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Chapter I. Executive Summary

A. Introduction

The overall goal of this project was to develop fundamental,experimentally based methods for
predicting the volubility of organic and inorganic matter and their interactions in recycled effluent
fkom H,pi.dp milk and bleach plants. This included: characterizing the capacity of.wood pulp
and dissolved organic matter to bind pxhl ion$ developing a thermodynamic database of
properties needed to describe the solubil~”of rnorganic matter m pulp mill streaqs, incorporation
of the database into equilibrium calculation software for predicting the volubility of the metals of
inte~ and evaluating its capability to predict the distribution of the metals
inorganic precipitates, and solution.

This chapter summariz es the results of the work performed.

betw-’pulp fiberi,

B. The Metals Binding Capacity of Dissolved Organic Matter in Black Liquor and Bleach
Ftitrates

The soIubility of metals in pulp mill streams, especially alkaiine streams, is increased when
metals cxxpplex with soluble organic matter. One objective of this work was to quantify the
fi,mctional group content of organic matter found in pulp mill and bleach plant streams. Chapters
II contains results obtained by fkwtionating the dissolved organic solids in black liquor and
bleach filtrates obtained from a totally chlorine free @CF) bleached kraft pulp mill. Additional
data, obtained in this study and from the literature are reported in Chapters IV and X. The results
are summarized m this section.

Only the filtrates from brownstock washing stages contained detectable quantities of lignin. The
total hydroxyl content per mass of krdt lignin remained essentially constant through brownstock
washing. However, the distribution of hydroxyl groups shifted through the brownstock was@ers,
toward a higher percentage of hydroxyl groups as aliphatic groups, while the percentage as
phenolic hydroxyl groups decreased. Filtrates from oxygen delignification and subsequent
bleaching stages contained no detectable lignin. The average phenolic hydroxyl content fix lignin
degradation products flom black liquor was determined to be 3.12+0.44 mmol phenolic hydroxyl
groups per g lignin. This corresponds to a molecular weight of 320=!=46g/mole phenolic hydroxyl
sites. There is no significant trend of phenolic hydroxyl cuntent with pulp kappa number over the
range 12 to 34.

‘Ilwee extractive compounds, quercet@ dihydroquercetin and catechin were also identified in the
filtrates upstream of the oxygen delignii-kation stage. All contain phenolic hydroxyl groups.

Polysaccharides were found in fdtrates horn all stages except the third peroxide bleaching stage.
No monosacc~des were found in filtrates from any of the stages.

The work reported in this chapter was done with bleach plant filtrates tiom a TCF bleach plant.
We would expect kraft lignin to be present in at least the earlier bkaching stages from ECF and
conventional bleach plants. We would also expect the la-aft lignin to become more degraded with
increasing bleaching with a reduction in its phenolic hydroxyl content. These remain to be
verified.



C. Stability Constants for Metal Complexes With Dissolved Organic Matter

Another objective ofthis work was to quant@ the complexation equilibrium between metal ions
and dissolved organic matter. Chapter IV summarizes the experimental methods developed and
employed in measuring the equilibrium (stability) constants for complexes of metal ions with
dissolved organic matter. Stability mnsbnts are reported for fbur metal ions (@a,Ca, Mg, Ni).

The values of log (K) for phenolic hydroxyl groups (and other oxygen donor ligands) with a
sties of m~ ofien corre~ we~ With the values” of log (&-) for the me m&d& Thk
methcd was modified for metals ccmpkxing wih lign~ degradation products in black liquor, by
using liganda other than OH. as the reference. The log (Q’s for black liquor correlated very well
with the log (Q’s for pyridine-2,6-dicarboxylic acid and nitriletiracetic acid. Since there is a
large database of formation constants fbr these two chelating reagents, these correlations can be
used for edrnating formation constants for NPEs that were not evaluated in this project.

Polysaccharides form much weaker oomplexes with metal ions than do organics that contain
phenolic hydroxyl groups. However, in filtrates where kraft lignin or extractives are abse@
polysacoharide complexes with metals may account for a significant fkaction of the total
dissolved metals.

I). The Metals Binding Capacity of Wood Pulp Fibers

Pulp fibers bind metals via ion exchange with hydrogen ions (or other metals) on carboxylic acid
and phenolic hydroxyl sites. A significant fktion of most metals input with wood are sorbed or
precipitated on the pulp fibers and carried into the bleach plant. The acid bleach stages remove
the metals, replacing them with hydrogen ions. In alkaline bleach stages, the metals are resorbed
or reprecipitated on the fibers.

k this study, pulp samples were obtained from a TCF bleached pulp mill for use m metal sorption
studies. Pulp samples were obtained from the brownstock washers and fkom the various bleach
stage washers. Each pulp sample was analyzed for Kappa number, carboxylic acid and phenolic
hydroxyl conteng using standard analytical methods. The carboxylic acid content of the pulp
decreased modestly as the bleaching sequence moved from the brownstock to third peroxide stage
(P3), whereas the phenoiic hydroxyl group content decreased tc nearly zero by stage P3.
Unbleached brcwnstock pulp contained carboxylic acid and phenolic hydroxyl groups in
approximately in equal amounts, whereas the fidly bleached (P3) pulp contained only carboxylic
acid groups. l%ese results are rncluded in Chapter V.

Correlationa were developed for the carboxylic acid content and phenolic hydroxyl content of
soilwood wood pulp fibers (see Chapter X). These correlations can be used to estimate the total
metal binding capacity of softwood pulp fibers. The verj limited data available fix hardwood
pulps suggests that the correlations may not apply for hardwood pulps.

l%e amounts of metals sorbed or precipitated on the pulp samples were measured for the as-
receved pulps (after washing with ion-flee water), after acid washing, and after acid washing and
ion exchange with various metals (see Chapter V). The as-received pulps contaiued mainly Ca,
Mg, and Na (-100-1000 mg of each metal per kg of pulp), and smaller quantities of Al, B% Fe,
K, ~ and Zn (-2-50 mg of each metal per kg of pulp). No other metals were present at levels
above their detection limits. Acid washing removed -90Y0 of each metal. Ion exchange of the
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acid-washed pulps with sodi~ calcium or nickel ion finther reduced the content of other sorbed
metals.

The total metal sorption capacity of pulp fibers ~ nearly neutral pH is essentially the same as the
content of carboxylic acid groups on the pulp fibers, when compared as chemical equivalents. At
pH greater than 8.5, the phenolic hydroxyl groups begin to dissociate and contribute to binding of
metals.

E. Sorption Equilibrium Constants for Metals with Wood Pulp Fibers

Sorption isotherms for Ba, C% CA Mu, Na, Ni, Pb, and Zn with three brownstock pulps, one
oxygen delignified pulp, and one filly bleached pulp were measured at neutral pH and 25, 50,
and 75”C. All metal ion adsorption isotherms were performed on Calcium-exchanged pulp in order
to provide a common basis fbr ion exchange equilibrium coefficients. The results are reported as
Freundlich isotherms (see Chapter 6). Selectivity coefficients for ion exchange equilibrium were
also extracted from the data from this study and the literature (fix M% see Chapter X).

The order of af6nity of metal ions fir wood pulp fibers at 25°C is:

pb>Ni>fi>cd>~>~>Mg>~>Na

Metals had a higher aflhity fir unbleached brownstock pulp than bleached EOP and P3 pulps.
Sorption of all metals decreased with increasing tempemture from 25 to 75”C. At 25”C, the total
equivalents of metal sorbed exceeded the total available so@ion sites (carboxylic acid groups) by
up to 100%. At 75”C, the measured sorption capacity was the same as the available carboxylic
acid sites. The measured sorption capacity for metal ions on 02deliguified and fidly bleached
pulps was closer to 1 equivalent metal/equivalent -COOH than were the values tir brownstock
puips.

The competitive adsorption versus pH of two metal ions, sodium and talc@ was also
measured. Two pulps were used, an unbleached brownstock and a fidly bleached pulp.
Measurements were made at 25°C over the pH range 2.5-11. Below pH 2.5 no metal ion
adsorption occ~ and the pulps remained in the hydrogen-exchanged form. For the fidly
bleached pulp, at pH 4.5 and above, the adsorption of both Na and Ca leveled off and remained
constat with increasing pH. However, fbrthe unbleached brownstock pulp, the adsorption of both
Na and Ca continued to increased from pH 4.5 to pH 11, reflecting the increasing availability of
phenolic hydroxyi groups as adsorption sites. About twice as much Calcium adsorbed as Sodiq
when compared relative to the concentrations of Calcium and Sodium ions m solution.

Adsorption kinetics were measured fbr the adsorption of Bariuq Cadmi~ and Manganese ions
on Calcium-exchanged brownstock pulp at 25”C. Adsorption/desorption kinetics were also
measured at 25 and 75”C, for Nickel ions dimlacin~ Calcium on brownstock Dulm and for
Calcium ions (Ca+2) on Sodium-exchange~ ~ly br=ched pulp at 25°C. A&o~on was
complete within 10-30 minutes in all experiments. Temperature, initial metal concentration, and
the specific metal being adsorbed did not have any significant effect on the adsorption kinetics.

F. Thermodynamic Properties and Activity Coeffkients for Inorganic Species

Various commercial software packages are available that can calculate the distribution of metals
and other species in aqueous solutions at equilibrium. The more difficult component to acquire
can be the thermodynamic properties and activity coefficient parameter databases required for the
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calculations. Two important tasks m this project were (1) to assemble thermodynamic properties
and activity coefficient parameter databases for the rnorganic chemical species of interest in kraft
pulp mill streams, and (2) to evaluate the databases by comparing the predicted volubility of
inorganic salts in aqueous solutions with experimental data.

The thermodynamic properties database was assembled from published free energy of formation
and heat capacity data fir ionic and neutral inorganic species in solution, and solid-phase
inorganic compounds of many of the species. This database is included in Chapter VQ Table
VII-l. It contains values for 151 different chemical species

Jn this study, we used Pitzer’s method fir “wtmating,the activity coefficients of inorganic ions in
aqueous solution, A second database was developed fir the extensive set of ion intmaction
p~eters required with Pitzer’s method. This database is contained in Chapter ~ Tables VII-
2 through WI-11.

Experimentally measured values for free energy of formatio~ heat capacity, ion interaction
parameters, and other propefies are not always available for all chemical species of interest. We
therefore provided estimation methods for these propeties. These estimation methods are
included in the second part of Chapter VII.

G. Chwidcal Equilibrium Modeling

A chemical equilibrium model fir systems that contain aqueous pulp mill streams, pulp fibers, and
inorganic solutions must contaim three components: a model for dissolved chemical species, a
model for ion exchange of adsorption of metal ions on pulp fibers, a database for thermodynamic
properties and adivity coefficient parameters, and an equation solver or h energy minhktion
capability. The model developed for dissolved inorganic chemical species is described in Chapter
VII. The models fir the soluble complexes of metals with dissolved organic matter, and metal ions
adsorbed on wood pulp fibers, are included in Chapter X. AUthree models are based on rigorously
defined chemical equilibrium between metal cations and dissolved anions (inorganic anions and
organic ligands) or anionic sites on pulp fiber. The models rnclude mass balance constmints for all
chemical species, rncluding anionic binding sites on pulp fibers. They also include electroneutrahty
constmints for both the solution and fiber phases.

Models were developed and used at three levels. The simplest models were for (a) dilute solutions
of complexes of metals with soluble organic matter, at conditions where rnorganic matter was
completely soluble, and (b) adsorption of metal ions on wood pulp fibers at similar dilute solution
conditions, These models were developed in spreadsheet fbrm, and are rncluded m Appendices B-E.

When insoluble inorganic solids were likely to be prese@ modeling was dune, using software
packages that accounted more rigorously fbr activity coefficients for dissolved species, and which
predicted when insoluble inorganic phases would be present. The NAELS chemical equilibrium
sofisvare was used to calculate the equilibrium among rnorganic species in aqueous solution. The
OLI Systems chemical equilibrium soitware was used when dissolved organic species and/or pulp
fibers were present as well.

IL Field Data for Metal Ions in Pulping Liquor Streams

To develop a better understanding of the partitioning of NPE’s in bleached kraft mills, a fidl mill
NPE material balance was developed. The pulp mill was a Southern, srngle-line, market la-aft
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pulp mill with conventional continuous kraft cooking and ECF bleaching. It pulps both hardwood
and softwood species.

The mass balance was based on samples of wood chips, pulp and filtrates at various stages of
brownstock washing and bleaching, green and white liquor, makeup pulping chemicals, bleaching
chemicals, lime and lime mu~ dregs, grits, recovery boiler electrostatic precipitator d and
water. Samples were taken the last three days of a 16-day Southern Pine softwood campaign.

Mass balances were completed for Al, Ba, @ Cl, Co, CW Fe, K, Mg, Mu, Na, P, S, Si, and Zn.
Process simulation using WmGEMS was used to calculate the mass balance fbr each metal, using
the concentmtions measured in the mill streams.

The mass balance showed that wood chips, process water, and lime makeup are the significant
input streams for NPE metals into the mill. Bleach plant efflu~ dregs, and purged lime mud are
the significant output streams for NPE metals leaving the mill. The data obtained provided a basis
fix evaluating the model developed in this study.

I. Evaluation of the Chemical Equilibrium Model

We evaluated the capability of predicting the distribution of metal ions in aqueous pulp mill
streams by comparing predicted-metal distribution results with experimental data. We evaluated
three types of systems:

1. multicomponent, inorganic solutions,

2. aqueous fiber-metal ion systems, and

3. aqueous fiber-metal ion-dissolved organic systems

I,1. Multicom~onent. Inoz2anic Solutions

In evaluating the model for multicomponent, inorganic solutions, we compared predicted
volubility results with published data for multicomponent sodium salt solutions and metal salt
solutions. The various metal concentrations at equilibrium ranged from 0.02 molal (CaSOQ-NaCl-
water) to 8 molal (CaC12-KCl-water). The model predicted very well the volubility of sodium salts
(NazCO+NazSOQ-water and NazCOs-NazSOq-NaOH-water) at 100-15O”C.The invariant points,
which occur at sharp breaks in the volubility curves fir the binary sodium salt solutions @azCOs-
Na2S0q-water), were predicted within 0.25 mole/kg water (-10%) of measured soiubility, and
more accurately for data away fkom the invariant points. Predictions for the ternmy salt system
(NazCOs-NazSOQ-NaOH-water) were within 3%. Predictions for the limited data available on
binary salt solutions containing NPE’s (Ca, & M& and Na salt solutions) were equally good. No
experimental data for the volubility of these salts in multicompone@ alkaline solutions were
available.

We also compared predicted volubility results for Bari~ Calciq Maguesiu~ and Manganese
in mill green and white liquors. For green liquor, the predicted Barium concentration was
45430% low, and the predicted Manganese concentration was 44M52% low. In white liquor, the
predicted Barium concentration was 73ti3% high. This level of accuracy is reasonable for
predictions of the volubility of trace elements in . The predicted Calcium concentration was low,
on average, by a fbctor of 130 in green liquor, and by a ktor of 30 in whiie liquor. ‘The predicted
Manganese was high, on average, by a fiwt.orof 50 in white liquor. The predicted volubility for
Magnesium was low by roughly a factor of 10~, in both green and white liquors. We believe that
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the measured volubility of Calcium and Magnesium are much higher than the predicted values
because of ukrafine, colloidal particles or gel that passed through the filters used to remove
suspended particles fbrm the green and white liquors.

1.2. Aaueous Fjber-Metal Ion Svstems. For fiber-metal ion systems, we predicted the amounts of
metal sorbed on wood pulps versus pH at 70”C, and compared the results with experimental data.
The pulps were washed brownstock pulps ftom three different bleached pulp mills. The
predictions were for B% Ca, K, Mg, Mn, B@ and 2%1sorbed simultaneously. We compared the
results with experimental measurements under the same conditions. The model predicted quite
well (90Y0within a fiwt.orof 0.5 to 2.5) the adsorption ‘of all of these metals except Mn. The Mn
predictions were low by a fwtor of 4 to 15.

1.3. Aaueous Fiber-Metal Ion-Dissolved Oman ic Systems For these systems, we modeled a 2-
stage brownstock washer, based on the washer system at tie pulp mill iiom which the NPE field
data was obtained. We considered only the metals Na, @ and Mn in the model, and predicted the
distribution of Ca and Mn as soluble; inorganic ions and neutral species, inorganic-precipitates,
complexes of metal ions with dissolved li~ and metals adsorbed on pulp fibers. The predicted
distributions compared fbvorably with the mill data. For example, the model predicted that the
Calcium entering the washers would be split 90/10 between the pulp fibers and weak black liquor
exiting the washers. The actual splig based on the mill Ca mass balance was 68/32. The
cmmsponding splits fbr Manganese were 96/4 predict~ and 92/8 measured.

J. Status of Modeling Capability and Remaining Needs

The model developed in this project can be used for predicting the distribution of metal non-
process elements in the aqueous streams of hail pulp mills. It can predict the equilibrium
adsorption of metals on pulp fibers and the distribution of metals between wood pulp fibers and
dissolved species in the presence or absence of metal-binding organic ligands, The databases,
vihen coupled with advanced chemical equilibrium software such as the OLI Systems software,
ChemSage, or NAELS, can also predict the presence or absence of inorganic solid phases
(precipitates).

While this model does a good job of predicting the distribution of metal NPE’s in aqueous pulp ‘
mill streams, it needs improvement in some areas.

1.

2.

3.

4.

The capability to predict the volubility of some inorganic metals in green and white liquor
needs to be improved.

There is almost no data available for the volubility of alkaline earth metals and transition
metals in multicompone@ alkaline solutions.

Data needs to be obtained to evaluate and improve the predictive capability for NPE
metals in pulp mill streams.

Available data on aluminum and silicon species in alkaline solutions needs to be added to
inorganic databases.
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5. The soluble organic matter in filtrates born elemental chlorine-bee bleach plants need to
characterize~ and stability constants fix complexes with metals determined.

6. The impact of temperature on the stability constmits of complexes of metals with soluble
organic matter needs to be determined.

7; A distributed p~ model needs to be developed for the carbo@ic acid and phenolic
hydroxide groups on wood pulp fibers.

8. Selectivity coefficients for metal ions with phenolic hydroxyl groups on wood pulp fibers
need to be measured.
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Chapter II. INTRODUCTION

The inorganic salts of many metala enter pulp mills as components of the wood chips, makeup
Iirnerock or lime, makeup chemicals, chemical additives, and flesh water. The metals include: 1) the alkali
metals sodium (Na) and potassium @); 2) the alkaline earth metal ions barium (Ba), calcium (C@ and
magnesium (M& 3) the divalenttransition metal ions manganese (M@ and zinc (Z@ 4) the trivalent metal
ions aluminum (Al) and iron (Fe~ and 5) a host of other transition metals m trace amounts of less than one
part per million such as chromium (Cr), cobalt (Co), copper (Cu), cadmium (Cd), nickel (Ni), and lead (I%).
These metals are carried into and around the soda cycle oflqaft pulp mills, and with the pulp into the bleach
plant. The main purges fbrthese metals from the soda cycle are with the washed brownstock pulp, the green
liquor dregsl, and the grits2 removed in the slaker. Washing pulp fibers extracts these metals fhxn the
fiberline into the wash liquor streams. Recycling of bleach plant wash waters maybe economically and
environmentally beneficial by helping to reduce water consumption in pulp mill operations. However,
washing pulp fibers with water recycled fiorn bleach Plant operations can result in a significant build UPof
these m-~l;within the bleach pl~ (Bryant et al., 1993). -

Management of metal ions in pulp mill operations is important for several reasons Uhngren (1996).
One is bleaching efficiency. The transition metal ions manganese (M@ ~d Iron (Fe) reduce the efficiency
of ozone and peroxide bleaching stages. Specifically, these metals catalyze the decomposition of ozone and
hydrogen peroxide to hydroxyl radicals tl@ degrade the cellulose fibers, Another is that the build-up of
alkaline earth metal ions, pmticularly calcium (G) and barium @a), can promote fo&g and scaling of
process equipment. A third is that potassium (K), along with chloride can ammudate m the soda cycle and
reduce the mekihg range of the inorganic salts. This causes plugging of the gas passages in recovexyboilers.
Finally, metals regulated under RCLA can accumulate from low levels to potentially high levels as the result
of wash water recycling. Furthermore, these metal ions can partition between the wash water and the pulp
itself, making both process streams subject to future regulation. Consequently, recent eflbrts have focused
on measuring and predicting the material balance fir metal ions in closad bleach plauts (Byar@ 1996
Martin et al., 1996). In recognition of these problems, the 1992 TAPPI Workshop on Paper Industry
Research Needa (TAPP~ 1992) targeted “separation technology development for the purge of metal ions” as
a research need associated with closing water consum@on m pulp mill bleach plants. Recently, proses
have emerged for capture and purge of metal ions (Martin et al., 1996), such as Champion’s BFR process
(Cam, 1996.).

During brownstock washing, metals are partitioned beween the fiber stream and black liquor.
One-quarter to one-half of the multivalent metals entering the brownstock washers exit with the pulp
fibers to the bleach plant, either adsorbed on we fibers, or as precipitates trapped within or filtered from
solution by the fibers. Alumimun is an exception because it exists as an anion at alkaline pH and does not
adsorb on pulp fibers.

Most of the metals in black liquor are removed ftom the krafl cycle as green liquor dregs or slaker
grits. All multivalent metals except aluminum and silicon3 are very insoluble in green liquor, and
precipitate as carbonates, suli%es, sulfides, or hydroxides. The degree to which metals are removed from
green liquor depends on the amount of each metal prese~ the type of equipment used (filter versus
sedimentation clarifier), and how efficiently it is operated and mintained. Metals are removed more
effectively with green liquor filters than with sedimentation clarifiers.

] The hydroxides,carbonates,sulfatessndkwsulfidesof multivalentmetalsare insolublein aqueousstreams.
2Grits‘merebumedlime particlesthat do not disintegrateduringslaking.
3Siliconis not a me@ but is includedherebecauseit is an importantnon-processelement.
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In the current process technology for oxygen-based totally chlorine free (TCF) bleach plan@
transition metals’ in the ‘brownStock pulp fibers are removed during the Q-stage of the TCF bleaching
sequence. Specitkally, the pulp is washed with a chelation agent such as EDTk The metal ions leach
out of the pulp and form a soluble complex with the chelation agent (Christianson and Michalowski,
1989; Michalowsl@ 1993). Chelation stops the transition metal promoted catalysis of ozone or hydrogen
peroxide decomposition but does not physically remove the transition metal ions from solution.
Chelation also helps to remove aikdine earth metals such as barium @a) and calcium (Ca) carried in with
the fiber line. If the washings are not recycle~ then the chelant is wast~ and an aqueous waste stream is
generated which contains low concentrations of metal ions.

Design of a suitable metal ion purge system fist requires a basic understanding of the accumulation
and fkte of metal ions during wash water recycle in bleach plant operations. In particular, it is desirable to
predict how metal ions partition between the wash water and the pulp fibers. The underlying physical and
chemical processes involving the interaction of wash waters with wood’ pulp fibers are schematically
illustrated in Figure 1. In Figure 1, the metal ion has three Mm. FM the metal can exist as a free cation.
Secon~ the metal ion may complex with water-soluble ligands @ the wash waters. These water-soluble
ligands could include organic compounds physically entrained with the pulp (e.g. residual extractives) or
residual chelation compounds carried over from the Q-stage. Thir& metal ions can adsorb onto residual

M+
M+ +=

M+ IL

wash water

M+ ~ ❑

zl . Ill
M+

M+ mstai ions

xlsolubls
Iiganda

[ ion-sxchangeor
❑ chelationSi@aonpulp

pulp fibers

Figure I-1. Interaction of metal ions with solubleIigands and wood pulp.
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chemical consthuents on the pulp fibers. For example, wood pulp contains carboxylic acid fictional
groups fim uronic acid residues associated with the hemicel.klose in wood not removed by pulping. The
carboxylate group @n serve as an ion exchange site for metal cations.

