulp is added, the Donnan equilibrium con-
centrates only on external solution and the concentration can be calculated using

Equation 6.
In the case of debarking water alone, the Donnan distribution coefficient is 1. There-

fore, Equation 6 can be simplified to

- - iXTi
107PH — 107H4PH 4 L 7R = 0 (17)

When solving the equation 19. It was considered that the metals in the solution without

pulp addition are originated only from the debarking water.
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The adsorption results of the metals were also modelled using Donnan theory. All
known values were inserted in the Equation 8. In addition, the previously solved
amount of anions in both the debarking water and pulp were taken into account. The
only unknown term in the equation was Donnan distribution coefficient, which was
solved using Excel’'s goal seek command. When Donnan distribution coefficients A
were solved for each pH value, the cation concentrations in the external solution could

be solved using Equation 10.

With Equation 10, the concentration of any desired cation can be calculated when its
total molar amount, total volume of the system, and Donnan distribution coefficient A
are known. In this thesis, concentrations were calculated as the sum of potassium and
sodium, and magnesium and calcium. In addition, concentration of potassium was fur-
ther calculated separately to model its adsorption without a high concentration of so-
dium. The concentration values obtained were plotted as a function of pH and com-

pared with the experimental results.

The relative errors between Donnan theory and experimental results were calculated

as follows:

=ZE7D. 100% (18)

XE

E

Where E; is the relative error, xe is the experimental concentration of a cation, and xp is

the concentration according to Donnan theory.

Donnan theory was further used to calculate theoretical metal concentrations in exter-
nal solution with different adsorbent weights. The initial mass of the adsorbent (~1g)
was multiplied by 0.1-15 and the new weight was placed in Equations 8 and 10. This
provided a theoretical estimate of how metals are removed at different volume-weight

ratios and which ratio would be best for metal removal.
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7.RESULTS AND DISCUSSION

The results are presented in this chapter. This chapter also discusses the reasons for

the results and possible ways to improve them.

7.1 Determination of acid groups in pulp adsorbents

For each adsorbent, the titration curve was derived twice as described in chapter 6.2.
To find out the different acid groups, the values of NaOH consumption were deter-
mined for each maximum value of the derivative and subtracted from the correspond-

ing blank consumption. Titration curves and first derivatives are shown in Figure 18.
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Figure 18. Acid-base titration curves and the first derivatives for a) sawdust b) brown
stock pulp ¢) mechanical pulp and d) bleached pulp. The titration curves are shown as
pH as a function of NaOH consumption. The first derivatives are shown according to the
second axis (V(NaOH), dpH/dV).

Based on the titration curves, the titration could be assumed to be successful. All
curves clearly show rapid changes in pH. The pKa value and concentration of each acid
group as mol/kg dry pulp were calculated from the derivatives. Resulting values for pKa

values and amounts of acid groups are presented in Table 7.
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Table 7. pKa values and acid concentrations for the adsorbents used in the thesis.

Sawdust Brown stock Mechanical Bleached pulp
pulp pulp

pKa c(acid) pKa c(acid) pKs c(acid) pKa c(acid)

value (mol/kg) value (mol/kg) value (mol/kg) value (mol/kg)