There are only a &w studies reported in the literature related to the binding of metal ions onto
wood pulp and the variables that af%ct the binding process. Rosen (1975) measured the adsorption of
sodium ions on kraft pulps as a fiumtion of pH. Most notably, Eriksson and Gren (1996) measured
adsorption isotherms for calci~ magnesi~ sodi~ and manganese on unbleached and oxygen-
delignified M pulps. Towers and Scallan (1996) used Donnan equilibrium theory to predict the ion
exchange characteristics of these same metal ions on unbleached kraft pulps. Bryant and Edwards (1994)
modeled how pH affected the competitive binding of manganese ions between the soluble chelant EDTA
and kraft pulp. However, none of these studies have attempted to characterize the satumtion adsorption
isotherms for binding of metal ions to unbleached (brownstock) wood pulp, particularly fir transition
metal ions.

The overall goal of this project was to develop fundamental, experimentally based methods for predicting
the volubility of organic and inorganic matter and their interactions in recycled effluent from krait pulp
mills and bleach plants. Specific objectives included:

a) the characterization of dissolved organic malkr in bleach plant effluents and measurement of their
capacity to complex metal ions (Bz @ N% etc.);

b) the characterization of the ion exchange capacity of wood pulp fibers for metal ions @a, Ca, Na, etc.)
at various stages of delignification and bleaching;

c) the developmcmt of a database fbr the parameters reqyired to describe the volubility of inorganic
species m pulp mill streams, as influenced by the adsorption of the inorganic ions on pulp fibers
and/or complexation of metal ions with dissolved wood organics, and the incorporation of the
database into equilibrium calculation soilware for predicting the volubility of the species of intere~,

d) the comparison of database and software predictions with tests petiormed on field samples from pulp
mill ~d bleach plw effluent streams.

~ese project objectives, rewritten as the Project Tasks, are given below.

A.

B.

c.

D.

E.

Interaction of metals with dissolved wood organics
A-1 Characterize dissolved inorganic matter
A-2 Characterize. complexation of metal ions with dissolved organic matter

Interactions of metals with pulp fibers
B-1 Characterize pulp fibers
B-2 Characterize binding of metal ions to pulp fibers

Database of thermodynamic properties
C-1 Devebp an inorganic species database
C-2 Develop an organometal equilibrium calculator

Evaluation of volubility calculations
D-1 Field.and laboratory data for metal ions in bleach effluent and spent pulping liquor streams
D-2 Evaluate metal ion equilibrium cahdator

Technology transfer, results dissemination, and final report
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This repoti contains the results of these Project Tasks, and documents the methods developed and used in
the experimental investigations and in the modeling of non-process element partitioning between the
liquor, fiber, and inorganic precipitate phases. The results are presented as separate chapters that
correspond to the Project Tasks.
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Chapter III. Characterization of Dissolved Matter in TCF Bleach Plant Filtrate Samples

A. Characteristics of Filtrate Samples (Task A-1.1)

The appearance and pH values of the six fikrates obtained fkom the LP-Samoa TCF bleach plant are
shown iu Table III-1.

Table IIF1. Appearance and pH values of LP-Samoa TCF bleach plant ilkrate samples.

Simple Location Date Color Odor pH

#l BS BrownStock washer #1 08/16/96 Dark Black highest 12.5

CB Compaction baffle filter 08/16/96 Brown w 12.0

P02 Post-Ozdeiignification washer 08/02196 Yellow w 11.0

Q Q chdant stage washer 08/02/96 Light yellow low 6.0

EOP EOP bleach stage washer 08/16/96 Little color low 10.5

P3 Peroxide bleach stage washer #3 08/16/96 Colorless low 9.5

The solids content(SC), suspended solids content (SSC), dissohred solids content (DSC), ash content (AC),
moisture content (MC) and IUason liguin content (KLC) were obtained by standard TAPPI Test Methods
(1988). The results for SC, SSC, DSC, AC, MC and KLC of the six fikrates are shown in Table III-2.
Due to insufficient sample volume, we could not determine the Klason lignin catents of P02, Q, EOP and
P3 filtrates after fkeze-drying, and the ash content and the moisture content of the P02 fikrate a$er fkeze-
drying. The solids content (SC) was expressed relative amount of inorganic and organic chemicals in the
filtrate. Table III-2 shows that the #lBS fikrate had the largest solid content (10.94%). As the pulp was
processed m subsequent bleaching stages, the solid content of the fikrates decreased sha@y. This was
especially true for the CB Htrate. The P3 jikrate had the lowest SC value of O.13?40.The suspended solid
contmt (SSC) also decreased down the bleach pla@ although SSC values were very small, less than 0.5Y0.
The moisture catents wuy considerably even though all the six Mrates were &eze—dn“ed at the same
conditions. There still was 48.4% moisture in the hezedried solids of the P3 fihrate, indicating that there
are a lot of hydrophilic chemicals prese@ such as polysaccharides.

.

Data presented in Table III-2 were normahzed to 1000 g of fikrate in Table III-3. Table III-3 shows
clearly that there were very little dissolved organic chemicals in most of the ilkrate samples (Q, EOP and
P3). The amounts of a~ lignin and other organic chemicals were hi@est in the #lBS fikrate. The ash
content and organic content of the fikrate decreased sharply horn 65.49 g per 1000 g of fikrate to only 1.27
g per 1000 g of filtrate down the TCF bleach plant.
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Table III-2. Overall chemical cmtents m LP-Samoa TCF bleach plant fikrate samples.

Name #1 BS CB P02 Q EOP P3

Sc (Ye) 10.66 1.32 0.64 0.39 0.36 0.13
DSC (%) 11.17 1.41 0.63 0.32 0.31 0.11
Ssc (%) 0.39 0.050 0.035 0.085 0.035 0.017
AC (%) 52.0 65.5 - 72.8 62.0 47.0
MC. (~0) 11.3 7.2 - . 2.6 26.6 48.4
me (%) 25.8 8.2 -

Abbreviation key
Sc (’XO) wt% Solid Content in the fkate
Ssc (%) wtYoSusp6nded Solid Content in the fikrate
DSC (%) wt% Dissolved Solid Content m the fikrate
AC (%) wt% Ash Content in the fieezedried solid fikrate
MC (%) wtYoMoisture Content in the freeze-dried solid f&rate
KLc (%) wt’70Klason L@nin Content in moisture-free fleezedried solid fikrate

Table III-3. Overall inorganic and organic chemical content of the LP-Samoa TCF bleach plant fikrate
samples (g per 1000 g of the filtmte sample).

component #1 BS Fik. CB Fik. Q Fik. EOP Filt. P3 Fik.
Water (a) 874.06 984.59 996.0 995.37 997.29
Water (b) 13,85 1.08 0.12 1.25 1.30
water (c) 887.91 985.67 996.12 996.62 998.59

65.49 10.17 2.92 2.87 1.27
Organic 46.60 4.16 1.00 0.51 0.14
Lignin 32.74 1.23 -
O&era (d) 13.85 2.93 -

(a) water in the filtmte sample removed by fieeze+ing
(b) water in the ikeeze-dried solid fihrate sample
(c) total water in the filtrate sample
(d) other organics including polysaccharides and wood extractives

B. Characterization of Dissolved Organic Matter (Task A-1.2)

B.1. Characterization of Dissolved Carbohydrates by TLC

Monosaccharides m the LP-Samoa TCF bleach plant filtrate samples were qualitatively profiled by Thin
Layer Chromatography @LC) using a e@yl acetate-pyridine-distilled water (8:2: 1 v/v) as the developing
solvent. No free monosaccharides were detected in any of the six fikrate samples by TLC using this
developing solvent system (Tabie III-4). Neutralization and-concentration of the fikrate samples still did
not rewd any monosaccharides. However, after hydrolysis by 72.0% or by 77.0% sulfhric aci~ all five
types of monosaccharides were found in the #lBS, CB, P02, Q and EOP filtrate, but none were found in
the P3 filtrate. Thus, we can conclude that there are only polysaccharides but no free monosaccharides in
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the #lBS, CB, PQ2, Q and EOP filtrate, and that neither polysacchaiides nor monosaccharides were m the
P3 fikrate. These polysaccharides contained both cellulose and hemicelhdosea.

Table III-4. Monosaccharides in LP-Samoa TCF bleach plant filtmtes detected by TLC.

Sample name Mcmosaccharides Monosaccharides Soluble
in fikrate sample m hydrolysate Polysaccharides m

fikrak+sample
#lBS Filtmte No .Yes Yes
CB Filtrate No Yes Yes
POZFiltrate No Yes Yes
Q Filtrate No Yes Yes
EOP Filtrate No Yes Yes
P3 Filtrate No No No

B.2. Characterization of Dissolved Wood Extractives in Fdtrates by TLC

Three authentic wood extractives, quercetin (~, dihydroquercetin (DHQ) and (-i-)-@e&in (C), were
&ected m the LP-Samoa TCF #1 BS and CB fikmtes by TLC. Pm-mated silica plates were better than
pre-coated cellulose plates to separate the three extractives even when the two dimensicmal (2-D) TLC
method was applied. The three-time developing method was needed to have good resolution. The optimum
developing solvent systems to separate the authentic extractives were Benzene-Acetone-Methanol (6:3:1),
Chloroform-Ethyl Acetate-Formic acid (3:1:1), and Toluene-Acetone-Formic acid (7:3:1) and (5:3:1).
Other solvent systems did not separate the authentic extractives adequately. For example, when using
Chloroform-EtOAc-Methanol (3:1:2), (2:1:3), (3:1:1) or (2:1:2) as the developing solve@ the samples all
either moved too fhst [(2:1:3), (2:1:2)] or hardly moved [(3:1:2), (3:1:1)] so that no separation occurred.
TLC analysis results of the three suitable developing solvent systems are compared in Table III-5.
According to the W, Rs and Rx values, all of these three developing solvent systems were applicable to
separate the authentic wood extractives ei%ctively.

Formic acid played a very important role in separating these extractives. If there were no formic acid in a
solvent systeq the relative resolution would be very poor although the total-polarity of the solvent system
was very high. For example, Chloroform-EtOAc-Me&mol (61 :3) was not usefi.d because no reasonable
resolution was obtained during separation. The reason is still not understood. The solvent system Benzene-
Acetone-Methanol (6:3:1) was also not used because when we applied this system to the pulp fikrate
samples, it did not separate the wood extractives well enough. However, the developing solvents ~ B and
C were effie.
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I
I TaMe MI-5. TLC analysis of authentic wood extractives. Solvent A toluene-acetone-fbrmic Acid (5:3:1).

Solvent B: toluen~acetone-fbrmic Acid (7:3:1). Solvent C: chloroform-ethyl acetate-ftmnic Acid (3:1:1).

Plate No. A B c Notes
Y (cm) 7.50 7.79 7.34 distanceof solvent front from plate origin

line
~ Wercetin (cm) 5.11 3.86 5.43 distance each extractk migmted fkomthe
~ ~@rOquerOetin (~) 4.51 3.14 3.78 plate origin line
& @echin (cm) 4.01 2.40 2.08
D, querietin [cm) 0.22 0.21 0.31 “ average ‘diameterof diilkrent authentic
D, dihydroquercetin [cm) 0.29 0.29 0.58 extractitis
D, mtechiu (cm) 0.25 0.31 0.30
~ quercetin 0.69 0.50 0.74 retention value
~ dihydroquercetin 0.60 0.40 0.51
~@techin 0,53 0.31 0.28
Rs, querdihydro 2.48 2.80 3.73 relative retation value
Rs, dihydro-catdin 2.00 2.43 3.88
~ quer-cdshin 1.27 1.61 2.62
I&q dihydroatechh 1.12 1.31 1.82

Table III-6 shows the results of TLC when diflbrw bleach plant fikrate sample extraction solvents were
used. No extractives in the ethyl acetate solution were be deteded by TLC, This could be due to the low
polarity of this solvent. All three extractives were present in the #lBS and CB filtmtes. Cate&n often ‘
showed up m TLC plates while I)HQ and Q only showed up sumetimes. Considering the fact that
dihydroquercetin has proven to be the main extractive in Douglas-fir @aver and Arvey, 1996), we
suggested lhat during pulping and bleaching processes, most of the dihydroquercetin might have been
chemically changed into catmhin and other chemicals.

I Table III-6. Presence of wood extractives in LP-Samoa TCF bleach plant filtrates by TLC.

Sample Name Metbanolic Water Ethyl Acetate
Extractives Extractives Extractives

#lBS Filtrate Yes Yes No
CB Filtrate Yes Yes No
POZFiltrate No No No
Q Filtrate No No No
EOP Filtrate No No No
P3 Filtrate No No No

I Table III-7 shows the results of ditlkrent solubilities of the #lBS Htrat.e freeze-&ied solids in the three
extraction solvents. The #lBS freeze-dried solids were almost completely dissolved in distilled water, but
only about half were dissolved in methanol, and hardly any dissolved in ethyl acetate. This may explaiu
why no extractives in EtOAc solvent were detected by TLC.
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Table III-7. Volubility of #lBS freeze-dried solids m d.if?erentsohents.

Extractant MeOH EtOAc HZO

Volubility (wt%) 66.l% 11.2’% 99.6%

C. Characterization of Dissolved Lignins by 13C-NMR (Task A-1.4)

Dissolved lignius m the LP-Samoa TCF bleach plant fikrates were Ghracterized by Carbon-13 Nuclear
Magnetic Resonance (’3C-NIWQ. NMR spectra were obtained fix both mmmercially available “Aldrich
@@n” and dissolved lignin in LP-Sarnoa TCF bleach plant filtmtm. The NMR spectra of lignin were
separated into fbur functional group regions: carbonyl carbons (between 165 ppm and 190 ppm), aromatic
carbons (between 104 ppm and 164 ppm), carbons single-bonded to oxygen (C-O, between 60 pprn and
84 ppm), and aliphatic carbons (between 12 ppm and 36 ppm). The peak at 55.6 ppm was the
characteristic methoxyl group in the guaiacyl units of Iignin (Robe@ 1992; Wilson, 1987).

Cl. characterization of Aldrich Lignin by 13C-NMR

The spectrum of the Aldrich liguin after acetylation with acetic anhydride under the op$rnum acetylation
condition (Condition E) improved peak resolution and reduced the signal to noise ratio, Acetylation
revealed two additional main fictional group peaks: 1) the hydroxyl groups, which clearly include the
p- hydroxyl~oupti 170.0 pp~ S-e hydroxyl ~OUpS at 169.2 pp~ and phenolic hydroxyl
groups at 168.5 pp~ and 2) the methyl group (-CH3) at 20.4 ppm. Table III-8 shows the yields of lignin
acetates under diffbrent acetylation conditions. l%e largest yields were 106.3% under Condition E with
acetic anhydride, and 103.8% under Condition G with acetyl chloride. There was much more noise in the
spectrum of “(ldition H“, which indicates that the process of acetylation should be first adding acetyl
chloride then DMAP (Condition G).

Table III-8. llelds of Aldrich I@& acetates under acetylation conditions for analysis conditions C-H (no
measurements conducted for conditions A-B). Yield = wtYoof product in sample.

condition Aldrich Lignin Lignin Acetates Yield

(= ) (w )
Condition C 49.32 29.44 59.7%

Condition D 49.78 43.00 86.4%

Condition E 49.75 52.88 106.3%

Condition F 49.46 43 86.9%

condition G 52.76 54.76 103.8%

ConditionH 54.40 27.52 50.6%

A&r acetylation with acetyl chloride, the three hydroxyl groups were more accurately quantified by NMR
because of the improved signal-to-noise ratio (S/N). However, after using this acetylation meth~ there
are no other fictional groups showing in the spectra. l“hereikxe, acetylation with acetyl chloride is a more
usefid way to quantitatively determine hydroxyl groups m lignin because of its higher resolution and higher
spee~ but it is not applicable to quanti& other fictional groups in Iignin compared to the way of
acetylation with acetic anhydride.
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U. Characterization of Filtrate Lignin by 13C-NMR

Reasonable NMR spectra were obtained fir the #lBS freeze-dried solids m the Mtrate fbllowing dialysis
and acetylaticm when MeOH-& was used as the solvent and internal standard. Dialysis fikration (1000
MW cute@ was necessary to get a NMR spectrum with good peak resolution and high speed. Most of the
carbohydrates and wood extractives (99.6% oftotal dissolved organic solids) in the fkeeze-dried solids were
ehinated after dialysis. Most of the lignins (67.6Y0of total lignin) were still in the freezdied solids
after dialysis. This result agreed with tie results of Rist.olainen and Kmmtinen (1996), who measured the
molecular-weight distribution of Iignius obtained during oxygen bleaching and fbund that 60.1% of the
Iignins had au average molecular weight larger than 1,000. Acetylation with acetyl chloride was a more
usefid way to quantkatively determine hydroxyl groups m #lBS li~ but the method of acetykdion with
acetic anhydride gave more peak information about the #lBS Iignin in NMR spectra,

The #lBS ligniu was different from the ordinary softwood kraft I&in (Aldrich I@@, based on the
amount of hydroxyl groups and other fictional groups. The dissolved lignin in #lBS fdtrate had a large
number of C-O groups (60-84 ppm) and carbonyl groups (180-184 ppm), which the Aldrich Iignin did not
have, The dif%rences m NMR spectra between #lBS @@n and #2BS lignin were snu@ which was
confirmed by the fact that no chemicals were added in the pulp mill between these two stages except water.
The NMR spectra of the CB filtrate Iigniu ail.er dialysis and acetylation with acetyl chloride showed only
the primary hydroxyl groups’ p- which was very difbmt ilom #lBS and #2BS lignin. This showed the
efllbct of oxygen delignification on lignin chemical structure. The disappearance of secondary OH and
phenolic OH groups could be due to the fhct that they are more active and easier to react than primary OH

WWs.

Tables III-9 to III-11 mmmarize the quantitative NMR data fbr the lignins that were investigated in this
research. Because of noise effe~ the quant.i@ve values in Tables III-9 and III-10 fir the lignin acetic
anhydride acetates were of Iimite4 value. No error analysis was perfbrmed on the data because the
quautdative values were obtained from a single 13C-NMR spectrum for each sample.

From Tables III-9 and III-10, we see.that the Aldrich Iiguin had more carbonyl cmtents per V1 ti (2.93)
but less cmtents per aryl unit of [c-o] carbons (0.26), methoxyl groups (1.04) and aliphatic carbons (3.42)
than #lBS (1.60, 0.80, 1.66,5.85 respectively or #2BS (2.28, 0.91,2.10,5.08 respectively). This showed
that the #lBS and ##2BS fikrate lignins were diflbrent than the normal softwood kraft Iignin (Aldrich
lignin), even though #lBS aud #2BS lignin were also obtained after kratl pulping. In %X #lBS and
#2BS I@& were similar to krail black liquor lignins in the ‘iInitial KBL” and “Frnal Permeate” (Wilson,
1987). The differences may be due to dii%rent conditions of krdt pulping in the mill and the fiber source.
Furthermore, for the same prepared sample (#lBS), the NMR results were quite difl?erentunder diftbrent
NMR conditions (a: RD=12 seconds, PW=8.9; b: RD=O.5 seconds, PW=3.0). In order to have relatively
accurate results, the same conditions of running the NMR must be maintam. ed. There still were minor
differences between #lBS and #2BS fikrate lignins, especially with respect to the hydroxyl groups content
per aryl group. The primary hydroxyl content m #lBS (0.48 per aryl @ 34% of the total hydroxyl
groups) increased to 0.67 per aryl unit, 41% of the total hydroxyl groups in #2BS. The secondary
hydroxyl content was about the same in both liguins. Although the amount of phenolic content per aryl
group was about the same (0.68 in #lBS and 0.64 m #2BS), the relative content dropped from 47% in
#lBS to 39’%0in #2BS. This indicated that some reactions were occuming from the #lBS stage to the
#2BS stage. The reason could be due to some harslichemicrd, conditions, as the pH value which in #lBS
pulps was very high (>12).
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In Table III-l 1, relative primary OH secondary OH and phenoiic OH contmts in the Aldrioh I&ah were
0.28, 0.18 and 0.54 respeotkdy, whioh were comparable to softwood Kraft lignin (0.27, 0.18 and 0.53
respectively) as described by Orejuela and Helm (1996). Data fi-om #lBS fikrate lignins that were
acetyhted without dialysis were very close to data fir #lBS tlkrate lignius that were acetylated after
dialysis. This demonstrates that dialysis did not have an efl’eoton ohemiord structure. However, dialysis
filt@ion was usefbl and necessary because it deoreased the NMR run time and inoreased the resohticm of
NMR spectra. Furthermore, #lBS fihrate I&yin had about the same ratios of the hydroxyl groups wdh the
Organosolv mixed Hardwood (data fbn Orejuela and Helm 1996).

The last aud most important point is that the struot.ure of &nin had some change during the pulping ~d
bleachiug prooess. The ratios of the three hydro~l groups from the #lBS and #2BS filtrate Iignins were
diffwent than those for the CB fdtrate. Speoifioally, the ratio of phenolic OH dropped from 0.65 in #lBS
(B) to only 0.13 in CB, while the relative oontent of primary OH increased sharply from 0.27 in #lBS (b)
to 0.64 in CB. In fix only primary OH groups were identified by NMR. This demonstrates that the
phenolic OH group is more aotive than primary OH group. The result maybe very usefi.d for modeliug the
Iignin struoture after oxygen delignifhtion.

Table III-9. Functional group amounts (acetylated by acetic anhydride), expressed as the percentage of
total carbons m the spectrum.

Regi(m Aldrioh #1 BS (a) #1 BS (b) #2 BS Ref (a) Ref (b)

@Pm range) Lignin
Carbonyl Carbons (190-165) 20 (20) 9 (lo) 8(1 1) 12 (11) 9 14

&OIMtiC Carbcms (164-105) 41 (41) 32 (35) 20 (27) 31 (31) 36 25

[C-O-] Carbons (84-60) 2 (2) 4 (-5) 11 (7) 5 (2) 17 23

Methoxyl &OUpS(59-53) 7 (7) 15 (21) 21 (22) 17 (20) 6 4

Aliphatic Carbons (36-12) 23 (22) 32 (31) 33 (24) 27 (28) 22 26

Total carbons (Sllmof above) 93 (92) 92 (92) 93 (91) 92 (92) 90 92

1.
2.
3.
4,
5.
6.

7.

Total carbons m tie speot.rumdetermined by degmtkg &om 190 ppm to Oppm.
Reference data from Wilson (1987).
Aldrioh lignin,#l BS (a) and #2BS NMR operation conditions: RD=12 s~s, PW=8.9.
#lBS (b) NMR operation conditions: RD=O.5 sew, PW=3.O.
All samples were acx$hted by acetic anhydride after dialysis and fieezedrying.
The first numerioal value fbr each sample results fkom manual phase correction of the speotra, whereas
the second value (in parentheses) was based on auto-phase wrreotion of the speotra.
No reasonable results obtained for CB, Q and P02 acetic anhydride aoetates km NMR method.
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Table III-10. Functional group amounts per aryl (CGC3)unit’.

Functional tiOUPS Aldrich Lignin #lBS (a) #lBS(b) #2BS

(PP -w)
&yi ;90-165) 2.93 (2.92) 1.60 (1.69) 2.53 (2.38) 2.28 (2.18)

Primary OH (171.3-169.0) 0.41 (0.40) 0.48 (0.39) 0.65 (0.63) 0.67 (0.72)

Secondary OH (169.6-168.9) 0.21 (0.21) 0.27 (0.29) 0.34 (0.34) 0.33 (0.37)

Phtmolic OH (168.9-166.7) 0.72 (0.70) 0.68 (0.92) 0.79 (0.84) 0.64 (0.78)

Total OH (171.3-166.7) 1.34 (1.3 1) 1.43 (1.60) 1.78 (1.81) 1,64 (1.87)

[C-O-] Carbons (84-60) 0.26 (0.29) 0.80 (-0.88) 3.31 (0.98) 0.91 (0.36)

Methoxyl @OUpS(59-53) 1.00 (1.01) 2.76 (3.68) 6.24 ((4.90) 3.31 (3.78)

Metho@ ~OUpS (57.0-54.5) 1.04 (1.01) 1.66 (1.83) 2.77 (2.72) 2.10 (2.38)

Aliphatic Carbons (36-12) 3.42 (3.20) 5.85 (5.36) 9.91 (6.28) 5.08 (4.16)

Methyl (-CHS)(21.2-19.0) 1.55 (1.45) 1.97 (2.14) 3.03 (2.94) 2.53 (2.87)

Notes:
1.
2.

3.
4.

5.
6.

All data were calculated according to Robert (1992).
All samples were detected by NMR under operation conditions of RD=12 sees and .PW=8, except for
#lBS (b) where RD=O.5 sees aud PW=3.O.
All filtrate samples were acetylated by acetic anhydride after dialysis and fheze+ying.
The first numerical value for each sample results *m manual phase correction of the spectra, whereas
the second value (m parentheses) was based cmauto-phase correction of the spectra.
The total OH was the sum of Primary ON Secondary OH and Phenolic OH.
No reasonable results can be obtained for CB, Q and P02 acetic anhydride acetates tiom NMR
method.

Table III-Il. Peak area ratios fir the hydroxyl groups of the Iignin acetates, where samples were
acetylated by acetyl chloride.

Region Primary OH Secondary OH (169.6- Phenolic OH

(PPm-range) (171 .3-i69.6) 168.9) (168.9-166.7)
Aldrich Lignin (NS=79) 0.28 0.18 0.54

#lBS (a) (NS=2696) 0.23 0.07 0.70

#lBS (b) (NS=76) 0.27 0.08 0.65
#2BS (NS=72) 0.33 0.09 0.58

CB (NS=315) 0.64 0.23 0.13

Soilsvbod Kraft 0.27 0.18 0.53
(Orejueia+md He~ 1996)
Organosolv mixed Hardwood 0.27 0.10 0.62
(Orejuela and He~ 1996)

Notes:
1. Only primary OH groups were identified in NMR spectra of CB lignin acetates at 170.2 ppm.
2. All samples except #lBS (a) were acet.ylatedby acetyl chloride ail.er dialysis. The #lBS (a) sample

was acetylated by acetyl chloride without dialysis.



3. No reasonablepeaks were observed m the range of 171.3 ppm-166.7 ppm for Q and P02 filtmte Iignin
acetates.
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Chapter IV. Complexation of Metal Ions with Dissolved Organics

Several approaches have been evaluated for measuring the formation constants for complexes of
nonprocess metals with the organic flaction of black liquor. ArI initial attempt tried to repeat the
types of experimental work carried out by Westervelt et al. (1982) but using vanillin as the model
compound for li@n rather than a catechol. Although this is an arguable issue, the I-hydroxy-2-
methoxy (@acol) functionality of vandlin is more typical of lignin monomers and represents the
bulk of the fkee phenolic groups in black liquor Ii@in (NiemeM 1991). However, since @s is a
monodentate site, its fbrmation constant with metals should be lower than the bidentate catechol
used by Westervelt. IfNPE binding m black liquor is primarily to the stronger binding sites, the
catechol type model might be more appropriate than a guiacol type site. However, vanillin was
selected as an initial model because it more closely represents the probable main binding site.

The initial approach atkwnpted to follow the bathachromic shift and the change in extinction
coefficient of the 347 run adsorption as Sodium vanillate complexed with Calcium. The changes
in this UV-Visible spectmrn are quite sma~ and it was concluded that this did not provide a
reliable means to measure the amount of complex. A series of Calcium indicators were then used
to provide a competing reaction with a known Rmnation constant (1’reatise on Analytical
Chemistry). Srnce the indicator adsorptions were at wavelengths greater than 500 nq it was
possible to use these as cmnpeting reactions. against black liquor as well, and this approach was
pursued with some effbrt. Several problems were encountered in these experiments. Among
others:
. The indicators are often not pure compounds as supplied by the specialty chemical/laboratory

supply companies.
● Besides being impure to start with, many of the indicators are unstable rmd change behavior

with time.
. To be usefi,d as Calcium titration endpoints, the indicator formation constant with Calcium is

typically above 10s. This made them difficult to use on compounds with fimmation umtants
above -106 or below - 104. Previous efforts to determine the formation consfmt for
Calcium binding to black liquor have reported values between 6,3 x 103 fir catechol-4-
sulfonate (westervelt et al., 1982) and 2,0 x 10Zfor black liquor by pH titration (Chang,
1986).

Attempts to measure the formation constants of either vanilliu or black liquor organics using
Eriochrome black T, Murexide, CalCon, Caknagite, and 8-hydroxyquinoline-5-sulfbnate ali fkiled
because of one or more of these problems.

All the trace metals of interest (CaH, Mg2+,Ba2+and MU2’)have low volubility at high pH. This
offers an akemative competing reaction that could potentially be used to measure binding
capacity ador formation constants of black liquor. An experiment was performed to evaluate the
precipitation of Calcium hydroxide (Ca(OH)2) as the reaction indicator and using a flow through
cell in an WV-visible spectrometer to measure solution turbidity. A sample of an acid precipitated
kraft black liquor was re-dissolved in caustic to produce 800 mL of a 1 gpl solution at pH 1L To
this, a 0.25M solution of Calcium chloride was added in 1 mL increments. Jnstead of the expected
gradual increase in turbidity when the volubility limit was exceede~ a rather sharp increase m
turbidity was observed (Figure IV-1) at lower than expected Calcium concentration.
Ftiermore, it reached an equilibrium condition within about three increments of titrant and the
precipitate that formed was dark leaving a yellow solution. Obviously, the Calcium had
precipitated the black liquor organics, before reaching the volubility limit for Calcium hydroxide.
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A. Precipitation of a Polymer

The precipitation of a water-soluble anionic polymer is most likely to occur at or near the
isoelectric point. This is the point at which nearly all the charge on the polymer is neutralized by
bound cations, allowing the near-neutral polymer chains to associate and form ccdloids or
aggregates. This fbature explains the relatively sudden precipitation of the black liquor orgauics.
Working with this asmrnptiom

xNaBL + Ca2+~ CaB~ + xNa+

and the equilibrium expression for the complex formation is:

[CaBLJ[Na+]x = ~

[Ca2+][NdL~ f

The usual way of dealing with this is to plot the data m log form and fit to a straight line to
determine the exponent (x) and equilibrium constant @).

Log[CaZ3Lx] + ~Log [Na+]

[Ca2+]
= Log(k)

[N&L]

This approach is not usefid in this case because the precipitation criterion provides only one point
in the equilibrium and the assumed value for [CaB~ and @L~ is stoichiometry dependent. For
example, for a 1 to 1 case, x = 1 (and dropping the sodium terms)

[CaBLj

[Ca2+][BL-] = ‘f

Since the assumption is that precipitation occurs at the isoelectric poinG ?4the binding sites are
occupied by calcium and [CaBL]/~L~ = 1; Kf= l/[Ca2”l.

In the case of a 2-1 compl~ precipitation occurs when nearly all the binding sites are occupied.
Since 100% is improbable, assuming 95% neutmkmti~ Kf = 380/([Ca~~Ll]), where BL1 is
the initial black liquor concentration, Now at the precipitation poi@ [Ca2~ = 190/(K@LI])

In the 1-1 case, the concentration of Calcium at precipitation is independent of the initial black
liquor concentration but in the 2-1 case, it is inversely proportiimal to the initial black liquor
concentration.

There are several other concerns to be addressed in evaluating the da@ principally, f-ion of
metal hydroxides, and precipitation or co-precipitation of the metal hydroxide. The equilibrium
constant Rx fbrmation of M(OH)+ (k..)and precipitation of M(O~ (lG)are given in Table IV-1.
The ratio of metal hydroxide to free metal and maximum fkee metal concentration at pH 11 are
also shown. It is readily seen that neither is a serious issue in determining the concentmtion of
Bari~ but k~ will reduce the equilibrium concentration of Calcium by 3% and both hydroxide
ftmnation and hydroxide precipitation are concerns in determining the concentration of
Magnesium and Nickel.
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Table IV-1. Stability constants fix metal hydroxides and fheir maximum concentrations at pH
11.

Metal k ~(oI-1)’-j/~q k?
380 0.38 1.8 X 10-11 1.8 X 10-~

Ca 32 0.03 5.5 x 104 5.5
Ni 9.3 x 104 93 2.0 x 10-’5 2 x 109
Ba 3.2 0.003 5.0 x 10-3 5 x 103

B. Experimental Approach

A sample of black liquor was prepared by adjusting the pH to -2.0. This resulted in a copious
dark brown precipitate, which was subsequently collected either by cmtrifuge or by filtmtion.
Under these conditions, Calcium carbonate dissolves, the carbonates are dis@irged as gas, and
most trace metals become soluble. The resulting precipitate was then washed once with
deionized water and dried at 105° C.

Samples of dry black liquor were weighed out aud suspended in deionized water. The pH was
adjusted to -11 with NaOH and the samples made up to volume (1 L in early experiments, 500
mL in later experiments). In several cases, the solutions were Mtered prior to use.’ This appears
to give a sharper precipitation endpoint and is recommended for use in fkture experiments. It was
also noted that the metal content of the precipitated solid was higher on filtered samples thag the
samples with some initial suspended solids.

The metal solution was made up fkom the appropriate metal Chloride to a molar concentration of
0.5 M fir experiments conducted with 800 mL of black liquor, and 0.25 M fir experiments
carried out on 500 mL samples. .4 three-necked round bottom flask was set up with a magnetic
stirrer, Nitrogen purge and burette. A tygon tube was placed into the solution and run ~ough a
small peristakic pump to the UV-Visible spectrometer flow through cell. The return line was run
back to he round bottom flask. It was necessary to remove the m-line filters in the flow~ough
cell since tie precipitate turbidity was the “measurement of interest. The titrations were carried
out by adding l-mL increments of the appropriate metal Chlotide solution to the round bottom
flask and waiting 3 minutes befbre recording the UV-vis spectrum (or absorption at 900 rim).

In a typical titton, (Figure IV-1) the turbidity (absorption) rose slightly with each rncrement for
the first 5-20 mL of titran~ then rose dramatically over an addition of 2 – 4’ mL of titrant.
Absorption then seltled into a plateau value and changed relatively little to the end of the titration.
A known volume of solution was removed near the end of the dramatic rise in tubidity. This was
filtered or centrifuged to collect the precipitate for analysis. At this point the addition oftitrant
was also reduced to % mL per rncrement. At the ad of the titratio~ the remaining solution was
filtered or centrifuged to collect the final precipitate for analysis,

C. Data Analysis

Linear regression lines were fit to the initial, rapid rise and &al plateau segments of the titration
turbidity data, using tie near red adsorption at 900 nm. The best theoretical fit to the
precipitation theory is the intercept of the rapid rise and final plateau portions of the data.
However, conventional chemical methods use the midpoint between the initial and final portions
of the curve, usually referred to as the equivalence point. Both points were calculated by solving
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the three linear regression lines for the two intercepts. The equivalence point was taken as the
volume of titrant added when the absorption was halfway between the two intercepts. The end
point was taken as the intercept of the rapid rise and the ilnal plateau portions of the th’at.ion.
Data analysis was the same with both sets of data. On average, the equivalence point data gave a
fixmation constant that was SO% larger thau obtained with the end-point data. Srnce the end-
point data is thought to provide a bet&r fit to the precipitation assumption that 9S - 100% of the
anionic char= is Wanted by the charge of the bound cations, only this data is pres~d in the
remarnder of fhe report.

The metal binding’capacity of the b~ck liquor was measured by collecting the precigktted black
liquor and analyzing fir “bound” metal (Table IV-2). This did not give a reproducible value
during the course of the experimental effort in spite of many effolts to improve the experimental
technique. Initially, the precipitated black liquor was collected by filtrati~ dri~ and analyzed.
These precipitates typically contained a considerable amount of entrained solution and significant
potential for high metal analysis ii-cm the free metal in this solution. So the procedure was
~efined by w-g the precip-ti once with deionized water prior to drying for ~ysis. Srnce
the only cation availabIe to exch~ge with the bound metal during the wash is ~, which is
available at less than 1(T7molar concentratiaq loss of boimd metal is assumed to be a negligible
problem in the wash step. Although this reduced the metal analysis by 30-50%, it did not provide
a more consistent estimate of equivalent.dgram binding capacity. In many cases, it was difficult
to remove a sample of the precipitate fkom the filter paper after it had dried. This created
problems with unrecoverable and contamkte d samples. This problem was resolved by
switching to a centrifuge procedure rather than trying to collect the precipitate by filtration. This
final procedure gave acid site concentrations ranging horn 1.8 to 3.0 meq/g for the acid
precipitated and air-dried black liquor. (Acid site concentration is twice the measured binding
capacity usrng the divalent metals.) A value of 2 meq/g was taken as a standard value, aud all
analysis were carried out using both this standard and using the actual metal analysis to
d-e the binding capacity o~the black liquor solik. This wiiue is approximately the average
of all measurements carried out m this worlq and is supported by lit-e values for brnding
capacity carried out using a dialysis procedure (Werner et al., 1999).

To attain an accurate fbrmation WXM@@the free metal concentmtion must be corrected for ion
activities, complex formatiq and other precipitation processes. The calculations were handled
in Microsoft Exce~ using an iterative approach. The black liquor precipitation miteria are &@
based on the binding capacity of the black liquor and the assumption that precipitation occurs at
the isoelectric point. This calculation was perform~ and a revised value of ikee metal
concentration produced by subtracting the precipitated fraction from the total metal added. The
pH was measured m the experiments, so the metal hydroxide was then calculated based on fhe
revised fkee metal concentmtion, hydroxide ion activity calculated from pH and estimated activity
coefficient for the divakmt metal. (Note, pH is hydronium ion activity and since the d.if3erenceiu
activity coefficient between hydronium ion and hydroxide ion is sma~ this can be ignored.) A
new estimate of the free metal concentration was then obta~ed by subtracting the metal
hydroxide from the previous estimate. Then the amount of precipitated metal was estimated
usrng the new estimate of free me@ metal activity coefficient and hydroxide ion activity. This
was $ubtracted flom the initial free metal concentration estimate (total metal added less metal in
precipitated black liquor and metal precipitated as hydroxide), and a new value of the activity
coefficient was determined. Since the outcome of the hydroxide precipitation af%cts the value of
the free metal concentration after accounting for black liquor precipitatio~ tie calculation is
iterative. This approach works as long as the amount of precipitated metal hydroxide is not large
- a precondition for the titration procedure to be usefid. Although several calculations indicated
that Nickel hydroxide and Magnesium hydroxide precipitates would forq the amount of
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precipitate was insignificant in all cases, and no precipitates were predicted using the average
vaIue for NPE binding capacity and the end-point value fix determining the isoelectric point.

D. Results

The results of the black liquor precipitation are mmmarized in Table IV-2. The metal analysis of
the precipitated black liquor ranged from 0.00025 M/g (CZ 2 gpl) to a high of 0.065 M/g (Bz 0.5
gpl). Throwing out ihse two extremes, average binding capacity (twice the metal concentmtion)
is 0.00177 eq/g or 1.77 meq/g. ‘M corresponds to an ef%ctive molecular weight of 563g/eq.
Values mp@ed by Werner range ilom 1.46 meq/g to 3.3 meq/g with an average of 2.05 meq/g.
As stated earlier, the analysis reported herein is based on an assumed binding capacity of 2
meq/g. The value determined for the flmnation constant is not overly sensitive to this assumption
(G% error).

Although the data is considerably scattere~ the equilibrium metal concentration is near amtant,
or increases slightly with increasing black liquor concentrations. This is most consistent with the
mono-dentate (1 to 1) binding assumption and this has been used in determining the Rmnation
constants listed in Table IV-2. Using this assurnptio~ the average formation constant (Log(K))
obtained fir Calcium complexatkm with kraft black liquor is 2.43 (* O.10) which compares
fhvorably with the value reported by Chang (2.31 + 0.14). Similarly, the average formation
constant determined for Magnesium is 2.06(* 0,27) which again compares favorably with the
value reported by Chang (2.2 + O.18), Similarly, formation cmstants fix Barium and Nickel were
determined at 2.19+ 0.06 and 2.72 +0.35 respectively.

The values of log(K) for an Oxygen donor Iigand with a series of metals o$bmcorrelate well with
the values of log(KoE) fir the same metals (Aahurst and Hancock 1977; Evers et al., 1989).
This method has been tested for the fimnation constants reported here, but using other ligands as
the reference - as well as log(K) for the metal hydroxide. This evaluation ia shown in Figure lV-
2. There tends to be a poor fit for the log(K)’s for Barium and Magnesium with some Ugands; the
black liquor fits into this category. However, the log(K)’s fir black-liquor correlate very well
with the log(K)’s fir pyridine-2, 6dicarboxylic acid (PdC~ R2=0.99) and nitrilotiracetic acid
(NT~ R2=0.97). Since there is a large database of formation constants for these two chelating
reagents, these correlations provide a convenient method of .es@wting formation constants fbr
NPEs that have not been evaluated in this project (Lange’s Handbook of Chemistry, 1992).

9
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Table IV-2. Experimental conditions and room temperature fbrmation constants for NPE
complexes with black liquor.

Metal Black Eud-point Black pH Equilibrium Log(K)/
Liquor Total metal Liquor Concentration St. dev.
Analysis Collc, of metal
Equiv.fg M

Ca 0.0038 0.0065 0.5 11.5 0.0034 2.47
Ca 0.0012 0.0059 1“ 11.5 0.0028 2.55
Ca 0.0005 0.0103 2 10.1 0.0046 2.33’
Ca 0.0030 0.0095 2 11 0.0042 2.38
Ave=elstd 0.0020 2.4310.1

0.0020 0.0083 1 10.8 0.0042 2.38
Mg 0.0006 0.030 2 9.2 0.0116 1.93
Mg 0.0018 0-035 2 10 0.013 1.88
Average/std 0,0015 2.06/0Q7

Ba 0.013 0.013 0.5 11.6 0.0060 2.21
Ba 0.0016 0.013 1 11.3 0.0060 2.22
Ba 0.0013 0.013 2 9.9 0.0058 2.23
Ba. 0.0029 0.019 2 10 0.0081 2.09
Average/ski 0.0047 2.19/0.06

Ni 0.0009 0.0067 1 9.3 0.0035 2.46
Ni 0.0020 .0030 1 9.3 0.0008 3.12
Ni 0.0006 0.0063 2 9.3 0.0027 2.57
Averagelstd 0.0012 2.72/0.35
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Figure IV-1. Absorbance versus CaC12addition for titration of 800 mL of 1 g/L black liquor
with 0.5 M Calcium chloride.
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Chapter V. Characterization of Pulp Fibers

A. Pldp %mpks

w -Ies Wemobtainedfromthe Louisiana-Pacific pulp mill in Samoa, California (LP-Samoa). A
simplified schematic of the LP-Samoa fiberline is presented in F~e V-1. The bmwnstock pldpS Okiilled
on August 15, 1996 were sampled off the drums of brownstock washers #1 and #2 when the totally chlorine
fkee (TCF) bleach plant was in operation. EOP and third-stage peroxide bleached pulp (P3) samples were

mwnstock pulp obtained December 1, 1997 wasalso sampled off the drum on August 15, 19%. The b
k washer #1 when the TCF bleach plant was not in operation. Onesampled off the drum of bmwnstoc

additional brownstock pulp sample was obtained on April 24, 1998 horn brownstock washer #2.

B. Functional Croup Content of Pulp Samples

Selected physioal and chemical properties of these LP-Samoa pulp samples are presented m Table V-1.

Standard analytical methods were used fir estimation of pulp moisture content (1’APPIT-264 em-88, 1988),
KAPPA number (TAPPI T-236 cm-85, 1984), and fiber length distribution with fines separatkm ~APPI
t233 cm-82, 1982). Carboxylic acid group oontent of the pulp was assayed by oonductiomotric titmtion
(Katz et al., 1984) and phenolic hydroxyl group content of the pulp was assayed by oxidation of guaiacyl
groups (Adler et al., 1958; Lai et al., 1990). Fiber width was measured microscopically m a 0.1 wt%
consistency pulp suspension.

Residual lignin content was quantified as phenolic hydroxyl group content and KAPPA number, whereas
residual hemicellulose content was quantified as carboxylic acid group oontent. Residual carboxylic acid
and phenolic hydroxyl groups in pulp fibers are putative binding sites fbr binding of metal ions.
Brownstook pulp samples dated 8/96 were obtained when the TCF bleach plant was in’operation. These
pulp samples had a lower KAPPA number, carboxylic acid group conte@ and phenolic hydroxyl group
content than the brownstock pulp sample dated December 1997, which was collected when the TCF bleach
plant was not in operation. When the TCF bleach plant was in operation, the pulp was oooked to a lower
KAPPA number to improve the eiliciency of the TCF bleaching prooess. The carboxylic acid wntent of the
pulp decreased modestly as the bleaching sequence moved horn tie brownstocktothird peroxide stage (P3),
whereas the phenolic hydroxyl group content decreased to nearly zero by stage P3. Unbleached brownstock
pulp contained carboxylic acid and phenolic hydroxyl groups in approximately in equal ~ounts, whereas
the final P3 bleached pulp contained ordy carboxylic acid groups.

C. NPE Metal Profiles in I%dpSamples

Cl. NPE Metals Analysis Method

Metals in pulp samples were profiled fi-omnitric-acid digested pulp samples by inductively coupled argon
plasma (ICAP) spectroscopy using a Jarrel-Ash model 9000 ICAP. Average values based on duplicate
measurements of each sample were reported. The error m tie analysis is associated with the replication
error of the analysis, not random errors associated with repeat washing experiments or multiple samples
obtained born an operating pulp mill.

C2. NPE Metal Profiles in Pulp Before Acid Washing

The profile of nonprocess element (NPE) metals in the LP Samoa unbleached brownstock pulp from washer
#1 (#1 BS, Aug 1996 sample) and LP-Samoa fi.dlybleached P3 pulp (Aug 1996 sample) are presented in
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Table V-2. The brimnstock pulp represents the fiberNPE input to brownstock washer train and TCF bleach
p@ whereas the P3 p@p represents the @er YE output fkxn the TCF bkitckpiant. Caici~ (Q was
the dominant NH? metal “inboth the brownstock ~d P3 pulps, with caiiimtrations of at bat 1000 mg
C~.P~I?. The d~ mitim metals in the.bmwnstoc kpuip, aihnging @n 10 and 50 * dry
N@; .wefe}fiali%); Manganese (M@ and Zinc(ZuJ. ‘he concentmtion dtia.nsition met.aii in the P3 pulp

Tabla ‘v~2. me pdp W* wa%ti * dilute suifbric acid or dilute hyc@chioric acid to remove metals
bdundto pulp. The hydrogen ions m the acid solution displaced metai ions adsorbed on the pu@ and helped
to dissolve insoluble metal precipitates on the pulp, To prepare acid-washed pulp, the pulp fibers were
mixed with de-ionizetlAWiiied water to 1 wt% consistency, and then 1.0 N acid stock solution (,H2S04or
HC1)was added to the slurry until the final pH of the mixture was nmninaiiy 2.0. At pH 2.0, the mixture
was continuously stirred for an additional 30 minutes at 75 ‘C. The pulp was vacuum filtered and then
rinsed with de-ionizddistiiied water under vacuum fikration until the pH of the washings was constant
Atler acid washing, the Calcium concentmtion in the brownstock pulp (#1 BS, Aug 1996 sample) was 200
w ~ dry P@. me* w~~@s of resi~l * fi~ ~ he br~k P* (#~ BS, @
1996 sample) was 0.014 meq/g dry pulp. Since the ccmcentmtion of carboxyiate ilmctionai group
equivalents on the brownstock pulp (#1 BS, Aug 1996 sample) was 0.088 meq/g dry puip,the balance of the
carboxyiate sites were assumed to be in the hydrogen-exchanged form.