pPKa1 3.11  0.002 3.04 0.032 410 0.006 4.48 0.003

pKa2 542 0.029 462 0.004 5.02 0.019 4.79 0.014

pKas  7.91  0.042 5.69 0.020 6.27 0.065 5.53 0.032

PKas 10.50 0.088 8.46 0.047 9.22 0.035

Total 0.161 0.104 0.125 0.049

The pKa values listed in Table 7 are like those in previous studies. Sjostroms study
showed that the pKa values of major carboxyl groups in wood vary between 3-4, and
pKa values for the minor carboxyl groups 4-5. The pKa values referring to phenolic acid
groups vary between 7-8 and 9.5-10.5.[10] According to Koljonen et al. the carboxylic
acids present in the mechanical pulp have pKa values between 3-5 and 5-6. All studies
revealed that the major source of carboxylic acids are uronic acids attached to xy-
lan.[91] Stenius and Laine found that kraft pulps contain carboxyl groups with pKa val-
ues of 3.6 and 5.7 [92]. Similar pKa values were found by Laine et al. as the pK, values
of kraft pulp carboxyl groups were 3.3 and 5.5 [93]. Karhu et al. studied the acid groups
contained in pulps and the relationship between their amount and temperature. Accord-
ing to them, the pKa, values of the carboxyl groups range from 3 to 6 and the phenolic
groups from 9 to 10. The results also showed that temperature is a significant factor in

concentrations. [94]

a pK, value of 3.4 indicates the presence of uronic acids, and 5.5 a weaker acid due to
residual lignin in the pulp. Lignin also contains guaiacyl and syringyl phenols with pKa
value 6.2-11. [93] In mechanical pulp, pKa values 3-5 and 5-6 indicate the presence of
carboxyl groups. Hexenuronic acid hydrolysis during bleaching like described in chap-
ter 3.3. Therefore, there are no indications of hexenuronic acid pKa of 3 in the titration

results of the bleached pulp.
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7.2 Reaction time for adsorption

The reaction time for adsorption was determined by stirring synthetic wastewater and
sawdust for different times. From Figure 19, it can be seen that during the first five
minutes at pH 5, adsorption to sawdust is most efficient. Within ten minutes, the metals
have dissolved back into the water, showing a rise in the curves. After 15 minutes,
some of the metals have adsorbed back into the sawdust, but after this time the metals
again dissolve back into the water. This phenomenon is due to the equilibrium of the
system, with the ions in the sawdust and external water moving between the phases to

find equilibrium, as explained in chapter 4. From the results, a clear equilibrium was not

observed.
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Figure 19. Concentrations of metals in synthetic wastewater at pH 5 from 2 to 30
minutes.

Table 8 shows the exact concentrations of the studied metal cations in synthetic

wastewater from 2 to 30 minutes in pH 5.
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Table 8. Concentrations of each metal cation in pH 5 with reactions times 2-5 minutes.

Time (min) Na (mg/L/g) K Mg Ca (mg/L/g)
(mg/L/g) (mg/L/g)

2 304.01 1.54 0.76 2.57

5 218.25 1.09 0.55 1.82

10 286.91 1.38 0.74 2.40

15 231.80 1.20 0.61 2.05

30 325.51 1.54 0.79 2.68

In Ala-Kaila and Aléns study, the best removal efficiency occurred in 5 minutes, which

is in line with the results of this work. However, after 5 minutes, the concentration re-

mained almost constant. [95]

7.3 Adsorption capability of adsorbents and pH dependence

The ability to act as an adsorbent was examined using debarking water ang 1g adsor-

bent. The metal concentrations of the original debarking water were measured using

cation chromatography. Metal concentrations and other important water properties for

the thesis are listed in Table 9.

Table 9. Properties of used debarking water.

Property Value
pH 5.05
COD, mg/L COD 1255
Na, mg/L 55.184
K, mg/L 23.932
Mg, mg/L 4176
Ca, mg/L 8.42

The adsorption test showed that different metals react differently at different pH values.

Sodium was adsorbed at low pH values, but when pH was above 5, sodium was de-
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sorbed back into water. Potassium and magnesium reacted stably, and both were re-
moved from the water at high pH. Calcium was desorbed into water especially when
sawdust was used at low pH but adsorbed on the pulp at pH above 6. Graphs showing
the adsorption and desorption of each cation at different adsorbents are shown in Fig-
ure 20 as removal percentages as a function of pH. A quartic polynomial function was
fitted to the data points.
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Figure 20. Removal percentages of a) Na* b) K* ¢) Mg?* and d) Ca®" plotted with fit-
ted quartic polynomial function at pH 2-10.