C.4. NPE Profiles m Puip After Acid Washingand 1011 Ed-ge ,

The NPE metal profiles in brownstock and P3 pulp samples alter acid washing and ion exchange with either
Caici~ Sodi~ or Nickel ions are also presented in Table V-2. To prepare a given pulp sample with a
udorm NPE profile, the acid-washed pulp was exchanged with Caicium ions. Specifically, acid-washed
pulp and,O.01 M Calcium Chloride solution (CaClz) were mixed to 1% consistency at room temperature for
30 minutes. The pulp was then rinsed with deionizddistiiied water until the washings were pHneulmi (ea.
6-7) and contained no detectable Calcium ions. This process exchanged Hydrogen ions adsorbed on the
acid-washed pulp with Calcium ions to produce a Calcium-exchanged pulp. For example, a%er Calcium
washing the Calcium concentmtion in the brownstock pulp (#1 BS, Dec 1997 sample) was 1225 mg/kg dry
P@ (0.0306 mmovg @y pulp, 0.061 meq/g drypulp). Rinsingthe acid-washedpulp with tap water,which
contained Calcium as the predominantmetal i% also produceda predominantlyCalcium-exchangedpulp
with some Magnesium+xchanged sites.

Caicium-exchanged pulps were used for all metal ion adsorption experiments, with the exception of the
Calcium-ion adsorption isotherm experiments. For determination of the Calcium ion adsorption isothe~
Nickel-exchanged pulp was used. The Nickel ion exchanged pulp was prepared according to the same
procedure as the Caicium-exchanged pulp, only using 0.01 M Nickel Chloride (NiClz) instead of 0.01 M
CSCIZ.The Nickel concentration in the Nickel-exchanged brownstock pulp (#1 BS, Dec 1997 sample) was
2095 rng/kg drypllip (0.036 mmoi/g dIypUip).

The acid-washed brownstock pulp (#1 BS, Aug 1996 sample) was washed with 0.01 M NaOH solution
foiiowed by distilled water riusing to produca Sodium-ion exchanged pulp. The Sodium concentration m
the pulp was 1045 mg/kg pulp (0.045 mmoi/g dry pulp, 0.045 meq/g dry pulp, 51% of carboxylate sites).
However, if acid washed brownstock pulp (#2 BS, April 1998 sample) was re-washed with 0.01 M NaCl
solution foiiowed by distiiied water rinsing, Sodium exchange was 562 mg/kg dry pulp (0.024 mmoi/g dry
pulp, 0.024 meq/g dry pulp, 44% of carboxyiate sites). The NaOH washing maybe more effixtive than
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NaCl washing because NaOH neutralizes Hydrogen ions released by ion exchange to elimimke competition
of Hydrogen ions fir adsorption and to provide an additibmd driving fbrce for Sodium ion adsmption.
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Table V-1. Functional group content of LP-Samoa pulp samples,

Propxty #1 BS #2 BS EOP P3 #1 BS #2 BS
(8/96) (8/96) (8/96) (8/96) (12/97) (4/98)

Avg. * 1s (n) Avg. * 1s (n) Avg. * 1s (n) Avg. * 1s (n) Avg. * 1s (n) Avg. * 1s (n)

Averagejiber [ength(mm)
Before acid washing

Aiter acid washing

Average$ber width(@n)

KAPPA number

Klason Lignin(%)

Carboxylatecontent
(mmolCoowg drypulp)

Before acid washing

After acid washing

Phenolichydroxj-icontent
(mmol Phowg dry pulp)

Before acid washing

After acid washing

Totalgroupcontent
(mrnougdtypulp)

Before acid washing

After acid washing

0.91

0.91

33.4 * 0.14 (2)

0.088 + 0.004 (2)

0.075 * 0.002 (2)

0.163

. -

. .

. 40.9 + 15,9 (60)

18,5 * 0.072 (2) 3.7* 0.27 (3) <2,5

2,97 0.72 0.23

0.056 * 0.001 (2) 0.048+ 0.001 (2) 0.041* 0.001 (2)

0,053 * 0.001 (2) 0.037* 0.001 (2) 0.044+ 0.001 (2)

0,056 + 0.001 (2) 0.0056* 0.0001 (2) 0.0031* 0.0003 (2)

0.052 * 0.004 (2) 0.0047+ 0.0010 (2) 0.0031+ 0.0001 (2)

0.112 0.054 0.044

0.105 0.042 0.047

42.7 * 14.0 (60).

.

0.100 + 0,000 (2)

O,108+ 0.006 (2) 0.055* 0.000 (2]

0.093 * 0.001 (2) ,

0.076 * 0,001 {2) 0,026* 0.001 (2)

0.193

0.184 0.081
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TaMe V-2. NonprOcess metals in Lp-Samoa pulp samples before and after acid washing and ion exchange, ‘

Metal Concentration{mgmetal/kg drypulp)

Metal #1 BS 8196 #1 BS 8/96 #1 BS 8/96 #1 BS 8196 P3 W96 P3 8/96 #1 BS 12/97 #l BS 12/97 #1 BS 12/97 #2 BS 4/98 #2 BS 4/98
Before AfterAcid Mter Acid AfterAcid Before AfterAcid AfterAcid A&Acid AfterAcid AfterAcid AfterAcid
Acid + DI Water + TapWater + NaOH Acid + Caclz + Tap Water + Caclz + NiC12 + Caclz + Nacl

Washing Washing washing Washing Washing washing Washing Washing Washing Washing Washing

Ca

Mg

Na

K

Zn

Al

Fe

Mn

Ba

Ni

Totals
(a)

., @
kg ~p
lnmou
kg pldp
meql
kg P@

1562 * 83.4

41O.5* 9.2

220,5k 23.3

48.2 + 2.9

37.5 * 3.3

15.0 * 1.6

14.2 + 1.6

14.4 * 0.3

11.1 + 0.1

.

2347 * 136

45.1

85.5

200,5 k 5,0

25.1 + 2,2

10.7 +. 0.6

6.0 * 0.5

3.8 * 0.3

2.0 + 0.4

8.6 + 1.1

0.9 * 0.2

0,8 * 0.1

291.6 &5.8

7.4

14.2

956.0 * 8,5

199.1 * 2,1

9.7 * 0.7

4,7 & 0.2

31.9 * 1.2

21.3* 2.1

13,7* 1.6

1.0+ 0.1

1.0* 0.1

1281 * 5.5

34.5

69.3

175,5 * 5.0

27.6 * 0.8

1045 + 21.2

11,4+ 0,6

5.3 + 0.5

2.1 + 0.4

7.2 * 3.4

1,1* 0.5

1.1+ 0,1

.

1301 * 26.6

51.8

58.0

1047

284.0

40.0

85.2

13.8

3.5

4.0

2.0

5.9

.

709.5 h 40,3

6.3 * 0,1

13.2 + 0.3

3,5 & 0.7

12.5 + 1.6

1.4+ 0.0

8.o & 0.3

.

1305 * 35.4

256,5 k 6.4

17,6 + 0.9

6,3 + 0.6

42.9 * 6.7

12.9 * 5.6

20.3 * 1,7

1.1* 0,1

‘ 0,8+ 0.1

.

1490 768.0 + 29.7 1691 * 22,0

42.3 19.2 45.9

80.8 37,7 90,9

1225+ 49,5

25.7 & 1.6

11.5* 2,6

6,0 * 0,2

0,7+ 0.1

3.9 * 0.9

11.7 * 0,0

0.4 * 0.0

0.3 + 0.2

.

1309* 82.0

32.9

65.3

44.4 A 3.3 639.5 k 23,3

38,1 + 4.3 39.7 * 1,3

10,4 * 1.6 32.9 + 2.4

5,9 * 0,1 40.9 * 0.9

13.2 + 0.1 7.0 & 0.6

16.2 * 0.6 4.4 * 0.1

18.1 + 0.9 8.8 * 0.1

0,5 * 0.0 0.3 i 0,0

0.2 * 0.0 0.2 * 0,0

2095 * 33.9 -

2247* 35,5 797.1 * 38.6

40,2 20.7

80,3 39.2

12.3 s= 2.8

26.1 * 2.2

562.0 * 17.0

17.6* 1.1

2.2+ 1,1

8.7 * 0,0

12.4 + 0.5

0.3 * 0.1

0,3 + 0.1

.

667,0 * 32.7

27.1

29.6

(a)Includesall 26 metalsanalyzed(Cr,N@Fe, Co, Ni, ~ Zq Al, Se,As,Mo, Ag @ S~ Sb,Pb, Tl,.Sr,Ba, Be,N%I@ ~ ~ Ti, V)but doesnot includenonmetalsB,
Si, S, P
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Figure V-1. Simplified schematic of LP-Samoa fiberline.
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Chapter VI. Characterization of Binding of Metal Ions to Pulp Fibers

A. Metal Ion Adsorption Isotherms on Wood Pulp

Al. Sigle Metal Ion Adsorption Measurements

The adsoqkion isotherm specifies the amount of metal adsorbed onto the pulp at a given temperature as a
fimction of the concentmtion of the metal ion in the solution contacting the pulp at conditions of
equilibrium. In an ion exchange adsorption process, the adsorption sites fix ion exchange must already
possess an adsorbed ionic species in order fir the metal ion to displace the adsorbed ion and maintah
charge neutmlity between solid adsorbent and the ionic solution surrounding it, All metal ion adsorption
isotherms were performed on Calcium-exchanged pulp in order to provide a common adsorbaut for ion
exchange.

Process conditions for measurement of the metal ion adsorption cmwood pulp are summdzed in Table VI-
1. All metal ion adsorption experiments were carried out by mixing a suspension of Calcium-exchanged
pulp described in Section V with an aqueous solution of one given metal ion. Typically, 50 mL of the pulp
suspension was contained within a seal~ 250 mL screw cap Erlenmeyer flask. Each metal ion solution
was prepared by dissolving its salt (BaClz, CaCIA CdNOs, MnCIZ, NiC~ PbNOs, Z33SOQ)into de-
ionized/distilled water. Metal concentmtions ranged from 2 to 2000 mg of flee metal per liter of solution.
No pH adjustments were made to the solution to avoid adding either Hydrogen ion (e.g. HC1) by acid
addition or another metal (e.g. NaOH) by base additbn. To begin the adsorption experime@ 50 mL of the
metal ion solution of known initial concimtmtion was added to a given flask. Prepared Ca-exchanged wet
pulp of known moisture c6ntemtwas weighed and then added to the flask to provide a pulp consistency of 1
WWO.Before and just after the pulp was added to the flask 0.5 mL samples of the solution were pipett.ed
from the flask to accurately determine the true initial metal ion concentmtion. The screw-cap flask was
sealed tightly b minimim the possibility of evaporation during the adsorption experiment, The flasks were
pIaced within a temperature-controlled orbital shaker set to a given temperature (25, 50, or 75 ‘C) and
mixed continuously at 160 rpm, After the desir~ contact time, another 0.5 mL sample of the solution was
pipetted Born the flask. The pH values of metal ion solution before addition to the pulp, just after addition
to the puIp at the beginning of the adsorption experime@ and at the end of the adsorption experiment were
measured with a pH electrode.

The metal ion concentmtion m solution was determined by capillary electrophoresis using a Dionex
C%pillaryElectrophoresis System I at the fbllowing operating conditions: IonPhor Cation I)DP electrolyte
buffbr (Dionex 046071), 50 mm ID x 50 cm length capillary, 20kV separation voltage, UV detection at
215 nm.
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Table VI-1. Typioal Experimental Conditions for the Metal Ion Adsorption Experiments

condition Value and Units

Pulp
Dry weight 0.50 g
Wet weight 2.00 g
consistency lwt’%

Metal i~n solution
Initial Ooncentmtion 2-2000 & metal.iL
Volume 48 mL

vessel 250 mL Erlenmeyer flask
(Screw cap)

Agitation 160 rp~ orbital shaker

Temperature 25,50,75 “C

Akomtion time 2-24 hr

The adsorption capacity of a given metal ion bound onto the wood pulp (Q* mg metal/g-dry pulp) was
determined by the material balance equation

Ci,. VCJ- Ci,f Vf
qi, f =

mp
(VI-1)

where Cb~is the initial metal ion conwntratkon in the flask (mg metal ion/L), Cti is the final metal ion
concentration m the flask (mg metal ion/L), m=is the equivalent dry mass of acid-washed pulp m the flask
(g), Vois the initial solution volume (L), and U is the final solution volume (L). Control experiments
containing no pulp were peflormed in parallel for a given series of adsorption experiments to d4termine any
potential evaporative losses of solution needed for accurate estimtion of Vfi A contaot time of 24 hr was
ensured adsorption equilibrium between the metal ions in solution and the metal ions bound to pulp. All
dso@on experiments at a given initial metal ion ooncmtration were carried out in triplicate. Average
values for the final metal ion concentmtion (Cd and final metal ion loading on the wood pulp (@) were
reported.

The procedures fir the adsorption kinetics experiments were similar adsorption isotherni experiments.
Liqpid samples of least 0.5 rnL were withdrawn from the flask at 10 SW, 1 ruin, 2 rein, 3 n@ 5 n@ 10

rein, 30 rnin, 1 hr, 6 hr and 24 hr. For adsorption kinetic experiments at 75 ‘C, metal ion solution was
heated to 75 “C within the temperature controlled orbital shaker before adding the pulp.

AJ?.Adsorption Isotherm Database

The adsorption isotherm database for metal ions on wood pulp is summarI“zealin Table VI-1.

Adsorption isotherm data for six separate divalent metal ions on Calcium-exchanged LP-Samoa
brownstock pulp (Aug 1996 and Dec 1997 samples), including Barium (Ba+2), Cadmium (Cd+~, Lead
@b+’), Manganese (Mn+z), Nickel (Ni+2),and Zinc (Zn+’) are presented in Tables VI-3 to VI-18 and
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the lowest and Lead (Pb) being the highest. The adso@ion capacity decreased with increasing
[ t@P-. Specifidy, the adsorption capacity at 75 “Cwas approiimat.ely one-half of the adsorptbn

capacxty at 25 “C for all the metals.

Ads@ption isotherm data fbr Nickel ions on LP-Samoa TCF bleach plant pulps at 25 ‘C, rnciuding
Calohun-exchanged HOP pulp (Aug 1996 sample) and Calcium-exchanged P3 pulp .(Aug 1996 sample) are
pfesented in Tables VI-20 to VI-21 and Figure VI-8. Adsorption isotherm data fbr Sodium ions (Na’) and
Barium ions (Ba’~ on Ca-tnwhanged P3 pdp are protided in Tables VI-22 to VI-23 and Figure W-9.

A.3. Ion Exchange Characteristics of Metal Ion Adsorption onto Wood Pulp

Metal ion adsorption onto wood pulp assumes that the metai ions brnd to residual carboxylate
(-COO> sitea. Carboxylate has one equivalent of metal ion exchange per mole. Therefore, one molecule of
a divakmt metal ion requires two carboxyiate binding sites, whereas one molecule of a monovalent metal
ion requires one carboxylate binding site. Metal ion exchange onto wood pulp also requires
electroneutralky on the pulp and in solution. For example, the exchange of Nickel ions with Calcium ions
on Calcium-exchanged pulp is given by

Ni+2 +-Ca” R2 u Ca+2 -t Ni. R2 (VI-2)

where R represents a single carboxylate site. Similar reaction$ can be written for all other divalent metals.
The theoretical adsorption capacity Rx a given metal ion on wood pulp based on an ion exchange process
with carlmxylate sitea on the pulp is given by

%,. ‘T=—
vi

(VI-3)

where q~ is the total carboxylate binding site concentmtion (mmol - COO-/g pulp) and vi is the
coordination number for the metal ion (mmol metal ionhnmol -COO-). For an ion exchange process, all
carboxylate sites must be bound to either Hydrogen or metal ions.
The acid dissociation constant Q@ of carboxylic acid groups on unbleached wood pulp is 3.4 (Lame et
al., 1994). At pH 5 and greater, less than 3% of the carboxylate groups are pmtonated if other metal ions
are present to brnd with carboxylate sites. Therefore, most of the residual carboxylate sites on the pulp
serve as metal ion exchange sites at pH 5 to 7.

Ion exchange experiments for adsorption of Nickel ions on Calcium-exchanged brownstock pulp were
peribrmed at 25 ‘C. Nickel was used as a probe metal fbr ion exchange experiments because it binds
strongly to pulp but it is not an NPE transition metal associated with wood pulp. The initial concentration
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of Calcium ions bound to the Calcium-ex&a@ed brownstock pulp (Dee 1997 sarqple) was 0.031 mmol/g
dry pulp. The adsorption capagity ofNi+z on the Ca.lciurn-exchangedbrownstock pulp (Dee 1997 sample)
and the extent of “Ca+zrelease fkoni the pulp are shown m F@re VI-10 as a fimction of find Ni+2
mwmtmtion in solution. The average pli of the isotherm was 5.48. The adsorption capacity* Ni~2on

of ~5 mmtjl)L and higher. The ‘Ca+zresorption isotherm behavior paralleled the Ni+zadsorption isotheim.
At low Ni+2 concentmtions bebw 1.0 mmoi Ni+2/L, the extent of Calcium ion displacement increased
rapidly with increasing Ni+2cuncentmtion. At Nickel ion conmntrations above 1.0 mmol Ni+2/L,the extent
of Ca release was constat at 0.03 mmol Ca./g dry pulp. Therefbre, the adsorption of Nickel ions on the
Calcium-exchanged pulp completely displaced toizd amount of Calcium inkially loaded on the pulp before
the saturation point fbr Nickel ion adsorption. At Nickel ion concentmtions below 0.055 mrnol/L, the
extent of Ni adsorption equaled the extent of Ca resorption. However, the
capacity of Nickel was three times higherthanthe maximum

maximum molar adsorption
extent of Calcium release.

Ion exchange experiments fir adsorption of Calcium ions on Ni~changed brownstock pulp were also
perfbrmed at 25 ‘C. The extent of Ca+2adsorption and the extent of Ni+2release are showh in Figure VI-11
as a function of @d Ca+2concentmtion in solution. The average pH of the isotherm was 5.08. The
adsorption capacity of@ ions on Ni-exchanged pulp vs. CS+2concentmtion in solution is called tie Ca
adsorption isoi%e~ whereas the extent of Ni ion displacemmt from the ulp vs Ca ion concentmtion in

?solution is called the Ni resorption isotherm. At low ~ .ons of Ca+ m the solution below 2.0 mmol
Ca+2/L,the adsorption capacity increased rapidly as the solution CS+2concentmtion rncreas~ whereas at
higher Ca+2 concentmtions the adsorption capacity increased more slowly. The satumtion adsorption
capacity was 0.076 mmol Ca+2/L fir Ca+2 cmwentdon of 15 mmol/L and higher, similar to Ni+2
adsorption on Ca-exchanged brownstock pulp.

The Ni+2resorption isotherm behavior paralleled the Ca+2adsorption isotherm. At low Ca+2concentmtions
below 2.0 mmol Ca’2/L, tie extent of Ni ion displacement increased rapidly with increasing Ca+2
concentration. At Calcium ion concentmtions above 2.0 mmol CS+21L,the extent of Ni release was
rmnst,antat 0,030 mmol Ni+2/g dry pulp. me adsorption of Calcium ions on the Ni-exchanged pulp
completely displaced the total amount of Nickel initially loaded on the pulp befbre the saturation point for
Calcium ion adsorption. At Calcium ion conmntrations below 0.030 mmol/L, the Ni-Ca exchange capacity
was one-to-one. However, at satumtion the adsorption capacity of Calcium was two times higher than the
maxim~ extent of Nickel release. ‘

Nickel exchange and Calcium exchange behaved similarly. The extent of Ca+2displacanent increased with
increasing Ni+2 concentration until all Calcium ions were displaced. Similarly, the extent of Ni+2
displacement increased as the CS+2concmtration increased nntil there were no more Nickel ions adsorbed
on the pulp.

For brownstock pulp, the extent of divalent ion adsorption exceeded the extent of calcium ion resorption at
25 *C. However, the extent of divalent ion adsoqtion on calcimmexchanged pulp approached the extent of
calcium ion resorption as the temperature increased. For exmpple, the effbct of temperature on the Ni
adsorption isotherm onto calcium-exchanged brownstock pulp (12/97 sample) is presented in Figure VI-12,
and the effkct of temperature on the Ca resorption isotherm is presented m Figure VI-13. At 75 ‘C, the
molar extent of nickel ion adsorption at saturation approximately equaled the extent of calcium ion release.
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Furthermore, the extent of Nickel icm adso@ion approximated the extent of Calcium ion release as the
pulp moved from the unbleached brownstock to the fidly bleached P3. The Ni adsorption and Ca
resorption isotherms fir Calciunwxchangd bleached EOP and P3 pulps (Aug 1996 sample) at 25 ‘C are
presented m Figures VI-14 and VI-15. As shown m Table V-1, brownstock pulp contains both carboxylate
and phenolic hydroxyl groups, and most likely cmtains entrained black liquor that is not removed by acid
washing. The black liquor also contains functional groups fix metal ion complexation. Consequently, the
brownstock pulp is a very heterogeneous adsorbent for metal ion adsorption. However, the fidly bleached
P3 pulp contains only residual carboxylate groups, no phenolic hydroxyl groups, and no entrained black
liqpor. Consequently, true ion exchange b6havior fir metal ion adsorptkm on wood pulp is only observed
when the pulp fiuwtional group cmstituenta are reduced to carboxylate groups.

In summary, true ion exchange behavior was only observed at low conc@ration and high temperature (e.g.
75 “C) on bleached pulps that possessed only carboxylic acid groups and no other entrained residual
components.

De-ionized water washing of Ni-exchanged pulp did not remove Nickel ions fhxn Ni-exchanged
brownstock pulp or Calcium ions fmm Ca-exchanged brownstock pulp. Initially, the Ni-exchanged
brownstock pulp (DOC1997 sample) contained 2095 mg N% dry pdp (0.036 mmol Ni+2/gdry pulp).
De-ionized water washing did not significantly displace the adsorbed Nickel, as the p~p still contained
1900 mg Ni/kg dry pulp (0.033 mmol Ni+2/gdry pulp). However, when the pulp was re-washed with 0.01
M CaClz, the Nickel content of the pulp was reduced to 120 mg M/kg dry p~p (0.002 mmol Ni+2/gdry
pulp). The displacement of adsorbed Calcium by Ni+2ions at 25 to 75 ‘C from Ca-exchanged brownstock
pulp (Dee 1997 sample) and the displacement of adsorbed Nickel horn Ni-exchanged brownstock pulp by
Ca+2ions were at least 9570. These data fbrther sugge* that the adsorption of metal ions on wood pulp
was an ion-exchange process.

A.4. Freundlich Adsorption Isotherm Parameters

Adsorption isotherm data were fitted to the empirical Freundlich model

(v-M)

where CWis the molar concentmtion of metal ion in solution at equilibrium (mmol/.L),and Qti is the molar
adsorption capacity of the metal ion m the wood pulp at equilibrium (mmol/g-chy pulp). Estimates for the
Freundlich adsorption constant K and the fitting constant n were obtained from the least-squares intercept
and slope respectkdy of haQu vs. In CVdata.

Least-squares es$imates of K and n for each metal at each temperature on a given pulp are reported in
Table VI-24. The solid lines in all figures represent the best fit of the Freundlich model the adsorption
isotherm data. The Freundlich model and best-fit parameters for adsorption of a given metal ion on a given
pulp at the specified temperature can be used to estimate the loading of the metal ion on the pulp as a
fimction of the metal ion solution concentmtion in contact with the pulp.

The Freundlich adsorption constant K is an indicator of the aflinity of the metal ion to the wood pulp. The
FreundliA K values for all seven divalent metal ions on brownstock pulp at 25 “C were f%irlyclosely
chxst.eredbetween 0.025 and 0.040, suggesting that the aflinity of divalent metal ions to wood pulp were all
on the same order of magnitude. Based on these K-values, the order of affinity for a specific metal ion on a
specific pulp at 25 ‘C is:
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Pb-BS > Ni-Bs > Ca-BS > Cd-BS > Mn-BS > Ba-BS > Zn-BS > Ni-EOP > Ni-P3 > Ba-P3 > Na-P3

Metals had a higher ailhity for unbleached brownst.ock pulp than bleached EOP and P3 pulps. The
Freundlich K value decreased with increasing temperature from 25 to 75 ‘C. This behavior is consistent
with adsorption processes possessing negative heats of adsorption.

AS. Correlation of Metal Ion Adsorption to Wood Pulp Constituents

As shown in Section V, unbleached and bleached pulps hati Mbrent residual fimctiona.1group cmtents.
In order to correlate metal ion adsorption capacity to wood pulp functional group consthuents, the molar
satmation adsorption capacity of a given metal ion on aigiven pulp must first be estkmtd The saturation
molar adsorption capacity fbr each divalent metal was estimted at a common final metal ion conwntration
of 15 mmol/L using the Freutxllich parameters K and n presented in Table VI-24. Although the empirical
Freundlich adsorption isotherm does not predict a satumtion adsorption capacity, the adsorption capacities
of all seven divalent metals were insensitive to increasing metal ion concentmtions of 15 mmol/L and
greater.

Table VI-24 also compares the saturation adsorption capacity for seven divalent metal ions (Ba’2, Ca+z,
Cd+2,Mn+2,Ni+2,Pb+2,Zn+z)on diffbrent pulps (LP Samoa brownstoo~ EOP, P3) at temperatures of 25 to
75 ‘C. The saturation adsorption capacity was also normalized to the carboxylic acid group content of the
pulp (mol metaUmol COOH), as shown in Figure VI-16. On this basis, the satumtion adsorption behavior
of all divalent metal ions on wood pulp became similar. Ifa divalent metal ion adsorbs only on carboxyiate
sites, then the satumtion adsorption would theoretically be 0.5 mol metdmol -COOH. However, at 25 “C
the adsorption capacity of divalent metal ions was between 0.5 and 1.0 mol metal/mol -COO~ with some
metals (Cd and Mn) between 1.0 and 1.5 mol metal/mol -COOH. Therefore, lhe measured adsorption
capacity exceeded the theoretical adso@m capacity based on ion exchatkgewith carboxylate on pulp.
When lhe temperature was increased to 75 ‘C, tie measured adsoqt.ion capacity settled to the theoretically
predicted value of 0.5 mol metal / mol -COOH. Furthermore, the measured adso@ion capacity fbr metal
ions on bleached pulps (EOP, P3) was closer to the theoretically predicted value “of0.5 mol metal / mol -
COOH.

The next logical residual pulp consthuent to consider for metal ion binding is the phenolic hydroxyl group.
Ax described in Section V, unbleached brownstock pulps contain phenolic hydroxyl groups whereas
bleached pulps contain only trace amounts of phenolic hydroxyl groups. The phenolic hyckoxyl group,
also with one equivalent of ibn exchange capacity per mole, is a much weaker ion exchange site than the
carboxylic acid group. Assuming that the PK. value”of phenolic hydroxyl group residues on unbleached
wood pulp is about 9, then at pH 5 and greater, over 99% of the phenolic hydroxyl groups are protmated.
Consequently, metal ions would have to displace the Hydrogen ions in order to adsorb onto phenolic
hydroxyl sites, which will not be thermodynamically fbvored unless a given metal ion binds stronger to this

site than Hydrogen ion. If carboxylate and plmnolic hydroxyl groups in the pulp served as metal ion

binding sites, then the total molar concentmtion of sites available Rx metal ion adsorptkm on the
unbleached brownstock pulp (Dee 1997 sample) would be 3.9 times higher than the fhlly-bleached P3 pulp
(Aug 1996 sample]. However, the measured saturation adsorption capacities of Nickel ions on Calcium-
exchanged brownstock (Dee 1997 sample) was only 2.5 times higher than on the P3 pulp (Aug 1996
sample), which parallels only the carboxylic acid group content change. This result fhrther suggests that
the saturation metal ion adsorption capacity is correlated only to the carboxylic acid group content of the
pulp even when the pulp possesses multiple adsorption sites. Thereibre, the phenolic hydroxyl group
content had no efl’ecton the adsorption capacity at neutral pH range of 5 to 7.
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B. Metal Ion Adsorption Kinetics on Wood PuIp

Theadsorption kinetics database h metal ions on wood pulp is summarbd in Table VI-26.

Preliminmy experiments for the adso~m ,kiuetics of Barium ions (13a’2),Cadmium ions (Cd+~, and
Manganese ions (Mn+2)on Calcium-exchatiged brownstock ptdp at 25 *C and 1;0 wtYopulp consistency
are pmseuted in Tables VI-27 to VI-30 and Figure VI-17. The initial metal concentmtion fir each
experiment was 100 mg/L, The rate of metal ion adsorption tis rapi~ and equilibration was achieved
within 30 minutes. The metal itself did not have any significant eilbct on the adsorption kinetics.
Therefbre, detailed kinetic studies f~ed on one metal (Nickel), as detailed below.

According to the selectivity data presented in Section VI-A above, Nickel ions bind strongly to pulp. ‘l%e
adsorption kinetics of Nickel ions @i+z)on Calcium-extiged brownstmk pulp (Dee 1997 sample), and
the resorption kinetics of Calcium ions fkxn the pulp were measured at 25 and 75 “C, 1.0 wt% pulp
consistency, nominal pH of 5, and initial Nickel ion concentmtions in solution ranging finm 10 to 600
mg/L (0.17 to 10.22 mmol/L). These data are presented in Tables VI-31 to VI-36. Selected adsorption
kinetics data at 25 “C and 75 “C are also provided in Figures VI-18 and VI-19 respectively. As mentioned
m earlier in section VI-A Nickel was used as a probe metal fir ion exchange experiments because it binds
strongly to pulp but it is nut M NPE transition metal associated with wood pulp. The rate of both Nickel
ion adsorption and Calcium rel~e was very rapi~ and the metal ion exchange process @brated within
10-30 min. Temperature and initial mxl conoentmtion did not have any signibmt’ eflkcts upon the
adsorption kinetics.

The kinetic data also Mustmtd the ion exchange behavior associated with the adsorption isotherm data for
divalent metal ions onto brownstock wood pulp. At low Nickel ion concentmtions below 60 mg/L (1.02
mmoliL), the molar extent of Nickel ion adsorption equaled the molar extent of Calcium ion release. At
initial Nickel ion concentmtions above 60 mg/L, the molar amount of Nickel adsorbed onto wood pulp
continued to increase while the molar amount of Calcium release from the pulp remained castant between
0.030 and 0.035 mmol Ca/g dlYpl.dp.

Finally, adsoqtionion exchangekinetics for Barium ions @a+2) on Calcium+xchanged unbleached P3
pulp at two mixing speeds (150 and 250 rpm) at 25 “C are presented in TabIes VI-37 and VI-38 (Figures
VI-20 and VI-21). The adsorption ion exchanged kinetics fir Calcium ions (Ca+~ on Sodium-exchanged
P3 pulp at 25 ‘C are presented m Table VI-39 (Figure VI-22). For Barium ion aisoiption on Calcium-
exchanged pulp the molar exchange was 1:1, whereas for Calcium ion adsorption and Sodium-exchanged
pulp the molar exchanged was 12, cmskbnt with a stoichiometric ion exchange adsorption process.

C. Muki-C!omponent Metal Ion Adsorption Experiments (Task B-2.l)C.1. Competitive Metal Ion
Adsorption Measurements

The competitive ion~xchange experiments with Na+ and Ca+2were conducted as a fbnction of pH.

Initially, 3.0 g of HCI acid-washed pulp (dry basis, Hydrogen-exchanged form) was added to 160 mL of
0.002 M EIC1within a sealed 250 mL glass vessel and then mixed at 150 rpm fir 25 “C fir 90 min. l%-
6-10 mL increments of a solution typically containing 0.025 M CaCb and 0.025 M NaOH were added to
the slurry, and the suspension was mixed for 90 min. The pH within the vessel was measured continuously
with a pH electrode. Mter each metal ion solution addition, the pH increased to a higher value because the
hydroxide addition neutralized a portion of the Hydrogen ion solution and on the pulp. This procedure was
repeated to obtain eight equilibrium pH steps nominally rncreasiug from 2,5 to 11. After each equilibration
step, the metal ion concentmtions in the aqueous phase were measured using a Dionex HPIC or ICP. The
adsorption capacity of a given metal i bound onto wood pulp, Qie (mmol metal icxdg dry pulp) was
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calculated fi-om

ci,ovo-Ci,evf
Qi,e= ~p

\
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(VI-5)

where CiOand Ct. are the initial and final concentrations of a metal ion “i” in the liquid sample, mp is the
dry mass of the pulp, and% and V are the volumes of solution at the beginning and the end of each
stepwise addition of metal ion solution. The concentmtion of Calcium in solution was always kept well
below the volubility limit for Calcium hydroxide.

C.2. Competitive Adsorption of Two Metal Ions on Wood Pulp versus pH

Experiments for the competitive adsmption of two metal ions onto wood pulp versus pH are summarhd in
Table VI-40. Data fix the competitive adsorption of Sodium (Na’) and Calcium (Ca+~ ions on unbleached
brownstock wood pulp (#2 BS April 1998 sample) and P3 pulp (Aug 1996 sample) at 25 “C cwer a
nominal pH range of 2.5-11 are presented in Tables VI-41(a,b) and VI-42 (a,b) respectively. Below pH
2.5, no metal ion adsorption occurred and the pulp remained in the Hydrogen-exchanged fbrm. The pH
was increased by the NaOH addition, which neutraked the Hydrogen ions m solution and initially
a&orbed on the pulp. As the pH increas~ Sodium and Calcium adsorbed onto the pulp.’ For bleached P3
pulp, by pH 4.5, the molar adso~on capacities for both Na and Ca leveled off and remained mnstant with
increasing pH. However, fir the unbleached brownstock pulp, the molar adsorption capacities of both Na
and Ca still increased slowly horn pH 4.5 to pH 11. This result can be attributed to the fictional group
content of the pulp. Recall horn Section V ~able V-1) that bleached P3 pulp contains only carboxylate
“groupswhereas unbleached brownstock pulp contains both carboxylate and phenolic hydroxyl groups. As
explained above in Section VI-B, phenolic hydroxyl groups are not likely to serve as metal ion adsorption
sites at neutral pH and below. Howwer, at high pH the phenolic hydroxyl group can become de-protmated
and therefore may possess metal ion exchange capacity.

The totalionic equivalents (meq) of simultaneous Na+ and Ca+2adsorption exceeded the total ion exchange
capacity of the pulp (sum of carboxylate and phenolic hydroxyl group pulp conoentmtions) by about 20 to
50%, consistent with the data presented in Figure VI-16 at 25 “C.

D. References

Laine, J., Lovgr~ Lars, Stenius, P., and Sjoberg, S. (1994). “Potentiometric Titration of Unbleached
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287.
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Figure VI-17. Adsorption kinetics for Ba, Cd and Mn ions on brownstook pulp at 25 “C (prelimimuy
experiments).
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Table VI-2. Summary d matal km adawptbn &c#arm axparimanta on wood pulp.

M&al Pulp Otlan?cterib Pmc%sa Cmdi@na

Typa
Final RaIXXI

-OOOH
Isotherm I.D.

-Pt@H Acid Exchallgad Temp. AverqpI Table # Figura # Data Run #

(m molfg) (mmoUg) Waahing Fcmn (W M
I

Ba #2 BSW98 0.053 0.052 H*O. Cal% )7, 21q2i97,m 7197,WS197, 8124t97 f,2,3,4,5

)7, W2W97 7,8

. . . - .-. t7, 5122197 8,9
I Uen I 6.&-il - I 43 -. [ .rl a I . . . a I 1 .,..”.-, .,. .-., .-A -- . ..-

, .*) 25 6.M I VI-3 vi-l Zlwf

Ba I #2 BSS/86 I 0.053 I 0.052 j - “H+304 I Ca(tap) 50 5.27 j VI-4 vi-l Wwf
Ba #2 Bss/98 I 0.053 0.052 I H&o. 1 ca(tlw) 75 5.47 I VI-5 w-l Y13X

I ~ 1#1 *ml 0.C38 I 0.075 I &So. Icaft

i Ni i #l 5S 12/97 I 0.108 t 0.076 I H&

I Zn i #1 BS8/98 I 0.088 I 010?5I--ES

)7, 7/29/97, w2/97, 1wl/07 18,7,9, 10
J

, 4/07/98, 4/28/98 [1,3,6,7 I

I
, .... 1 ..6.-+ # --,—,

Ba I P3 8/98 I O.oi.i I 0.003 HCI Oa I 25 I 5.49 I VI-22 I
F@

VI-9 I lY17/a

P3 8/96 I 0.044 I 0.003 I HCI 1 Ca 25 5.50 VI-23 w-lo Is/n/a I

P) I 25 I 5.77 I VI-21 I VI-8 t tl/20/W, 1/26/109S, l/2W9S, 1/31/9S, 2/034S8, 7W9E43, 4,6,8,10,11

n II
1,

n II I



Tabla VW. Esrium (B@ adsmption isothemr on bmwrs&k pulp et25 “c.

Run # #1-2/l 0/97, #X2112197, #x2f17i97 Temparetura 25.0 “c
M-81181Q7, #56124i97 Vessek 250 mL shske flsak

Pulp lot 1 /)2866/S6 Solution whims 30.0 mL Anslysia: CEs

PUIP CDDH cono.: 0.033 mrrrolfg rntin~ 180.0 rpnr In@= *.636

Pulp PhOH cone: 0.052 mmo!fg Adeo@on time 24.0 hr n= 0270

Add wash~ w, Dry pulp mss 0.513 g Aw. PI-I 6.04

M!&) 137.34 gfmol Eaohangad form Cs (tap) +/- la 0.19

hriLisl3s G7naemtation, CO Fmsl Ss Conambahn . C(r Find Ss Adsorbed on DIY Pulp, Qtf Firrsl pH CS Rdessed from Dry PUIP

nwIL +1- 1s mmol I L mg/L +kls mmol I L mg I g pulp +/- 1s mmd / g pulp nw/L +/- 1s

0.00

til L mmolt g pulp

0.00C41
47.36 0.08 0.345 22.04 0.36 0.160 2.50 0.040 0.o182 6.2a 9.45 0.07 O.za

45.88 1.49

0.0-230

0.334 26.69 0.36 0.194 1.82 0.140 - 0.o133 6.23 ?.17 0.16 0.179 0.0160

64.63 1.53 0.471 64.&3 1.531 0.471 256 0.360 0.0166 4.63
83,07 1.90

0.52 o.lf14 0.0110
0.721 6827 1.38 0,497 2.S2 0.180 0.0211 6.12 1272 0.14

186.63

0.317

5.44 i .373

0.0310

15247 1.32 1.110 3.51 0.650 0.0256 4.18 0.19

211,31

0.104 0.01 w

2.54 1.52s 166.12 6S5 1224 4.18 0.620 0.0304 6.IM 14.65 0.43

476.43

0.368

9.37 3.408

0.0280

423.7~ 926 3.03S 5.21 0.910 0.0379 5.$il 6.19 0.00

548,19 10.77

0.154

3.991

0.0150

498.(XI 33.69 3.826 4.42 2.780 0.0322 5.W 9.53 1.40

989.67

0.238

8.75 7.032

0.0230,

905.18 10,71 6.591 6.40 1.034 0.0486 6.04 17.53 1.01 0.437

100218 0.50 7.ZS7

0.0430

951.91 I 10.18 6.934 4.97 1.010 0.0362 5.76 10.03 0.431 0.250 0.0250

Tabta VI-4. Bedum (B@ ads&dion isotherm on bmwmsbxk pulp et 30 “C.

Run # #7-3n3197, #8-wo197 Temperstwe 50.0 “c
Vesaet 250 mL shake fisek

Pulp lot 1 #28s31$8 SOhdion wlumst 50.0 mL Analysis CE6
PUIP CODH UJrra.: 0.053 mmolig klixi~ 160.0 rpm in~= -3.817
Pulp PhOH aonc.: 0.052 mmotfg Ademption tinw
Acid wsshing

24.0 hr “. 0.329

MSQ Dry @p msaS 0.508 g Aw. pH 5.27

Mn’(w 137.34 ghnol Exohsnged fonm Ca @p) +1- 1s 0.52

Mid Ba cmr~on, C,e FM Ss GmentWen. C“ Finsl Ss Adaorbad on Dry puIP, Q!, Find pH Ca Rekssed fmm DIY Rulp

nwIL +/- 1s tnmol I L mgl L +/- 1s I mmol I L fag \ g pulp +/- Is mmol / g pulp nwIL +6 1s mmdl L mmd Igpuip

0.00
47.36 230 0.345 27.95 O.m 0.204 1.6a 0.060
53.47

0.0137 5.85 6.70

120
0.4s 0.217 0.0210

0.3.SS 33.87 1.14 0247 1.97 0.110
99.5s

o.o143 5.65
1.34

5.03 0.94
0.723

0.126 O.OX?Q

74.39 0.48 0.542 2.43 0.040 0.0177 5.77
107.41 1.85

10.97 0.10
0.782

0274 0.0260

61.83 295 0.s7 2.56 O.xrlr o.o166 5.01
193.00 3.07

5.74 0.30
1.4C5

0.143 0.o140

159.10 1.70 1.156 3.28 0.160 0.0233 5.65
207.78 273

12.05 0.50
1.513

0.301 O.ozo

177.77 6.87 1.294 3.02 0.690
506.36

0.0220 5.05
5.29

8.54 296
3,687

0.212

460.50

0.0210,

323 3.353 4.44 0.310 0.0323 5.42
53627 9.46

15.47 1.69
3.905

0.366 o.@380

48&73 2.46 3.639 3.67 0.250 0.0267 4.23 3.28
103237 8.33

0.77
7.517

0.032
975.08

0SW30

24.38 7.lCQ 5.!M 2360 0.04W 5.36 15.09 1.98 0.376 0.0300
1104.95 13.43 8.045 1029.52 13.59 7.496 7.s 7.370 0.0552 4.70 5.W 3.91 0.127 0.0130

Table W. Bsrium @a) adswptbrr isofhenn on Lrrowrrs$xk pulp sf 75 %,

Run # #65n3197, #%512211$97 iempemtuw 75.0 %
Vasset

Pulp lot 1
250 mL shake flesk

#2 Bs3i96 .%lution volume: 50.0 mL Anelyais CES
Pulp CODH cone.: 0.053 mmOUg Mtin~ 160.0 rpm kr(PJ= -3.944
Pulp PhOH mnc.: 0.052 mmol/g Adrmt@on time

Acid wsshi~
24.0 hr 0.212

H&o, Dry pulp mass 0.506 g Aq.”~ 5.47

MU (w 137.34 g/mOl Gmhsngsd form Ce (fsP) +/. 1s 0.?5



Table V1.5. Cadmium (Cdl ad&rplion tsetharm on brwmabxk pulp at 26 “C.

Run # #i-4fllls7, #2-4114197, #3-4m167 Tensparatwsi 25.0 “c
Vsaaw 250 mL ahaka flaak

Pulp lot 1 #26s61w SO]ulbn voluma 50.0 mL

Pulp COOH Urnc.:

An31y3!S CES

0.053 mmolig Mtdrw 160.0 rpm In (9 = -3.522’

Pulp PhoH m: 0.052 mmOiIg Adam’@n time 24.0 hr “= 0.320

Acid washinv H- Dry pulp ma3S 0.506 g Aq, pH 6.01

?& (cd) f 12.4 @nol Exchanged larm Ca (tap) +1- 1s 0.63

Mid Cd COmmtrahOn, Cj.o Final cd COm!arm’-ska, C’f Final PH

nwIL +/- Is mmd 1 L mgl L ++ Is

O.w
tl.26 0.05 O.IOQ 1.66 0.20 0.015 0.92 0.02 0.0032 7.23

19.65 0.25 0.177 5.11 0.52 0.045 1.43 O.ffi 0.0127 6.66

4s.14 0.49 0.437 27.99 0.34 0.246 2.06 0.03 0.0136 6.28
54.14 0.01 0.432 31.65 1.09 0.262 222 0,11 0.0166 6.33

85.32 3.74 0.646 70.32 2.34 0.626 2.47 0.23 0.0220 6.00

10Q.66 0.77 0.396 69.3s 1.36 0.617 3.06 0.19 0.0275 5.92
181.25 3.66 1.613 152.62 2.39 1.360 260 0.24 0.0249 5.54

187.03 2.33 1.664 157.31 3.00 1.400 264 0.30 0.0262 5.81

43265 12,74 4.264 434.32 4.82 3.368 4.73 0.46 o.042i 5.67
6W.13 4.3* 5.734 535.23 15.73 5.207 6.40 1.55 0.0566 5. w

W6.30 34.30 8.365 325.72 22.60 6.236 7.32 223 0.0651 5.17
1630.72 67.77 14.330 1516.33 6.13 13.5061 8.36 0.59 0.07s1 6.00

2014.65 5.36 17.626 1626.27 33.42 17.1331 6.53 3.22 0.0756

Table VI-7. Cadmium (cd) adsorption aotharm cm bmwmbxk pulp at 50 %.