The test shows that the adsorption of sodium from water to pulp takes place most effi-
ciently at a pH of 5 (Fig. 20). At pH values above this, sodium is desorbed into water,
whereby calcium and magnesium are adsorbed on the pulp. As shown in Figure 20, so-
dium adsorption was most efficient when sawdust was used. Sodium removal effi-
ciency was calculated relative to the initial sodium content of the debarking water. The

removal percentages at pH 5 for all adsorbents are shown in Table 10.
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Table 10. Sodium removal efficiencies at pH 5 per 1g of dry pulp.

Adsorbent Na (%)
Sawdust 21.82
Brown stock 2.81
pulp

Mechanical pulp 7.18

Bleached pulp 9.29

K, Ca, and Mg reacted similarly. At low pH values, these metals were released from
pulp into water. At higher pH values, these metals are adsorbed on pulp. The higher

the pH was raised the more divalent metals were removed from the water (Fig. 20).

From Table 11, potassium was most efficiently removed by bleached pulp at pH 10 by
24.3%. Bleached pulp also removed magnesium by 11.6% at pH 10. The correspond-
ing value for sawdust was 11.4%. Bleached pulp, however, did not remove calcium at

all. Sawdust was the most efficient in removing calcium by 29.4% at pH 10.

Table 11. K, Mg, and Ca removal percentages at pH 10 per 1 g of dry pulp.

Adsorbent K (%) Mg (%) Ca (%)
Sawdust 3.57 11.35 29.36
Brown stock 7.43 6.82 8.51
pulp

Mechanical pulp 23.62 -5.20 4.98
Bleached pulp 24.31 11.61 -18.60

Wood chip and brown stock pulp samples were also tested for pH 11. Under these con-
ditions, 485.09% of sodium was desorbed into water, while 4.81% of potassium,
12.47% of magnesium, and 41.70% of calcium were adsorbed on wood. The release of
cations and adsorption into pulp was considerably more moderate with brown stock
pulp. 143.01% of sodium was desorbed into water, 8.27% of potassium, 6.66% of mag-
nesium, and 12.10% of calcium were adsorbed into pulp. The results clearly show that

the efficiency of adsorption increases especially with divalent cations the higher the pH
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is raised with NaOH. When NaOH is added, the amount of Na* ions and OH- ions in-
creases in the external solution with increasing pH. One explanation for the removal
percentages of magnesium and calcium is that they react with OH" in the external solu-
tion and precipitate as hydroxides. This reaction is called hydroxide precipitation, in

which metals precipitate into hydroxides at their characteristic pH values. [96]

Yantaase and Rorrer studied the adsorption of Na* and Ca?* to hydrogen exchanged
bleached pulp and unbleached brown stock pulp. In their study, sodium adsorption was
0.005 mmol/g dry bleached pulp and 0.01 mmol/g dry brown stock pulp at pH 10. Cal-
cium adsorption at pH 10 was 0.020 mmol/g dry bleached pulp and 0.05 mmol/g dry
brown stock pulp. [84] Differences in results clearly show the importance of hydrogen
exchange. In this work at pH 10, sodium was not adsorbed to the bleached pulp or
brown stock pulp. Calcium was also not adsorbed on the bleached pulp, but the ad-
sorption on the brown stock pulp was about 0.02 mmol/g dry brown stock pulp. In Sus
study, an acid washed spruce adsorbed Ca 76 mg/g, Mg 27.9 mg/g, K 7.8 mg/g and Na
4.6 mg/g. Acid washed brown stock pulp adsorbed Ca 168 mg/g, Mg 89 mg/g, K 11.7
mg/g and Na 11.5 mg/g. Acid washed peroxide bleached mechanical pulp adsorbed Ca
172 mg/g, Mg 65.61 mg/g, K 7.8 mg/g and Na 2.3 mg/g. [97] These values are much
higher than the results of this thesis. Significant differences in the results are most

likely due to acid washing.