Run # #.+71W67, #5-71WS7, #6-6fl167 Temparatum. 50.0 “c
Vasaat 250 mL shake flaak

Pulp lot 2 #1 SS3m6 solution whims 50.0 mL Analysis C&S
Pulp COOH mnc.: 0.03S mmollg Mt41sg 160.0 tpm In (KJ = -3.53s
PUIP PhOH COW.: 0.075 mmollg Adsorption Ma: 24.0 hr n= 0.220

Acid Waahirrg H2804 DIV pulp maas 0.503 g Aw. pH 5.53

w (cd) 112.4 ghnc.1 Exchanged fmnx Ca (tap) +&Is 0.37

Mid Cd COncantratbn, C,,. Final Cd CancmM&n, Ct, Flnalcd MaOdsad on DIV Pulp, QL, Fkral pti

mgl L M-Is mnml / L nwIL #-Is mmol t L mglg put +1- 1s mmol / g pulp

0.00
11.05 0.10 0.086 1,03 0.02 0,010 0.69 0.00 0.0033 5.17
25.23 0.53 0.233 6.67 0.26 0.061 1.91 0.03 0.0170 6.18
47.61 i.16 0.424 2275 0.44 0.202 2.46 0.04 0.0219 5.91
47.61 1.18 0.424 23.17 0.46 0.206 2.42 0.05 0.0215 6.21
64.01 1.03 0.636 63.60 1.$4 0.566 2.93 0.11 0.0266 5.s0
64.01 1.s5 0.336 53.36 1.29 0.553 283 0,13 0.0265 5.63

162.53 3.31 1.624 143.00 6.45 *.272 3.91 0.54 0.0346 5.44
W2.56 3.31 1.624 146.60 5.21 1.3W 3.54 0.52 0,U315 5.65
435.53 3.42 4320 435.31 11.77 3.873 4.97 1.16 0,0442 5.25
435453 3.42 4.32Q 453.36 7.46 4.033 3.18 0.71 0.0263 5.43
364.43 4.66 8.530 6W.24 21.47 8.036 5.46 2.12 0.0486 5.19
664.43 4.66 8.530 916.33 27.26 6.153 4.75 2.701 o.c423 5.20

Table VW. Cadmium (Cd) adsmptbn isotherm on brmsnstock pulp at 75 %

Data #&7125m7, #7-7126167 Tempamtum 75.0 “c
Run # S-312187, S1O-1OI1I37 Vaasak 25o mL ahaka flask
Pulp iot 2 #l SS8188 solution volume 50.0 mL Anaiya& CES
PUIP COOH cone.: 0.066 mmoilg Mkdng 160.0 rpm {n (K)= 4.765
PUIP PhOH cornx 0.075 mmOUg Ads.xptbn time 24.0 hr ~. 0.166

Add waahlng H2SQ Dry pulp mass 0.506 g A.@. pH 5.30

m (C@ 112.4 @nol =hangsd form Ca (tap) +1- 1s 0.40

MM Cd UmcentmLkm, CL. Final Cd ~, C,,, Final Cd Adsorbed on Dry Pulp, Q,,f Final PH

mg/L +& 1s mrrml / L mg/L u- Is mmol f L mg I g puld +!. 1s mmol I g puip

0.00
11.04 0.10 0.W6 1.32 0.14 0.012 1.00 0.01 0.0039 6.60
J7.77 0.02 0.105 1.50 0.03 0.013 1.02 O.w 0.0091 6.25
26.22 0.53 0.233 7.36 o.t5 0.070 1.33 0.02 0,0167 6.09
46.96 0.49 0.416 21.19 o.la 0.166 2.56 0.02 0.0227 6.01
46.96 0.49 0.418 21.28 0.37 0.139 2.54 0.04 0.0226 5.65
93.52 0.19 0.332 65.61 1.22 0.535 2.74 0.12 0,0244 5.73
93.52 0.19 0.632 67.*4 1.0s 0,597 2.61 0.11 0.0232 5.73

178.25 0.62 t .536 151.75 1.42 1.350 232 0.14 0.0233 5.56
*76.25 0.92 1.566 152.15 2.03 1.354 2.56 0.21 0.0230 5.55
475.31 0.14 4.229 433.16 4.87 3.698 3.67 0.461 0.0327 5.32
475,31 0.14 4.228 446.W 0.87 3.933 2.30 0.091 0.0258 5.36
S64.25 25.59 8.757 S46.62 2.42 8.422 3.72 0.241 0.0331 5.65
634.25 25.56 8.757 856.41 21.37 8.W6 2.75 0.111 0.0245 5.21
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mm: 4RI111M7, 8242/87 Tmqlmw’e: 25.0 ‘+2
Ve$sls!: 250mL$!mkelb*

IWlw 1 82 S3S7B8 S0Uimwh8nu 50.0 mL
F@ Cocticom.:

twll&cES
0.053 m-lwg Mkbw 160.0 IF+ll -3.542

F@ F%oHCm&: 0.052 mlldrll M$0rF6mtilw 24.0 k 0.401
W* %8C4 Ofytirnass 0.564 g Awn; 5.97

M, (Mn) S&a #md E@an@d70rm Ca (m) + 1s 0.30

❑
Fremdkh Pma&sk

k (c ,] h (q f) qti
o.m

-0.58S -3.584 1.27
-0.251 -3.677 1.44
o.3m -3.354 1.*
0.5 -3.441
1.173 4.236 iu
1.218 -2.901 2.58
2.150 -2.m4 3.78
2230 -z .69
2.823 -2.203 5.13
2.m2 -2162 5.26

Tale u-la M8n@a8saoh) d801@m k@h5m onbmmtockwlstw%.

RIM# #MKw97, man4/e7 T~ 50.0 %
Vesset 250mL6hIke&

*M 1 #2 B28m5
%4VCoctl mm.:

sc4#im V04.mm 50.0 mL An8w CES
0.053 nnIcug Mk%@’ 15Q.Om kl(m= -4.157

P@ Flcti COilc.: O.om Imw4fo ~- 24.0 k 0.352
iwMWdl@$ w, ofyp@rOass 0.506 g
M.. (M.)

m“; 4.55
54.9 m Emtmlg@iUnr Ca (tap) +/- Is O.m

Mid MmCmwwsm, ct. F&alMmCmm3m6m, Cu Fial MnAd$Or&dm CXVFdP, Qi, FmlpH CaReleasod7mm OtVFMP
moIL I M- Is mndl L mgf L +&Is mnoll L mgfg@p +/- 1s lmllOtlgp@ wIL + ts ImlOlll. mnullgp@

o.m
48.531 0.08 0.663 40.21 0.55 0.732 0.84 0.66
52.201 0.58 O.mo

o.o152 4.87
43.85 2.58 o.8m 0.70 0.22

97.581 3.71
0.0127 4.35 5.34 0.48

1.778
0.133

86.37
0.0110

5.% 1.572 O.w 0.45 0.0175 4.Za 5.50
fm.mi 0.29

0.22
1.831

0.138
89.24

0.0120.
0.27 1.626 1.14 o.m O.mm 4.6%

182.82 0.06 3.512 178.36 0.46 3.247 1.23 0.04 0.0224 4.20
1s5.44 3.54

5.85
2.%?

0.63 0.146 0.017s.
178.45 t,w 3.240 1.72 0.20 Llo313 S.m 7.c@ 0.41

485.50 2.88 9,021I
0.176

47&46
0.0180

5.38 8.726 1.37 0.46]
5m72

0.0249 4.14
1.04 92601 493.40 5.77 0.802 1.54 0.5s1 0.02s0 4.84

976.89 3.84
4.58 0.51

17.7821
0.114

S4.4.03
0.0120

8.18 17.1% 3.32 0.%31
8M,1O

O.mm 4.m
13.05 17.s951 m4.66 8.24 17.SM 2.40 0.70[ 0.0437 4.14

WA? W-ii. MaIwJnese(Ml adwr4im kdimnm m bmms+ock I@ at 76 %.

RUI # #4-6mW7, U6.&f 3497 ~~ 75.0 %
Vesset 250mLshake6at4!

Pubti 1 428s8/83 soMionVOlsmx 50.0 mL &mt@is CES
P&4pCOOH -: 0.052 rlmKUg
fhismm’l -

Mm 160.0 IIxll IO(U)= 4.284
0.052 mnlwg ~ -. 24.0 h! 0.506

Add MsUllg: I’&, Of Ywollmss: 0.542 g tin; 5.78
M. (Ml!) 54.9 @ld ~- Ca (tap) w- 1s 0.52

Mid Mn Cmcmtrabon,C,. I Fml MI COnmlhh, c,, F~Mn~ooMIW,Q,, I Fkml@l lca Re%edfmmoIYPuiP
mgl L I 4- 1s IIIKIK41LI WIL I +/- t s I nmml/L lmLI/gfx4Pl +/-1s I md/gpl$Jl wIL +& 1s I rend/L [i7Mlld/oW

t 1 n ml t , t , , I 1
..”., , r , , , ,

4s.03 0.06 0.074 39.60 0.571 0.721 0.9 0.06
5220

O.olw I
0.56

5.m
O.mo

7.29 0.37 0.102
44.99

0.0180
0.671 0.618 0.61 0.06

97.68
0.0111 I

3.71
8.36 5.o1 0.37

1.778 87.m
0.125

022
0.0110

1.5s6 0.05 0.02
f m.ca

0.0154
0.29 1.831

&16 5.22 0.23
80.77

0.130
2.46

0.0110
1.652 0.8s 0.25

192.92
0.0150

0.86
5.62 7.67

3.512
0.25 0.181

178.51 1.13
0.0180

3.249 1.22 0.10
185.44

0.0222
3.54 3.557

5,2e 0.32
182.72

0.132
1.14 3.344

0.0110
1.19 0.12

485.58
0.0217

2.8S 9.021
.% 8.46 2.15 0.162

474.75 3.07
0.0153,

8.U2 1.77 0.32
508.72

0.0322
1.64

6.02 I
9.260 4m.08 4.32 0.73S 2.8s 0.44

W3.10
0.0028

13.95
5.08 I 0.7s 2.09

17.S95 938.$21 5.35
0.2181 0.0220

17.091 3.75 0.45 0.0663 I 6,01 i

mF~ haty!is

/#(c J In(q,j q,
0.00

-0.312 4.161 077
-0.-223 4.263 0.78
0.462 -4.047 1.m
0.486 -3.875 1.02
1.170 -NW 1.32
1.176 -2.464 1.32
2.166 -3.691 t.80
2.195 -3.574 1.90
2.044 -2.006 2.41
2055 -3.131 Z42

I . ..
-0.3271 4.1 izl 0.64.
-02001 4.501 I 0.68
0.468 4.169 0.96
0.502 -4.016 0.96
1.178 -2.607 1.37.
1.207 -3.632 1.30
2.*57 -3.435 2.25
2.168 -2.945 2.27-
2639 -Z684 3,16

73



Tabl@ V1.12a. Nickel (Ni) adsorption isotherm on brewnstock Pulp at 25 ‘C.

-J
.@

Run # #l-1 2/22/97, #2-12/24/97, #4-1 2730 Temperature 2s,0 “c

fS-7/14198 Vessek 250 mL ahake flask
Pulp lot 3 #l as 12/97 Solution wluma 50,0 mL Analysis
Pulp COOH cone,: 0.108 mmol(g MMng 160.0 rpm In (K)=
Pulp PhOH corm,: 0.076 mmoWg Adsorption time 24.0 hr n=

Acid waahing: H2S0, Dry pulp mass: 0.505 g Avg. pH

MW(Ni) 56,7 glmol &changed form: Ca (tep) +1- 1a

Initial Ni Concentration, Cl. Final Ni Concentration, Cl, Final Ni Adsorbed on Dry Pulp, Qif (% Releaaad from Dry Pulp

mg/L +/- 1a mmol I L mgl L +1- 1a mmol I L mg I g pulp +/- 1s mmol / g pulp mg/L +/- 1s mmol I L mmol I g pulp

0.00 O.mo
20.17 0.20 0.344 7.04 1.67 0.120 1.30 0.17 0.0221
20.17 0.20

9.46 2.0.9 0.236
0.344

0.0235,
7,16 0.10 0.122 1.29 0.01 0.0220 7,70 0.04

48,31 0.23
0.192

0.823
0.0190

31.61 0,28 0.539 1.65 0.03 0.0281 11.43 0.08
46,61 0.23

0.285

0.828 32,92
0.0282

6.66 0.561 1.55 0.66 0.0264 12.24 0.99
90.51 0.00

0.305
1.542

0.0302
8!3.50 0.76 1.116 2.47 0.07 0.0421

97.01 1.31 1.653 76.37 6.s8 1Sol 2.04 o.e9 0.0348 10.59 0.21
181,51 0.00

0.264
3.(392

0.0282
156.64 0.22 2.688 2.46 0.02 0.0419 11.78 0S2

162,63 0.00
0.294

3.111 159,11
0.0292

0.04 2.711 2.33 0.00 0.0397 11,40 0,74

288.02
0.234 0.0282

4.10 4.907 267.79 1.52 4.562 2.00 0.15 0.0341 15.04 0.65
288,02

0.375

4,10 4.907 263.44
0.0370

4.85 4.488 2.43 0.46 0.0414 14.95 0.15 0.373 0.0370.
473,93 15.91 8.074 438.75 6.oa 7.440 3.67 0.60 0.0625
492.72 11.07 8.394 453,89 4.41 7.729 4.17 0.44 0.0710 10,87 0.31
943.89 54.71

0.271
16.080

0.0267.
885,62 3.19 15.091 5.75 0.32 0.0980 11.74 0.53 0,293 0,0259

949.68 55.04 16.179 896.85 12.47 15.275 5.25 1.23 0.0594 11.12 0,53 0.277 0.0274.

Freundlich Ana$aia

In (Ctf) In (q(t) q~, ffif
O.w 0.000o

-2.121 -3.8’fO 1.13 0.0193

-2.104 .3.818 1.14 0.0194

-0.619 -3.572 1.71 0.0292
-0.578 -3.834 1.73 0,0295

0.110 -3.168 2.0s 0.0357
0.263 -3.359 2.19 0.0372

0.982 -3.172 2.67 0.0454

0.997 -3.227 2.38 0.0456
1.516 -3.379 3.09 00527
1.501 -3.185 3.08 0.0524

2.007 -2.772 3.54 0.0S03

2.045 -2.646 3.5a 0.0609
2,714 -2.323 4.30 0.0733

2.726 -2.414 4.32 0.07s5

Tablo V1.12b. Nickel (Ni) adsorption isotherm on brownstock pulp at 25 ‘C.

Run # %-12/27/97, W-l 2/31/9 Temperature 25,0 “c

#8-4/28f98 Vessek 230 mL ahake flaak
Pulp lot 3 W BS12197 Solution volume 50.0 mL Analyais
Pulp COOH oonc,: 0,108 mmol/g Mixing: 160.0 rpm In (K)=
Pulp PhOH oenc,: 0.076 mmoltg Adsorption time 24.0 hr

Acid waahing

n.

H2S04 Dry pulp maas 0.505 g Avg. pH

Mw (Ni) 58.7 glmol Exchanged form: Ca +1- 1a

Fraundiich Analysis

In (C4t) In (q~,) qf,

o

-1,707 -4.014 0.97

.1.711 -4.014 0.97
-0.548 -3.894 1.46

-0.582 -3.821 1.44
0.272 -3.384 1.95
0.192 -3.452 1.69
1.019 -3.379 2.53
1.032 -3.490 2.55
2.053 -2794 3.65
2.084 -2.846 3.66

2.723 -2.339 4.62
2.882 -2.287 4.85



...+..-

labh VI-13. Nickel (N]) adsorption isetherm on brownstock pulp at 60 “C.

+
Ur

Run # #2-313W98, #4-4106/98, #5-4107198 Temperature 50,0 ‘c
Veaseh 250 mL shake flask

Pulp lot 3 #1 Es 12/97 Solution volume

Pulp cool+ cow.:
50.0 mL Anslyais:

0.108 mmol/g Mixing 180.0 rpm In (I(J =
Pulp PhOH cone,: 0.078 mmol/g Adacqrtion time

Acid washing:

24,0 hr n=

HzSO* Dry pulp mass 0.505 g Av$ pH

M. (Ni) 58.7 glmol Exchanged form Ca +/- 1s

Freundlioh Analysia

In (C4,) ! In(qif) ] q4f

Table V1.14. Nickel (Ni)adsmptioni aothermrmb rownsteckp ulpst750C,

Run # W-3Q5B8,~4~l@8,~4rn7B8 Temperature 75.0 “c
#74J28198 Veaael: 250 mL ahake flask

Pulplot 3 #1 0S 12/97 Solution volume 50.0 mL Analysis
Pulp COOH cone,: 0.108 mmollg MMing 180.0 rpm In (K)=
Pulp PhOH corm.: 0.078 mmoltg Adsorption time 24.0 hr

Acid washing:

n=

H2S0, Dry pulp mass 0.5JJ5 g Avg. PH

Mw (No 58,7 glmol &hanged form Ca +1- 1s

Initial Nt Concentration, Cl, lFinal Ni Concentration, CJt [Final Ni Adsorbed on Dry pulp, Qw Ca Released from Dry Ptrlp

mg/L I +1- 1s I mmol / L mgl L I +1- 1a I mmol / L I mg / g pul~ +1- 1a I mmol / g pulp mg/L 1 +1- 1a \ mmol / L Immol / g pulp
I . ml ,-, ““... I I t 1 1

Freundlich Analysia

in (C{t) In (qif) q~, qlt

0.00 00000.

.1 ,?84 -4.33.7 0,75 0.0127

-1,287 .4,259 0.74 0.0126

-0.247 4.145 1.08 0.0180

-0.259 -3.950 1.05 0.0179

0.339 -3.885 1.29 0.0220,

0.35’1 -3,8S5 1.30 0.0221

1.020 -3.355 1.S3 0.0277,

1.105 -3.849 1.67 0.0265

2229 -3.081 2.45 0.0418.

2.232 -3.043 2.45 0.0418

2.777 -3.050 2.s5 0.0503

2.777 .3.046 295 0.0503



Table VI-15. Lead(Pb)adsorptionIsothermonbrwmstockpulpat 25 ‘C.

Run# #1-9/10/97, #2-9/16/97, #3-9/l 8/%Temperature 25,0 “C
VaaseL 250 mL shekeftask

Pulplot 2 #1 BS 8/86 Solutionvolum8 50.0 mL Arraiyakx CES
PulpCOOH oonc.: 0.088 mmol/g Mlsing: 160.0 rpm In (K)= -3.226
PulpPhOH cono.: 0.075 mmol/g AdaorpWrtime: 24.0 hr n= 0.174
Acidwashing: HzS04 Drypulpmesa: 0.504 g Avg.PH 5.41
Mw(Pb) 207.2 glmol Exchangedform: Ca (tap) +1-1s 0.34

FreundliohAnat@a
{n (C I,f) {n (q,,f) q I,f

0.00
-6.681 -4.442 2.57
-5.969 -4.454 2.91.
-4.425 .3,821 3.81
-3.937 -3.854 4.15
-2,045 -3.399 5.77
-1.804 -3.468 6.01
.0.622 -3.479 7.39
-0.612 -3.289 7.40
0.625 -3.208 9.17.
0.631 -3.131 9.18
1,086 -2.982 9.94
1.108 -3.105 9.96



Table VI-16. Zinc (Zn) adswpUon Isothem on bmwnstock P@ at 25 “C.

Run # #3-6R5/27, #4-7R137, #5-SiWS7 Temfmatwe:
#6-8!13197 Vesset

25.0 “C
250 mL shake flask

Pulp fot 1 #2 Bs &96 Sokdon volume: 50.0 ML Anatysfs: CES
Pldfl COOH OXIC: 0.053 mmoifg Mixing: 160.0 I’PM In (k)= -3.720
PuiPPhOH COW,: 0.052 mmoUg Adeorpthmtime 24.0 hr n , 0,155

Acid washing HISO, OIY pt4fImass 0.508 g AIQ. pH 6,79

!& (Zn) 65.4 @mol Edmn%d form: Ca (tap) +/- Is 0.33

InlnelZn Concerhalion, Cie FinalZn Concentration, Cl, flnel Zn Adsorbed amOIY Pu!p,Qtr FlmalpH Ca Re!eaeeslfrom Ory Ptdp
7

mg/L ti- 1$ t’fnnot/ L mglL u- 1s Inn@ll. mglgplsql ‘w- 1s MrnQllgplp ~lL ++ la

0.00

mlswilL lmlmllg~

9.97 0.29 0.162 2.50 0.33 0.O38 0.77 0,03 0.0116 6,21 6.06 0.20 0.161
9.97 0,29 0.152 2.34

O.ofoo
0.11 0.03s 0.78 0.0$ 0,0119 6.13 5.96

27,88 1.98
0.07 0.?49

0.426
0,0150

44.17 0.20 0.2t7 1.41 002 0.0216 5.39 10.95 0.25
29.52 0.46

0.273. 0.02s0
0.452 15.56 0,05 0238 1.43 0,00 0.0219 S.85 11.10 0.08

19.57 0.40
0.277 0.0280

0.269 7.70 0.12 0.118 1.17 0.01 0.0179 6.10 9.65 0.31
19.57 0.40

0.241 0.0240
0.299 7.60 0.22 0.119 1.16 0.02 0.0177 5.s2 9.59

49,06
0.28

0.97
0.23s 0.0240

0.750 32.02 0.21 0.490 f.70 0.02 0.0260 5,98 9.53 0.13
49,76 0.98

0,238 0.0240
0,761 33.93 f.15 0.519 f.57 off 0,0240 6.13

65.13
1f.27 2.69 0.281

3.99 $.455 76.54 0,15
0.0260

1,170 ‘i.86 0.01 0.0284 5.80 11.11 0.23 0.277 0.0290
100.33 0.50 1.635 81.38 0.68 1,245 1.87 0.07 0.02s8 5.55 16.39 0.51
177,80 2.09 2.721

0.408 0.0400
159.45 2.14 2.439 1.84 0.21 0,0281 5.56 12,15 0.24

162,86 1.95
0.303

2.787 185.40
0.0300

0.77 2.630 1.73 0.06 0.0265 5.40 1696 0.34
462.99 12.02 7.082

0.423
442.77

0.0420,
5.13 6772 2.02 0.51 0.0309

460,95
5.30 1522 0.43

1,67 7,356 465.12
0.360 0.0360

5.48 7.114 1.56 0.54 0,0239 6,24 47.84 0.77 0.445 0.0440

%mltich Ansiyai$

In (C(r) In (qit) q,,

0.00
-3.264 -4,442 0.88
4.330 .4.429 0.95
-1.52s -3.837 1.25
-1.436 -3.823 1.27
-2.138 .4.023 1.t4,
-2.126 -4,032 1.~4
.0.714 -3.650 1.42
-0.656 -3.728 1.43
0.167 -3.560 1.62
0.218 -35’54 1.64
0,882 -3.570 1.82.
0.928 -3,632 1.83,
1.913 -3.477 2.13

~ ~ --zlz7



Table W-17. Zinc (Zn) adscqilion Isotherm on brewnefeckPW!Pat 50 “C.

Run S fmaift37, #i f-7omIs7 Temperature
#12-10/15/S7

5G.O ‘C
Vessel:

Puiplot 2
250 mL shake fleak

#1 BS Bi96 SOltion wkmw

Pulp COOH cm.:
60.0 mL &-!alyals CES

0.088 mmovg MMng: 160.0 rpm In(K) = -3,585
Pu@PhOH con-w 0.075 mmo!fg Adsofpb’Qntinw 24.0 W n= 0.226
Add WSNW H$04 Cq w mees 0,506 g Aq. pH 5.77

M. (Zn) 66.4 @nol Exchangedfomt Ca (tep) ‘W Is 0.39

InlUalZn CenaentaCion, C,e FM Zn Concenbation, C(f Find Zn Adaofbed on Lky Pulp, Q,, Find pH Cs Releawdfmm Ory Pup

mgIL +/- 1s mmollL mglL M- 1s mmcJ/L mglgpuip w- Is mnwl /g pulp m$tL * 1s
0.00

mmolI L nmmlfgpuip

10.98 0,88 0.188 2.57 0.13 0.039 0.63 0.01 0.0127 6.63 4,B3 0.22
lB.70 026 0.236

0.121
6.83 0.20

0.0120
0,104 1.18 0.02 0.0160 6.06 9.96 0.13

29.03
0.249

0,46 0.444 i4.42 0.30
0.0250-

0.221 1.46 0.03 0.0222 5.92
48.30

71.70 0.46
0.4s 0.739

0,292
33.29 0.55 0,509

0.0230
1.49 0,05 0.0228 5.91 9.67

48.53 0.46
O.BO

0.742
o.24f.

31.26 0.72
0.0240,

0.476 1.71 0.07 0.0262 6.03 8,40
9s.65 0.s5

0.16 o.2fo
1.509 79.86 0.90

0.0210
1.221 1.86 0.09 0,0264 5.68

69.12
11.05 0.32

0.86 1.5f6
0.276

sf.95 0.54 1.253
0.0270

f.70 0,06 0.0260 5.61 9.16 t.04
193.34 0,83 2.957

022S
175.63 1.67

0.0230
2,6S9 1.73 0.19 0.0265 5.47 11.72 0.43

194.26 0,B4 2.974 1743S
0262

3.54
0.0260.

2.667 1.66 0.35 0.0300 5,54
504.40

9.20 0.34
8,51 7.715

0.230
470,57 4.071 7.197

0.0230
3.35 0.40 0.0312 5.26 !1.67 0.66

506.80 6.55 7.762
0.296

482.46 17.231
0.0290

7.379 3.39 0.15 0.0519 5.34 8.80 0.78 0.246 0,0240

TableVI-18.Zinc(Zn)a~orpi!on Iw(hem on Mmmefeck Pu4pat 75 ‘C.