The efficiency of sawdust as an adsorbent can be explained by the amount of acid
groups relative to the amount of metals it contains. Sawdust contains approximately
0.035 mol/kg of metals, and the organic acid group content is approximately 0.161
mol/kg (Table 12). Although bleached pulp contains almost half amount of metals, it
also contains almost three times less acid groups than sawdust. Therefore, the poten-
tial for metal adsorption relative to the metals already existing in sawdust is greater

than with bleached pulp.
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Table 12. Amount of organic acid groups (mol/kg) relative to initial metal content
(mol/kg) for all adsorbents.

Sawdust Brown stock Mechanical Bleached
pulp pulp pulp

Metal content 0.035 0.203 0.097 0.021
(mol/kg)

Organic acid 0.161 0.104 0.076 0.049
content

(mol/kg)

Organic ac- 4.623 0.512 1.283 2.735
ids/metals

The results show that sawdust contain more than 4.5 times more acid groups than met-
als. This means that even if internal metals are not removed, sawdust still have the po-
tential to adsorb metals. On the other hand, brown stock pulp contains almost twice as
many metals as acid groups, so if brown stock pulp is to be used as an adsorbent, the
metals it contains must first be removed by acid washing. However, the laboratory ex-
periments showed that even with brown stock pulp, it is possible to remove Na, K, Mg,
and Ca from the debarking water. This may be due to the fact, that when equilibrium is
established, the mass desorbs the metals it contains into water, freeing acid binding
sites for the metals studied. Another option is that the removal of metals happens oth-
erwise than through adsorption. For example, the metals can react with the sulphates

in the system and precipitate.

7.4 Modelling of the adsorption with Donnan Theory

Donnan theory was used to model the adsorption between debarking water and saw-
dust. Initially, it was assumed that sawdust and debarking water contained anions that
had not been analyzed. When solving the amount of anions, it was assumed that all the
metals in wood were removed in the acid wash performed before titration. Donnan the-
ory was used to find the anion content that was close to the pH values of the initial titra-
tion. (Fig. 21) The molar amount of anions in sawdust was 6.67:10° mol, in brown
stock pulp 1.96-10° mol, in mechanical pulp 5.02:10° mol, and in bleached pulp
4.81-10° mol.
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Figure 21. Titration curves calculated with Donnan theory and experimental titration
curves a) sawdust b) brown stock pulp ¢) mechanical pulp and d) bleached pulp.

The same methods were used to determine the amount of anionic groups in debarking
water. In laboratory experiments, the pH of debarking water was adjusted before the
sawdust was mixed with the water. Thus, the anion content of water could be calcu-
lated considering only the cations and pH contained in the debarking water. The calcu-

lated amount of anions in debarking water was 7.12-10 mol/L.

The calculated amount of anions were used to determine the values of Donnan distri-
bution coefficient in different pH values (Figure 22). The parameters used in the calcu-

lation are presented in Table 13.

Table 13. Parameters and values used to determine Donnan distribution coefficient.

Parameter Value

Total volume, V (mL) 50-61
Water content of wall, F (mL/g dry pulp) 14
Dissociation constant of acid, K. 107304107105
Acid group content, [Afr (mol/kg dry pulp) 0.049-0.161
Hydrogen ion concentration [H*]s 10219-10"
Total amount of monovalent metal ions, [M*] 0.0126-
(mol/kg) 0.0131

Total amount of divalent metal ions, [M?*] (mol/kg) 0.0234

Total amount of trivalent metal ions, [M3*] (mol/kg) 0.0018

Total amount of tetravalent metal ions, [M*] 0.0006

(mol/kg)

Total amount of anions in fiber phase (mol/kg) 7.12:10+

Total amount of anions in external phase (mol/L) 1.96:10° -
6.67-10°
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The resulting Donnan distribution coefficients were plotted as a function of pH (Fig. 22).
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Figure 22. Donnan distribution coefficient as a function of pH.