Run # #3-3tM7, S%1OIW67, nlLMOff197 TemperaWsf
W2-1OI166’7

75.0 ‘c
vessel: 2&3mL ahske Ilesk

P* lot 2 #lss31sB SohltbnvOkJnw 50.0 ML Ana@le: CES
Pm COOH cOllC: 0.036 nmml?g Mbdn$ 1S0.0 fpm In (/0s -3.W
Pulp PhOH Cone; 0,075 Imnovg AdaOQucM6W. 24.0 hr n= 0226
Add weshlng HzSO, OW pulpmass 0.506 g AQ. PH 6.76

MW(Zn) 65.4 @nol Esclvmged fwlst Cs (tep) ii- la 0.47



._-. --

Table VI-19. Calcium (Ca) adsorptionisothermcmbrm!mstockL@ at 25 “C,

Run # #t-4/1511998, #Wi201S8, #3-41Z2188 Tempardire: 25.0 “c
#4-4i26198, #5-7J$41’86 Vessel: 250 mL ahake f!sak

PuJpklt 3 #18s 1297 .%!Mon volume 60.0 mL
Puip COOH cone,:

Anatyais CES
0.108 mmovg Mltirw 160.0 Qm In (K)=

Pup PhOH cone.:
-3.458

0,076 mmovg AdsOfpUOnUma 24.0 hr n= 0.277

Add wash4w HzSO, Dry PJ!Pmess 0.60s g Avg. PH 5.09

& (Ca) 40.1 gltnol Emhangsd form NI +’/. 1s 0.27

lnltid CaConcentration, C,, Final Ca Concanbation, C{, Final Ca Adsorbed on Dry Pup, Q,, Final PH Ni Released from Ory Pulp

nwtL 4+ 1s mmolI L mglL M- 1s ns@lL mgtgpulp M-IS mmol/gpuip mglL if- 1s

0.0 0.0

mrnofil rmnoflgpql

13.7 0.1 0,342 6.1 0.0 0.151 0.76 0.00 0.01s0 8.3 0.0 0.$41
43.1 0.1 0.342 6.4 0<1

0.0$40
0.166 0.73 0.01 0.0182 8.4 0.1 0.142

23.7 0.3 0.591 14.5 0.4
0,0141

0.361 0.92 0.03 0.0230 5.37 lf.4 0.1
23.7 0.3 O.W

0.193
14.6 0,1

0.0191
0.364 0.90 0.01 0.0226 5.34 11.5 0.1

47.4
0.196

0,4 1.181 34.7 0,8
0.0194

0.866 1.25 0.08 0.0312
47.4

5.42 14.J
0.4

0.2
1.’f8l 35.0

0.240 0.0239.
0,2 0.874 1.22 0.02 0.0304 5.46

97.3 1.6
11.9 0.5

2.426
0.202

80.8 0,4
0,0201

2.015 1.64 0.04 0.0409 5.10 16.7 O.i
97.6 0.0 2,435

0.285
60.6 0.6

0.0263
2.012 1.68 0.05 0.0419 5.24 f4’7 0.4

202,9 1.4 5.062 m4.3
0.251

1,5
0.0249

4.598 1.84 0.15 0.0459 5,0U 15,3
204.0 0.6

0.7
5.066 184.3

0.261
1.0 4.599

0,0259
1.95 0.10 00487

479,3
5.02 18.6

2,6
0.2 0.315

11.957 460.3 4.6
0.0312

11.485 t.68 0.46 0.0469 4.86 16.2 1.0
508.7 t .3 12.691 405.!

0276
2.4

0.0273
12.103 2,34 0.24 0.0684

948.8 12.6
4.85 20.6 0.5

23.674 910.3
0.355

2.1
0!0361

Z?.?ft
957,7 19,5

3.82 0.20 0.0953 4.74 19.4 0,4
23.896

0.331
926.9 1.6

0,0329
23.476 2.86 0.16 0.0714 4.72 14.6 0.7 0.249 0.0247

Fretmdlch AflSt@l
/0(c(,) In (q(r) q,, qif

o 0.000o
-1.6S1 -3.965 0,74 0.0W6
-1.642 -4.006 0.75 0.0188
-1.020 -3774 0.0236.
-1.010 -3,7S6 :2 0,0236
-0.144 -3.466 1.20 0.0300
-0.136 -3.4S2 1.21 0.0301
0.701 -3.165 1.52 0.0379
0.599 I -2.f72 1,52 0.037s
1.626 .3.061 1.91 0,0477
1.526 -3.023 1.91 0.0477
2.441 -3.060 2.46 0.0614
2.493 .2.S41 2.50 0.0623-
3.123 -2.35f 2.97 0.0742
3.143 -2.640 2.69 0.074s



Table VI.20. Nickel (NO adsorption isetherm cm EOP pulp at 25 “C.

Date #1-1/lW98, #2-1118198, #%1128198 Temperature 25.0 “C

Run # #7- f13f195, #9-2103t98 W3sset 230 mL shske flask
Pulp lot EOP 8/%7 Solution volume. 50.0 mL Analysis CES

Pulp COOH cone,: 0.037 mmollg Mixing: 160.0 rpm In (K)= -3.906

Pulp PhOH cone.: 0.005 mmolig Adaerption time 24.0 hr n=

Acid wsshing:

0.122

H2SQ Dry pulp maas 0.505 g Avg. pH 5.89

MWwi) 58.7 g/mol Exchanged forrm Ca (tap) +1- 1s 0.40

TeMaV1.21. N!ckel(Ni) adsorption isetherm on P3pulpat25°C.

Date fEL1/20/98. //4-1/28/1998. #&l1281Q Temnarcture 23.0 “c. . ..
Run # #8-1131198, #10-2103198, ill-7/141@ Ves;~:”
Pulp lot: P3 W96

250 mL shake flaak
Solution veluma 50.0 mL Analysis: CES

Pulp COOH cone,: 0.044 mmollg hfixin~ 160.0 rpm In (K)= -3928
Pulp PhOH cone,: 0.003 mmollg Adsorption time:

Acid washing

24.0 hr n= 0.183

H&Od DIY pulp mass 0.508 g Avg. PH 5.77

MW(Ni) 58.7 glmol Exchanged form: Ca (tap) +/- 1s 0.26

Initial Ni Concentration, C,. I Finsl Ni Consantration, Cl, lFinsl Ni Adsorbed on Dry Pulp, Qi, J Finsl PH Ca Rsleassd fmm Dry Pulp

mg\L +/- 1s mmot / L ] mg/L +/- 1s I mmol/L lmg/gpulpl +1- 1a mmol / g pulp mgl L +{- 1s
. . .

mmol /L Immol / g pulp
---- ,

Fraurrdlkh Analysis

In (C,,r) in (r7t,J ‘?1,/ qi,f
0.00 0.000a

.1.358 -4.082 1.00 0.0171
-1.3!6 4.145 1.01 0.0171
-0.440 -3.988 1.12 0.0191
-0.425 -3.857 1.12 0.0191
0,353 -3.780 1.23 0,0210
0.389 -3.874 1.24 0.0211
%.087 -3.708 1.35 0.0230
1.093 -3,750 1.35 0.0230
2.531 -3.885 1.61 0.0274,
2.679 -3.787 1.62 0.0275
3.240 -3.331 f.15 0.0299.
3.242 -3.389 1.75 0.0299

~
In (C,,,) I In (q,,,) ql,f ql,r

0.00 0.0000

-1.305 -4. +67 0.90 0.0154

-1.262 -4.247 0.91 0.0155

-0.457 -3.898 1.08 0.0181

-0.421 4.014 1.07 0.0182

0.357 -3.743 ?.24 0.0211

0.372 -3.833 1.24 0.0211

1.102 -3.802 1.42 0.0242

1.096 -3.708 1.42 0.0242

0.800 -3.750 1.34 0.0229

0.820 -3,950 1.35 0.0230

2.088 -3.479 1.71 0.0291

2.525 -3.389 1.3s 0.0316

2.580 -3.554 1.88 0.0319

3.245 -3.355 2.12 0.0362,

3.245 -3.253 2.12 0.0382



Table W-22. Barium (W) adsorpUonIsotiei?ri on P3 pulpat 25 “C.

Run # #1-5117mo Tmnperetww 25 “C
Ves$ek 250 mL shake flask

Pop Iti P38M6 SeWon *e: 50 mL AIml@$ ICP
Pulp COOH cone; 0.044 mmO!Jg Mlxfng 150 rpm In ((Q= -4.188
Pulp PhOH ccqw 0.003mmeug Adaof’PUorItinw 2 hr
Addwasting

0,319
HCI Drypulpmess 1.02g Aw.TH 5.49

M,y(Ba) 737.3ghnd Wclmngedforrm Ca +/-Is 0.38

~IriUal Ba Concenbation, C,. (a) Final Ba Concanlrabn, C,, Find se Adambed on OfY PuIP,Q (t Final pH Co Rebaead from Ofy Fdp

mg/L +1. 1s mmolI L ITQIL +/- la rnmollL mg I g pulp +1- is mmellgf.adp rr$lL ++ Is
0.00 0.000

nnnc31L .Jnmc41gpwp
0.0

24.64 0.179 7.13 2.57 0.052 0.86 0.13 0.0062 6.lB 4.8 0.7
51.16

0!120
0.373 26.32 0.33

0.0053
0.192 1.22 0.02 0.0089 5.62 6.4 0.1 0.161

101.79 0.741 89.28 0.81
0.CQ78

0.504 1.59 0.04 0.0116 5.38 8.4 0,3 0,209
149.99 1.092 109.72 1.03

0.0101
0.799 1.97 0.05 0.0M4 5,60 9.7 0,3

250.28
0.242

1.822 I
0.0116

205.24 1.43 1.494 2.21 0.07 0,0161 5.45 10.2 0.1
49B.35

0.256
3.629 i

0.0t24
439.48 5.31 I 3.200 2.861 0,26 0.0210 5,15 ‘11.2 0.3 0.278

10I4.8OI 7.389 I
0.0131

927,82 6.501 6.766 4.261 0.32 0.0310 5.02 i2.7 0.9 0.315 0.0143

(a) average of triplicatemeaaurenmnta of w.rne sample



Table VI-23. Sodium (Na) adsorptionIsotierm on P3 Puh at 25 ‘C.

Run # #l-s/l lmo Tempwalw
Vessst

26,00 “c
260 mL stlakefiask

PL4plot: P36iS6 .%luUOnWuma: 50,ciJ ML Anarfaia: ICP
PulpCOOH cone; 0.044 mmollg MltiIw 150.00 Qm In (IQ= -4.814
Pulp PhOH ClX+; 0.003 mmollg Adsorptiontime 2.0+3 m n= 0.639
Acid wshiIw: HCI Dry ~lp !IWSS 1.02 g Aw. pH 5.50

MW(Na) 23 g/mOl Exhal@ form Ca ‘M- 1s 0.13
xbar.

Sum (x.xbar) 2.
0.993
6.867

3<123
0.708
0.099
0.027
0.110

,0331
0362
1.766

(a) avarageof Mplkats meawmmanta of saw sample



..m-

Table VI-24. Summary of Fretmdllch parameters and metal ion adsorption capscity.

Metal Pulp PrOcsssConditions FrsundlichParameters AdsorptionCapacityat Cl,f = 15.0 mmol /L

Species Mol.Wt. Type -CC)OH Exchanged Temp. pH trrK n r’ Est.GlL,(mmol/gpulp) molmetal/ mol-cOOH
(glmol) (mmollg) Form (“c) Average +1-1s Velue +1-1 s.d. Value +1-1s.d. Vaiue -1 s.d. + 1s.d. Vslue -1 s.d. + 1a.tk

Ba 137,3 #2 BS8/96 O!C53 Ce(tap) 25 6.04 0.19 -3.666 0.044 0.270 O.(B4 0.869 O.fxm 0.0061 O.meo 0.991 0.1s4 0.163
Ba 137.3 K? BS 8/9S 0.053 Ca(tap) a 5.27 0.52 -3.817 0.042 0.329 0.033 0.926 0.C636 0.0076 0.0091 1020 0.146 0.173
Ba 137.3 #2 BS8/96 0.=3 Ca(tap) 75 5.47 0.36 -3.944 0.067 0.212 0.054 0.651 0.0344 0.CW6 0.0096 0.6= 0.148 0.187

Cd 112.4 f/2 BS8/96 0.053 Ca(tap) 25 6.01 0.63 -3.523 0.041 0.320 0020 0.956 0.0702 O.olm 0.0124 1.337 0.2C0 0.235
Cd 112.4 #1 BS8+96 0.06s Ca(tap) s 5.58 0,37 -3.539 0.041 0.220 0.021 0.919 0.C528 o.m7s 0.0R91 0.6W O.(M6 trt%x
Cd 112.4 M BS6/9S 0.06s Ca (tap) 75 5.s0 0.40 -3.765 0.W’4 0.16s 0.024 0.607 0.- O.mm O.m 0.412 0.076 0.097

Mn 54.9 #2 BSB196 o.m3 Ca (tap) 25 5.97 0.20 -3.542 0.091 0.401 0.032 0.6s2 0.0858 0.0189 0.0210 1.634 .0.321 Q.4W
Mn 54.9 #2 BS8R6 0.C53 Ce(tap) m 4.545 0.36 4.157 0.102 o.3m O.ow 0.821 0,0417 o.0x9 0.0113 0.798 0.169 0.215
Mn 54.9 #2 BS am o.tx3 Ca(tap) 75 5.76 0.53 4.264 O.lm 0.506 0.089 0.6s5 0.(542 0.0121 0.0156 1.033 0.231 0.297

Ni 66.7 #1 BS 12/97 O.lm Ca(tap) 25 5.44 0.32 -3363 0.060 0.276 o.m6 0.634 0.0732 0,0146 0.0183 0.681 0.136 o.lm
Ni 56.7 #1 BS12197 O.lc% Ca 25 4.71 0.22 -3.502 0054 0.332 0.032 0.922 0.0763 O.ola 0.01m 0.728 0.130 0.156
Ni 56.7 #1 BS12197 0.106 Ca 50 4.36 0.19 -3,519 0.046 0.226 0.029 0.857 O.(E46 o.Lm3 O.oow 0.!= 0.077 Owl
Ni !56.7 ?%1BS12/97 0.108 Ca 75 4.26 0.21 -3.933 0.049 0.340 0.030 0.926 00492 0.W74 o.om7 0.457 o.06a OSW

Pb 207.2 W BS8/96 0.0% Ca(tap) 25 5.41 0.54 -3.226 0.043 0.174 0.013 0.94s 0.0636 O.ccw O.mw 0.723 0.= 0.109

Zn 65.4 #2 BS8/96 0.053 Ca(tap) 25 5.79 0.33 -3.720 0.045 0.156 0.025 0.75Q 0.038s O.(XM2 o.m74 o.ml 0.118 0.142
Zn 65.4 #1 BS8198 0.066 Ca(tap) 50 5.77 0.= -3.565 0.046 0.226 0.- 0.877 O.cw1 0.CXX3 O.m 0.561 O.(B4 0.112
Zn 65.4 *I BS819S 0.C6B Ca(tap) 75 5.75 0.47 -3.686 0.037 0.22s 0.019 0.935 0.0474 0.0063 o.mn 053S 0.072 0.083

Ca 40.1 f#l BS12B7 0.106 Ni 25 5.09 0.27 -3.4S6 0.034 0.277 0.019 0.949 0.0s61 0.CX179O.rxlw 0.615 0.074 0.063

Ni 56.7 EOP8/96 0.037 Ca 25 5.89 0.40 4.906 0.045 0.122 0.025 0.710 0.02s0 o.om9 0.W45 O.m 0.104 0.121
Ni 56<7 P38/?36 0.044 Ca 25 5.77 0.26 -3.92S 0.027 0.186 0.015 0.919 0.0327 0.0029 0.0032 0.744 0.067 0.073

Ba 137,3 P38/96 0.044 Ca 25 5.49 0,38 4.1ss 0.027 0.319 0.017 0.986 0.0380 O.ml O.Cowl 0.819 0.071 0.078

Na 23.0 P38/96 0.044 Ca 25 5.50 0.13 4.814 0.172 0.639 0.126 0.610 0.0457 0.0155 0.02341 1.040 0.352 0.531



Table Vi-25. Summary of metal ion adsorption kinetics experiments on wood PUIP!

Metal lam PulpCharwtaitaucs IProcess Cc+WUcms Final Report

Type -COOH -PhOH We3hhg IMhenged Temp. Awrage C(, PIJpCone. Vessel Mkdng Tab!a # Fi~ #

(mmolh) (mnwUQ) Fm’m (“c) PH (mgt-) (M%) O-P )m
I

Ba #2 BS .%S6 0.053 0.052 HzSO, Ca(t3p) 25 99,84 1.00 ShakeFlask 1s0 Vi-26 VI-17
Cd #zssw 0.053 0052 HzSO, Ca(tap) 25 103.20 1.00. ShakeFlask 160 VI-27
Mn W 66.%96 0.053 0.052 H,SO, Ca(tap) 25 78J34 1.m ShakeFlack 160 VI-28

I i 1 t I 1 1 I I I J 1

Ba P3 3196 0.041 0:003 HCI Ca 25 6.3s 391,44 2.00 S+h’ad Tank 50
8a P3 6/96 0.041 0.003 HCI Ca 25 5.40 392.94 2.00 .surradTent 150
Sa P36!96 0.041 O.(X)3 HCI Ca 25 5.39 364.s3 2.00 SWmd Tank 250
Ca P38/S6 0.041 0.W3 HCI Na 25 5.40 132.33 2,00 SUrfad Ta* 150

---- .

ExperimentI.D.

Date RW U

2/17/67 1

5m7 i

21SK37 1

31SIS6 2

3/6/s8 4

319/S6 6

W23@6 6

3t20iS6 7

5161S8 15

1/7/98 1

3i313S 3

3t2516s 9

4161T16 11

3f30193 To

4114@6 13

4/3/S6 12

4i231s8 14

3t27mQ 3
.3t22100 2
4/4mo 4
31Slvo i



Table VI-26. Sarkan (Ss) ads@Jonldnaflca m ~ p@af25”c.

Daw 2117197 Tampamfm 26.0 “c
Rule 1 M 260mL*fklall
P@llOt 1 #2sss/96 S4Mon Wilmw 60.0 mL

wCCoHUsE: 0.063 nanwg Mm 60.0 qsll
Pa@ PhoH COnC: 0.052 nanwg lliual Ss CUE: SS.8 t@L

Acid Wasl’illg m cxy*naaaS 0.6049

k (63) 137.34 ”ghnd Ewhsn@ fo!lm Ca (tap) Anat@S CES

TableW27. Cac?mhsn(Cdl adaorpUontdna$caambrcw@Xkp@at26”c.

Data 5iS/S7 Tanqwabm 26.0 “c
Rm# 1 v%aaaJ: 250mLs$13kaflaait
P@bt 1 #2 Bs3/s6 sokmm W41alw 60.0 w
~ cmy~ 0.053 m-mvg MMng 50.0 Qm

0.062 nslmvg I186dcdm 1032 ~/L

ACM WaaMng H@, oTy*msaa 0.517 g

W(cd) 112.40 g$lsx EwmngadfOnat Ca (tap) -s: CES

Tbnscd CcmdJ’anm, c, pdadsubadcnc&yF4,Q, pi-l CaRaleasadfrunCiyw
Iml WL I *1S I Ilsm!JL 001 *Is -P@ ~lL 1 nsmlll. I nmou91@

1 I* 1 1
I 1 ,

0.0 ms.zo 0.33 0.9181 0.30 0.00 0.0000 O.fwl O.LWO O.oow

0.2 76.86 2.46 0.ss41 2.65 024 0.0227 8.0s 0.s00 0.01s4

200 7246 0.13 0.s451 2.S7 0.01 0.02E4 9.9s 0.1s0 0.0241,

40.0 7t.aj 1.87 0.s3s1 3.04 0.19 0.0270 10.M 0.080 0.0242

90.0 72.56 0.57 0.646 2.96 0.06 0.0263 9.84 0.1s0 0.0240,

130.0 70.45 1.3s 0.627 3.17 0.13 0.0282 9.70 0.08U 0.0234
1440.0 722% 0.75 0.s42 3.00 0.07 0.0X7 10.51 1210 0.0254
2640.0 74,60 196 0.666 275 2.75 0.0246 1125 1.230 0.0271

Table Vf43. M~ (Mn) adaOrpUcmIdnaficson tmwtockpu)pst25%.

Date 213197 T~ 26 “c
R!m # Vesak 260mLshakaftssk
Fl@iot ; WSSW88 SOkinonVc41atw mm!-
P@ cOc)H ccfc 0.068 nsna#g MMw 5orpm
P@ PhOH W; 0.052 nsnovg Ir8tlalMl Cc4sz 78.S4 w IL
Add- HzSO. mP@- 0.521 g

M (Mn) 54.s0 gtlsd EXhangad fm Ca (tap) -: -

-runs Mnmmkafhn c, lMnadsubadondypip,Qi PH caR~sadfmm~P@

tin m ++1s \ nsnOkL M&I * 1s I nmw!4F4 wfL I nmmllL I mm

I I I I I
0.0 78.s4 232 1.431 0.00 0.00 0.000o -
0.0 68.52 1.13 1.247 0.97 0.15 0.0177
0.2 S1.60 0.47 1.121 1.64 0.18 0D2SS
0.5 61.43 1.12 1.118 1.66 0.15 0.0300
1.0 61.50 1.04 1.119 1.s5 021 0.0300 -
3.0 61.56 037 1.121 1.s4 0.24 0.029s
7.5 60.76 1.57 1.106 f.72 0.34 0.0313 .

18.0 57.54 1.?5 1.047 203 0.14 0.0370
28.0 56.20 1.36 1.059 1.S6 0.09 0.036?
43.0 56.67 1.85 1.032 211 027 O.om
50,0 59.37 1.30 1.061 1.65 0.34 0.033

I I I
5.551 0.0001 0.0132

1

171 I 5s61 O.wol 0.0132

t
85
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Table Vi-29a. Nickel (Nit adsorption

Date: 3!8/98

Run# 2
Pulp lot: 3 #1 BS 12/97

kinetics on brownstock pulp at 25 ‘C (10 mg Ni/L).

Temperature: 25.0 ‘C
Vessel: 250 mL shake flask
Solution volume: 60.0 ml

Pulp COOH cone.: 0.053 mmol/g Mixing: 160.0 rpm
Pulp PhOH cone.: 0.052 mmol/g Initial Ni cone 9.91 mg f L

Acid washing: H&04 Dry pulp mass: 0.606 g

MW(Ni) 58.70 g/mol Exchanged form: Ca



Table V1-29b. Nickel (Ni) adsorption kinetics on brownstock pulp at 25 ‘C (1Omg Ni/L).