With saw dust mass of 1g and the volume of debarking water 50 ml, the Donnan distri-
bution coefficients got values from 1 to 2.69. These values are in line with previous
studies. [84] At low pH, the value of Donnan distribution coefficient is around one. As
the pH is raised, the metal cations adsorb to pulp, increasing the value of the coeffi-
cient. These values were further used to determine cation concentrations in different

pH values according to Equation 9 (Table 14).

Table 14. Calculated Donnan distribution coefficients at different pH values.

A

pH Saw-  Brown stock Mechani-  Bleached

dust pulp cal pulp pulp
2 1.00 1.00 1.00 1.00
4 1.06 1.00 1.10 1.15
5 1.34 1.00 1.44 1.53
6 1.70 1.00 1.89 2.04
8 2.12 1.00 2.53 2.19
10 2.47 1.00 2.68 2.09
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In Yantaase and Rorrers study, the Donnan distribution coefficient values for

brownstock pulp ranged from 1.46 to 2.84 when the pH was 2.64 to 10.9. For bleached
pulp, the Donnan distribution coefficient got values from 1.45 to 2.64 with pH from 2.67
to 11.11. [84] These results also indicate that the acid washing of the pulp is important

for the adsorption.

When modelling the adsorption of monovalent cations, the relative error to the experi-
mental value ranged from 0 % - 48 %. Donnan theory failed to calculate cation adsorp-
tion, and relative errors ranged from 0 % to 123 %. In addition to the calculations, the
errors are most likely due to inaccuracies in laboratory work. The adsorption results
modelled with Donnan theory, and the experimental results are presented in Figure 23

and 24 as a function of pH.
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Figure 23. Concentration of monovalent cations in debarking water at pH 2-10 mod-
elled with Donnan Theory and experimental values with a) saw dust b) brown stock pulp
¢) mechanical pulp and d) bleached pulp.
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Figure 24. Concentration of divalent cations in debarking water at pH 2-10 modelled
with Donnan Theory and experimental values with a) saw dust b) brown stock pulp c)
mechanical pulp and d) bleached pulp.

As Figures 23 and 24 indicate, Donnan theory modelled the initial concentrations of
cations in adsorbents and debarking water well. The Theory did not model the adsorp-
tion of divalent cations with its actual efficiency. However, the graphs show that the
curves are quite similar in shape. Donnan theory modelled adsorption and desorption
of monovalent cations with good accuracy. Similar results from modelling are observed
in the Yantaase and Rorrers study. In their results, sodium adsorption could be mod-
elled with good accuracy. Calcium adsorption was also weaker in their work when mod-

elled at high pH values than in reality. [84]

From the modelled results, the adsorption efficiency with different mass to external lig-
uid ratios was further calculated. The mass was changed from 0.1 grams to 15 grams,
keeping the volume of debarking water constant. The resulting cation concentrations as

a function of mass are shown in Figure 25 and 26.
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Figure 25. Concentration of divalent cations in debarking water with a) sawdust
b) brown stock pulp ¢) mechanical pulp and d) bleached pulp in pH 2-10 with different
mass-volume ratio.

The results show that the efficiencies of divalent cation removal and the amounts of or-
ganic acid groups in the pulps are related. Sawdust and bleached pulp had the highest
acid-metal ratio of 4.62 and 2.74. These adsorbents also remove metals with the best
efficiency. The metal removal efficiency of these adsorbentss increases at high pH val-
ues as more pulp is added. This means that the amount of free acid groups in the ad-
sorbent increases, allowing more cations to be removed. The acid-metal ratio of brown
stock pulp was approximately 0.51 which means that in brown stock pulp, there is half
the amount acid than metals. It is also reflected in the results, as the brown stock pulp

is not able to remove cations from the debarking water according to the model.

The initial concentration of calcium and magnesium in debarking water was 2.2-10*
mol/L. The concentration of divalent cations in debarking water increases at low pH. At
pH 10 and with 15 g of sawdust in 50 ml of debarking water, sawdust removes 66.8 %
of divalent cations, as the final concentration was 7.15-10° mol/L. The bleached pulp
would remove approximately 71.1% under the same conditions. It can be assumed that
in reality sawdust removes divalent cations more efficiently. The reason for the calcu-
lated result may be that Donnan theory modelled more accurately the experimental re-
sults with bleached pulp (see Figure 22). The modelled results show that sawdust is

able to remove divalent cations on at pH 10 or higher. However, it can be seen from
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the results of the experimental work that the removal of divalent cations already takes
place at a pH 8. In addition, it is assumed that the more sawdust is used in relation to
the amount of debarking water, the more efficient the removal of cations. This is be-

cause when the weight of sawdust is increased, the amount of organic acid groups in

sawdust increases.

The same phenomenon is also seen when modelling the adsorption of monovalent cat-
ions. The sawdust and bleached pulp remove cations, especially at high pH values and
with increasing pulp amount. With mechanical pulp, the concentration of metals in the
external liquid remains almost constant, and in the case of brown pulp, the concentra-

tion of monovalent cations increases considerably (Fig 26).
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Figure 26. Concentration of monovalent cations in debarking water with a) sawdust
b) brown stock pulp c) mechanical pulp and d) bleached pulp in pH 2-10 with different
mass-volume ratio.

When modelling the reaction of potassium and sodium, sodium is the dominant cation.
For this reason, adsorption of potassium was modelled also separately. It can be seen
from the graphs (Fig. 27) that the concentration of potassium in external solution is dif-
ferent with different weights than in Figure 26. This is due to the high amount of sodium

compared to the amount of potassium.
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Figure 27. Concentration of potassium in debarking water with a) sawdust b) brown
stock pulp ¢) mechanical pulp and d) bleached pulp in pH 2-10 with different mass-vol-
ume ratio.

The removal efficiencies were also calculated from the ratio of the concentrations of the

modelled cations in externals solution to the initial concentrations of cations of debark-

ing water. Table 15 shows the removal efficiencies at pH 10.
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Table 15. Removal efficiencies of monovalent and divalent cations at pH 10.

Removal efficiency (%) of monovalent cations

m (g) Sawdust Brown stock Mechanical Bleached
pulp pulp pulp
0.1 -131.92 -134.57 -131.82 -132.42
0.5 -131.57 -145.67 -132.09 -130.73
1 -128.95 -161.38 -132.02 -127.70
2 -119.19 -183.24 -131.17 -117.96
5 -69.08 -242.51 -124.53 -70.36
7 -32.74 -269.59 -117.62 -34.32
10 10.11 -298.17 -104.66 10.65
12 29.93 -308.23 -94.76 32.20
15 50.01 -313.71 -78.80 53.90
m (9g) Removal efficiency (%) of divalent cations
0.1 -79.41 -71.14 -75.56 -73.94
0.5 -144.84 -108.18 -130.26 -119.66
1 -207.83 -158.97 -194.77 -166.12
2 -265.99 -222.49 -308.57 -218.18
5 -146.40 -322.91 -504.64 -140.33
7 -55.18 -313.02 -530.18 -54.98
10 19.99 -273.01 -482.12 22.44
12 45.57 -235.03 -424 .92 49.30
15 66.77 -181.46 -333.25 71.07

It is clear from the calculated removal percentages that theoretically only sawdust and

bleached pulp can remove all the metals studied at pH 10 when the weight of adsor-

bent is above 10 g and volume of debarking water is 50 ml. The ratio of adsorbent to

debarking water is then 1:5. The removal efficiency increases when the weight of these
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adsorbents increases. According to Donnan Theory, the reason for this is the increas-
ing amount of acid groups. Sawdust and bleached pulp have more acid groups than
metals (Table 12), which increases the acid groups active in adsorption as more saw-

dust or bleached pulp is added.

Results of the laboratory work show that it is possible to remove metals using sawdust
and pulp. Of the four adsorbents studied, sawdust had the best metal removal effi-
ciency. Using sawdust, removal of sodium was the most efficient at pH 5 (23.77 %), po-
tassium, magnesium and calcium was most efficiently removed at pH 11 with 58.98 %.
The efficiency of sawdust was assumed, as the untreated wood contains a lot of acid
groups and no metals from the pulp process have been attached to it. However, when
considering the use of sawdust in water purification, its overall impact on water must be
considered. The removal efficiency increases when more sawdust is used. Because of
that, the easiest way to use sawdust could be to pack it into a fine bed and let water
flow through it. Natural wood contains resin acids and their derivatives, which are toxic
to fish species. [98] In addition to toxic compounds, more organic compounds dissolve
in water from the sawdust, which increases the need of filtering, requiring additional in-
vestments. In addition, the adsorption is highly pH dependent, so the pH must be
changed with some base. One area of future research could be the removal of metals
by hydroxide precipitation. The challenges of the method are that the precipitation pH
for each metal is slightly different, and the solubilities varies for different metals. This
means when one metal precipitates, the other may dissolve back into liquid. Sodium
and potassium hydroxides are very soluble in water so they cannot be easily removed
by precipitation. The method can be used to remove calcium and magnesium. Calcium
hydroxides solubility product constant value, Ksp, is approximately 5.5-10° at 25 °C, so
the concentration of calcium in water needs to be quite high for the removal. The solu-
bility product constant indicates the level at which the substance dissolves in water.
The higher the Ky, value, the better the substance is soluble in water. [99] For magne-
sium hydroxide, the K, value at 25 °C is 1.8-10""", which means that magnesium hy-
droxide can be easily precipitated from water. [100] The benefit of the method would be
that no additional organic matter would need to be added to the wastewater. In addi-
tion, the pH change could be made using lime or caustic soda, which are already used

in the pulp mill. [101]
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8. CONCLUSIONS

In this thesis, the ability of sawdust, brown stock pulp, mechanical pulp, and bleached
pulp to act as an adsorbent to remove metals from debarking water was examined. The
theoretical part studied what properties of wood affect the ability to act as an adsorbent
and how the properties change during pulp process. The most important properties for
the adsorbents were the amount of acid groups in the adsorbents and the amount of
metals they contained. The metals studied in this thesis were sodium, potassium, mag-
nesium, and calcium. The adsorption of metals on wood and pulp samples was mod-
elled using Donnan theory. Donnan theory describes the movement of metal cations

through a semipermeable membrane, combining both ionic and mass equilibrium.

Sodium was removed from the wastewater at significantly lower pH values than the
other metals studied. The most efficient removal of sodium was at pH 5. At higher pH, it
dissolved back into water. Potassium removal was uniform at all pH values. Divalent
calcium and magnesium, in turn, are removed more efficiently when pH is raised. Of
the adsorbents, untreated sawdust was the most efficient in removing metals. The
highest sodium removal efficiency, 23.77 %, was obtained using sawdust at pH 5. At
pH 11, sawdust solution removed almost 42 % of calcium, and 13% of magnesium. Po-
tassium was removed by about 5 %. The efficiency of sawdust in removing metals can
be explained by the amount of organic acid groups compared to the initial metal con-

centration of sawdust.

Donnan theory was able to model adsorption quite well. The modelled results for the
adsorption of monovalent metals and the laboratory results corresponded well to each
other. According to Donnan theory, the adsorption of divalent metals is lower than
shown by the results of laboratory experiments. However, the shapes of the graphs of
the results were similar. According to the experimental results, some removal of metals
is also possible with brown stock pulp and mechanical pulp, which, according to Don-
nan theory, could not remove metals. This indicates that when reacting with debarking
water, metals are also removed for example by precipitation, which could be one future
research topic. When modelling adsorption using a different amount of sawdust, it was
found that theoretically, by increasing the amount of sawdust, more metals can be re-
moved. If sawdust is used in the future for the removal of metals from pulp mill

wastewaters, the overall impact of its use must be studied.
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