Date: 319198 Temperature: 25.0 ‘C
Run # 4 Vessel: 250 mL shake flask
Pulp lot: 3 #l 0S 12{97 SOlution vOlume: 60.0 mL
Pulp COOH cone.: 0.053 mmol/g Mixing: 160.0 rpm
Puip PhOH cone.: 0.052 mmol/g Initial Ni cone 9.83 mg / L

Acid washing: H2SOa Dry pulp mass: ~ 0.606 g

MW(Ni) 58.70 glmol Exchanged form: Ca

00
-1

Time Ni Concentration, Ci Ni Adsorbed on Dry Pulp, Q i Final pH Ca Released from DIY Pulp
min mg/L 1 +/- 1s I mmol I L mg I g pulp[ +/. 1s I mmol / g pulp mgl L I +/. 1s I mmol / g pulp

I
! I I I I I

0.01 9,83{ 0.11 0.167 0.00 0.00 0,00001 0.001 0.001 0.000C
n 91 Q.IC[ n QC n 4ai 0.17 o,o~ n nnw

0.70 O.u

---- 1 ---- ------

w.& U.I.4 U.ve v. l-v w .VVL 9 1.501 0.20 0.0037
5,0 2.75 0,17 0.047 ; 0.0119 4.99 0.09 0.0122

15.0 2.65 0,01 0.045 0711 ‘--0 m-l n nlzl 5.09 0.06 0,0125
30.0 2.74 0.14 0.047 -.. -, -.-., -.-419 5.10 0.00 0.0127
60.0 2.78 O.no n nk7 n 7nl nn41 nnl19 5.18 0.07 0.0127

300.0 2.75 0. 119- 5.29 0.11 0.0130
.Vw U.U7 I U.[u V,u I U.u

t

,08 0.047 0.70 0.01 0.0’. ...
1440.01 2,731 0.08 0.047 0.71 0.01 0.0121 I 4.65 ] 5015j O:03J 0.0127



Table VI-30. Nickel

Date: 3/19198
‘Run# 6
Pulp lot: 3
Pulp COOli cone.:
Pulp PhOH cone.:

Acid washing:

MW(Ni)

(Ni)

---

adsorption kinetics on brownstock pulp at 25 ‘C (25 mg Ni/L).

#

Temperature: 25.0 ‘c
Vessel: 250 rnL shake flask

BS 12/97 $olutim volume: 60.0 mL
0.053 mmol/g Mixinq 16040 rpm
0.052 mmol/g Initial Ni cone 24.94 rng / 1.

H2SOg Dry pulp mass: 0.605 g

58.70 gimol Exchanged form: Ca

Time Ni Concentration, Ci Ni Adsorbed On DW Pu@, Qi Final pH Ca Released from CXy Pu@

min” mmol t L g gp pi +/.1s I g pmlut mmol / pul
I i

1
, ...+
I 77il 6:371 0.0192~

0.01871



.....

Table VI-31. Nickel (Ni) adsorption kinetics on brownstock pulp at 25 ‘C (35 mg Ni/L).

Date: 3/23/98
Run # 8
Pulp lot: 3 #1
puip COOH COnC.:
Pulp PhOH cone,:
Acid washing:

MW(Ni)

Temperature: 25.0 ‘C
Vessel: 250 mL shake flask

BS 12/97 Solution volume: 60,0 mL
0.053 mmol/g Mixing: 160.0 rpm
0.052 mmol/g Initial Ni cone 33.41 mg I L

HzSOq Dry pulp mass: 0.605 g

58.70 glmol Exchanged form: Ca

Time Ni Concentration, Cl Ni Adsorbed on Dry Pulp, Qi Final pH Ca Released from Dry Pulp

min mg/L I +/. Is I mmol I L mg 1g pulp! +/- 1s I mmol / g pulp mg/L ! ++ qs I mmol / g pulp,
I 1 1

1
0.0 33.41 0.41 0,569 0.00 0.00 0.0000 0.00 0.00 0.0000
0.2 30.93 0,81 0.527, 0,25 0.08 0.0043 1.98 0.16 0.0050
1.0 20.87 0.89 0,3561 1.24 0.09 0.0211 8.57 0.90 0.0212
9n *n !2% n 712 n SE4 I 4 97 n na n n94q 8 !28 Oaa n rmmA.uj 6U.UQI U.tv U.oe 1 [ 1.-II V.uwl v,v4& [u ----

3.01 20.74 0.62 0.353 1.261 0.061 0.0215 9.20 &
5,01 20.98 0,65 0.357 1.231 0.061 0.0210 9.50 O.a

‘10.ol 20.74 0.60 0.353 1.261 0.06{ 0.0215 %.43 0“
30.01 21.091 0.681 0.3591 1.221 0.071 o.020t
60.01 2fi.14i 0.691 0.3601 1.221 0.071 0.020[

I 420.01 19.98] 0,791 0.3401 1.331 0.08} 0,0221

#.uOav.w&&G

‘ 72 0,0227
)0 0.0235

j.d8 0.0235
).80 0,0237
. -a 0.0240

I 9.58 0
) 9.66 0. Iul
r 9,68 0.81 I
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Table Vi-32a. Nickel (hIi) adsorption kinetics on brownstock pulp at 25 ‘C (60 mg Ni/L).

Date: 3/20/98 Te~perature: 25.0 “C

Rur)# 7 Vessel: 250 mL shake flask

Pulplot: 3 W BS 12/97 Solution volume: 60.0 mL

Pulp COOH cone.: 0.053 mmol/g Mixing: 160.0 rpm

pulp PhOH COftC.: 0.052 mmol/g Initial Ni cone 56.57 mg I L

Acid washing: H2S04 Dry pulp mass: 0.605 g

MW(Ni) 58.70 g/mol Exchanged form: Ca

Time Ni Concentration, Ci Ni Adsorbed on Dry Pulp, Q/ Final pH Ca Released from Dry Pulp

min g I +/.1s Im IL
[— 1 I

0.00 0,1

1 4.11 O.L,

1 I 1

0.0 560$7i n 7cil fi QRA I

0.2 49.bal u.

I I I I 1

WI i
v., ” “ .“”7 0.00 0.00 0,0000

cnl n ,77 0.845i 0.69 0.08 0.0118
Rq 0.663 “.07 O0298

1---1.0{ 38.91 I O.L.

8 2.01 :

t--

I

38.821 0.95 0:661 I
—

‘t.761 0.09
38.841 0.73 0.662 07 mm-fin

Q.u Q$a.QL w.76 - .0.670 1.71 0.07 U.ULV
10.0 0,97 0.675, )

I Qv.WI 0.87 0.672 1.70 0.09
I 39.26 0.68 0.669 1.72 0.07 0.0293

AGn f) 30 3R 1 m 0671 ‘i .71 0.10 0.0291

I
----1 -----

30.01 Qtl A,

1
----
1.751 -“

I
P

1
...-,
1.761 0.

I . . . . I
----

I 1.681 0.1[

==1,00 0.0000
a7 0.0102

I 10.531 0.52 0.0259
rm7n

------ ,
0.0300 11.27 0,321 o.b~lvj

U.UWJU 11.38 b.Q6[ v.,
n ‘-91 11.55 0.4$1 nl

0,0286 11,79 0.481 0.0
I 0.0290 11.71 0.461 0.02[

11.68 0.4(

t I I 1 # a 4,76 11.70 0.3$
T“”. ” WV.”” ---- ----- . . . . ---- ,

d
1292

69
9 0.0289
9 0.0279
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Table V1-32b. Nickel (Ni) adsorption kinetics on brownstock pulp at 25 ‘C (60 mg Ni/L).

Date: 515/98 Temperature: 25.0 ‘c ‘
‘Run# 15 Vessel: 250 mL shake flask
Pulp lot 3 #1 6s 12/97 Solution volume: 70.0 mL
Pulp COOH cone.: 0.053 mmoi/g Mixing: 160,0 rpm
Pulp PhOf-1cone.: 0.052 mmol/g Initial Ni cone: 53.52 mg ~L
Acid washing: H2S04 Dry pulp mass: 0.708 g

MW(Ni) 58.70 g/mol Exchanged form: Ca Analysis: CES

Time Ni Concentration, Ci Ni Adsorbed on Dry Pulp, QJ Final pH Ca Released from Dry Pulp
min mg/L +/- 1s mmol I L mg I g pulp +1. 1s mmol / g pulp mg/L +/- 1s mmol / g pulp

o 53.52 1.12 0.912 0.00 0.00 0,0000 0.00 0.00 n nnnn

0.2 53.13 0.13 0.905 0.04 0.01 0.0007 1.02 0.2’
1.0 41.55 3.05 0.708 1.18 0,30 0.0201 r 9.66 0.4
2.0 37.15 0.17 0.633 1.62 0,02 0,0276 9.90 0.3
5.0 36.76 0.30 0.626 7,66 0.03 0.0283 9,90 0,2/

10.0 37.13 0.24 0.633 1.62 0.02 0.0276 9.99 0.39 V.VLVI

In ?trs tsc n *C n Q-A 4 ts7 n tw n nq 9.96 0.26 0.0245
I 9.93 0.17 0.0245

[9 0,0240
13 0.0245
,- 0.0245

n II-AT.-
30.U dv.wa u .&u u .Uc-t I.ul v. V6 U.WLU

60.0 36.50 0.32 0.622 1.68 0.03 0.0286
405.0 36.26 0.63 0.618 1.71 0.06 0.0291 [ I 9.961 0.20[ 0.CIZ45[
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Table Vi-33a. Nickel (Ni) adsorption kinetics on brownstock pulp at 25 “C (100 mg Ni/L).

Date: 117198 Temperature: 25.0 ‘c
Run # 1 Vessel: 250 mL shake flask

Pulplot: 3 W BS 12/97 Solution volume: 50.0 mL

Pulp COOH cone.: 0.053 mmol/g Mixing: 160.0 rpm

Pulp PhOH cone.: 0.052 mmol/g Initial Ni cone 94.12 mg I L

Acid washing: H2SOd Dry pulp mass: 0.505 g

Mw(Ni) 58.70 g/mol Exchanged form: ,Ca Analysis CES

Time Ni Concentration, Ci Ni Adsorbed on Dry Pulp, Q/ Final pH Ca Reieased from Dry Puip

min mg/L I +1. 1s I mmol I L mg I g pulpl +/. 1s [ mmol / g pulp mg/L I +/- f $ mmoi / ~ pulp

I -----

I 1 ---- , ----
----- 1

.- .-—

i 10.18 O;iq O,fl---- -.--T
_rv~vfi W.1[ I I.Gwul 0.081

2.33, -..-,
0.0397 11.11 0.57[ ~
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Table V1-33b. Nickel (Ni) adsor~lon kinetics on brownstock pulp at25“C(100 mg Ni/L).

Date: 318198 Temperature: 25.0 “C
Run # 3 Vessel: 250 mL shake flask
Pulp lot: 3 #1 6S 12/97 Solution volume: 50.0 mL
Pulp COOH cone.: 0.053 mmol/g Mixing: 160.0 rpm
Pulp PhOH cone.: 0.052 mmol/g Initial Ni cone 94.38 mg I L

Acid washing: H2SOq Dry pulp mass: 0.505 g

MW(Ni) 58.70 g/mol Exchanged form: Ca Analysis CES

Time Ni Concentration, Ci IN Adsorbed on Dry Pulp, Q,l Final pH Ca Released from Dry Pulp

min - mg/L 1 +/- 1s i mmol I L mg I g pulp] +/- qs I mmol { g pulp mgl L I +1- 1s J mmol / 9 pulp
i I

t 1 J
0.00 94.38 0.50 1.608 0.00 0.00 0.0000 0.00 0.00 i).000o
0.?7 88.16 1,79 1.502 0.62 0,18 0.0106 t 3.2n n C6 n nnan

5.00 . 72.15 0,78 1.229 2.20 0.08 0,0375 10.4+ v.~

15.00 74,31 2.64 1.266 “ 1.99 0.26 0.0339 10.90 0.!
30.00 74.34 3.71 1.266 1.98 0.37 0.0337 10.W na

GUI V.tiul V.wwww

58 0.0269

L u.23 0.0269
60,00 72.53 ~ 1.29 1.2361 2,16 0.13 0.0368 16:; 0.17 \ 0.0264

300.00 73.42 1.29 1.251 \ 2.07 0.13 0.0353 11.12 0.671 0.0274

* 1440.00 72.00 0.22 ‘ 1.2271 2.22 0.02 0.0378 12.14~ 0.:361 0,0299]
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Table Vi-34a. Nickel

Date: 3125198
Run# 9
Pulp lot: 3
Pulp COOH cone.:
Pulp PhOH cone.:

Acid washing:

MW(Ni)

(Ni) adsorption kinetics on brownstock pulp at 25 “C (600 mg NilL).

Temperature: 25,0 “C
Vessel: 250 mL shake flask

#1 BS 12{97 Solution volume: 60.0 mL
0.053 mmol/g Mixing: 160.0 rpm
0.052 mmollg Initial Ni cone: 590.17 mgt L

H@04 Dry pulp mass: 0.605 g

58.70 g/mol Exchanged form: Ca Analysis: CES

Time Ni Concentration, Ci Ni Adsorbed on Dry Pulp, Qi Final pH Ca Released from Dry Pulp
min g [ +/-1s Im IL mmol I L mlulg gp p[ +/.1s I ptrtmol / g pul

I I 1
!

0.0 590.17 0.00 10.054 0.00 0.00 0.0000 0.00 0.00 0.0000
0,2 575.69 7.31 9.807 1.44 0,72 0,0245 2.94 0.18 0,0072
1.0 567.54 4,1m a tin ~ -A fi A12 n nqz I?na n 7Q n n~A7

*n ee7 A= n 13 1:
!6 .j:

i2 14

SY.ul cm 1 ,*=JI

5.01 559.051 7
10.01 557.48] 2

I
II 4.3d

*.UUI V.r-l V.ww-rr

3.37 1.11 0.0332
5.28 1.18 0.0377
4.82 0.92 0.0367
4.82 1.06 0.0367

13,91 3.12 0.0344
43.81 0.89 0.0329
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Table VJ-34b. Nickel (I’@ adsorption kinetics on brownstock pulp at 25 “C (600 mg Ni/L).

Date: 3/30198
Run# 11
Pulp lot: 3 #l
Pulp COOH cone.:
Pulp PhOH mnc.:

Acid washing:

MW(Ni)

Temperature: 25.0 ‘C
Vessel: 250 mL shake flask

BS 12/97 Solution volume: 70.0 rnL
0.053 mmol/g Mixing: 160.0 rpm
0.052 mmoUg Initial Ni comx 628.16 mg I L

HZS04 Dry pulp mass: 0.708 g

58,70 glmol Exchanged form: Ca Analysis: CES

Time Ni Concentration, Ci Ni Adsorbed on Dry Pulp, Q j Final pH Ca Released from Dry Pulp
min mgl L +/. 1s mmol I L mg I g pulp +1- 1s mmol / g pulp mg/L +1. Is mrnol / g pulp

0,0 628.16 , 40.79 10.701 0,00 0s00 0.0000 0.00 0,00 0.0000-. .-
3.09 0.31 0.0077

1 Z.+*I 1 .Wzl U.V4 ID t 13.80 1.49 0.0339I 0.21 616.061 0.001 10.4951 1.201 0.001 0.0204
1.01 603.501 16.41] 10.28f ! rlAAI x a-l n AA4Q

t
3:601 o.14~ o.oi131 I 13.771 1;351 0.0339
3 @al * 401 n tmcol 4A 4*I n nal n n*Aa

2.0 591,79 1.41 10.082
5.0 591.13 21.99 10.036 Q.uw &.lu U.uvQoj I l-+. Iv[ V.v=l U.UVSW

10.0 592.22 5,99 10.0711 3.55 0.59 0.06241 13.721 1.21 I 0.0337

30.01 567.37 -) fiA .fn nnal A n~ n ~fl f
----- . 1 .-. .— ..—. -----

8&vw} Iv.vvul W.VQ] V.4GU 0.06871 13,67 1.06 0.0337
2.431 9,9831 4.171 0.24 0.0710) 14.06 0.41 0.034760.0~ 586,03

390.0] 590.32 2.131 lo.057j 3.741 0.21 I 0.06371 4.40J 13.30~ 1,141 0.03291
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Table Vi-35a. Nickel

Date: 3/30/98

‘Run # 10

Pulp lot: 3
Pulp COOi-i cone.:
wip PhOH cone.:

Acid washing:

MW(Ni)

(Ni)

#1

adsorption kinetios on brownstock pulp at 75 ‘C (60 mg Ni/L].

Temperature: 75.0 ‘c
Vessel: 250 mL shake flask

BS 12/97 Solution volume: 60.0 mL
0.053 mmol/g Mixing: 160,0 rpm
0.052 mmolfg Initial Ni cone 56.$2 mg / L

H*S04 Dry pulp mass 0,606 g

58.70 g/mol Exchanged form: Ca Analysis: CES

Time Ni Concentration, Ci Ni Adsorbed on Dry PuiP, Q I Fmat pH Ca Reieased from Dry Puip

min mg/L I +{- ‘is I mmol / L mg I g puipl +/. is I mmol / g pulp mg/L I +/- qs j mmol / g pulp
[ 1 I

L

U.U6V I

0.0299
PI 0.9297
!5 0.0294
IQ 0,0302

b.v-r1 “,, , I 0.0304”
11.791 0.71 I 0.0292,



Table V1-35b. Nickel (Ni) adsorption kinetics on bmwnstock pulp at 75 “C (60 mg NilL).

Date: 4/14/98 Temperature: 75,0 “c
Run# 13 Vessel: 250 mL shake flask
Pulplot: 3 #1 BS 12/97 Solution volume: 60.0 mL

Pulp COOH cone.: 0.053 mmol/g Mixing: 160.0 rpm
Pulp PhOH cone.: 0.052 mmol/g Initial Ni cone 56.37 mg J L

Acid washing: H2SOA Dry pulp mass: 0.606 g

MW(Ni) 58.70 g/mol Exchanged form: Ca Analysis CES

Time Ni Concentration, Ci Ni Adsorbed on Dry Pulp, Q/ FinaJ pH ~a Released from Dry Pulp

min mgl L I +/- 1s I mmol I L mg I g pulpl +1- ‘1s I mmol / g pulp mgl L I +/- 1s I mmol / g pulp
I, , , 1 , J

0.0 - 56.37 0.77 0.960~ 0.00 0.00[ 0.0000 \ I 0,00 0.00 0,0000
0.2 52.30 1.49 0.891 0.40 0.15 0,0068 3.49 1.’t2 0.0087
1.0 40.64 0,87 0.692 1.56 0.09 0,0266 9.86 0.85 00245

2.0 40,93 0.96 0.697 1.53 0.10 0.0261 10.01 0,82
5.0 41.14 0.59 0.701 1.51 0.06 0.0257 10.13 0.84

10.0 42.06 0.80 0.717 1.42 0.08 0,0242 10.34
30.0 ‘ 40.62 0,97 0.692 1,56 0.10 0.0266 10$13
60.01 40.68 0.33 0.693 1.55 0.03 0.0264 10.18

405.01 44.01 1.41 0.699 1.52 014 00259 10.18

---- 1

0.941 0:1

0.841
P

.--. —1 . ..-. 1 . . . . , —---- 1 . --- 1 -.. . t ------ 1 * ----- , ---- _.— — .— 4



.-

Table Vi-36a. Nickel (Ni) adsorption kinetics on brownstock pulp at 75 ‘C (600 mg NilL),

Date: 4f8t98 Temperature: 75.0 “c
Run# 12 Vessel: 250 mL shake flask
Pulplot: 3 #1 BS 12/97 Solution volume: 70.0 mL
Pulp COOH cone,: 0,053 mmol/g Mixing: 160.0 rpm
Pulp PhOH cone.: 0.052 mmoltg Initial Ni cone 551.79 mg / L

Acid washing: H$30q Dry pulp mass: 0.708 g

MW(Ni) 58.70 gimol Exchanged form: Ca Anaiysis: CES

Time Ni Concentration, Cl Ni Adsorbed on Dry Pulp, Q, Final pH Ca Released from Dry Pulp
min mgl L +/- 1s mmol / L mg I g pulp +/- Is I mmol / g pulp mg/L +/. Is mmol f g pulp

0.0 551.79 6,24 9,400 0.00 0.00 0.0000 I 0,00 0.00 0.0000
0.2 549.35 4.94 9.359 0.24 0.49 0.0041 8.30 4,09 0.0205
1.0 523.27 2.50 8.914 2.82 0.25 0,0480 12.60 0.55 0.0312

@w 2.0 523.23 5.64 8.914 2.83 0.56 0.0482 12.88 1.12 0.0317
5.0’ 525,95[ 5,50 8.960. 2.56 0.54 0.0436 12,85 0.34 0.0317

10.0 526.40 3.05 8.988 2,51 0.30 0.0428 13,09 0.53 0.0322
30.0 526.02 8.03 8.961 2.55 0.79 0,0434 12.93 1.18 0.0319
60.0 523.37 7.39 8.916 2.81 0.73 0.0479 12.72 1,06 0.0314’

390,0 524.54 4,02 8.936 2,70 0.40 0.0460 12.60 0.70 0.0312



------

Table V1-36b. Nickel (Ni) adsorption kinetics on brownstock pulp at 75 “C (600 mg Ni/L).

Date: 4f28198 Temperature: 75.0 “c
Run## 14 Vessel: 250 mL shake ftask
Pulplot: 3 #1 BS 12/97 Solution volume: 70.0 mL
Pulp COOH cone,: 0.053 mmol/g Mixing: 160,0 rprn
Pulp PhOH cone.: 0.052 mmol/g Initial Ni cone 572.48 mg I L
Acid washing: H2SOq Dry pulp mass: 0.708 g

MW(Ni) 58,70 glmol Exchanged form: Ca Analysis: CES

Time Ni Concentration, Cl Ni Adsorbed on Dry Pulp, Qi Final pH Ca Released from Dry Pulp
min mg/L +/- Is mmol I L mg I g pulp +/. 1s mmol / g pulp mg/L +/- Is mmol / g pulp

0,0 572.48 14.79 9.753 0.00 0.00 0.OOOO 0,00 0.00 0.0000
0,2 569.54 0.00 9.703 0.29 0,00 0.0095 2.58 1,32 0.0067
1.0 556.42 10$49 9.479 1.59 1,04 0.0271 12.38 0.60 0.0304
2,0 544.42 1.40 9.275 2,77 0.14 0.0472 10,61 1.40 0.0279
5,0 538.23 2.41 9,186 3.29 0.24 0.0560 11.85 0.20 0.0292

10.0 541.47 0,00 9.224 3.07 0.00 0.0523 12.66 0,83 0.0312
30.0 538.61 11.14 9.176 3.35 1.10 0.0571 12.52 0,78 0.0309
60.0 542.08 9.95 9.235 3.01 0.98 0.0513 13.06 0.401 0.0322

1. 390,0 541.96 5.87 9.233 3.02 0.58 0.0514 12.93 0.101 0.0319



TableVi-37. Sedum(Se) adsorptionMnetioeonP3 pulpet25 “C (150tpm).

Oat& 3/22/2000 Tempemture:
Run* 2

25.0 ‘C
Veeeek 250 mL etlmed tenk

Putptct P3 8/98 Sotutkmvotume: 200.0 ml-
PulpCOOHoonc.: 0.041 mmou~ Mtsin$ 150 fpm
PulPPhOHoono.: 0.003 mmoVg Inltlslmetaloomx 392.94 mgI L
Acktwesh~ HCt thy pulpmess 4.09 g

13tShengedram Ce

TebleVt48. Sadum(Se) adsorptionMnetkson P3 pulpet 25 “C (250 rpm).

oak 4W2000 Tempemtuw
Run# 4

25.0 “C
Veeeeh

Pldptot
250 mL stirredtank

P3 W96 SotutbnVolunw 200 mL
PulpCOOHoonc.: 0.041 mmoUg MMng 250.0 rpm
P@ PhOHoono.: 0.003 mmoVg InlOetmetalcot-w 364.93 mg/ L
A&l Weehhlg Hcl Dy putpmass 4.08 g

-~ W: co

Tkne Se oonaenMion,Cf Saedeofk=edonpulp,Q’ PH Ce fateaeedfmmputp
mtn mglL mmoVL mY9Pbu mmotfgputp wIL tmnotfL Imnolrgputp

0.0 1.18 0.009 0.000 0.000o 8.65 0.63 9.036
1.0

0.6005
336.18 2.446 1.452 0.0106 5.46 12.93 o.3&3 0.0152

20 342.76 2.466 1.125 0.0062 5.47 12.92 0.322
3.0

0.0150
327.95 2.388 1.824 0.0133 5.43 .12.35 0.306

5.0
0.0142

,321.60 2.342 2.111 0.0154 5.45 12.13 0.303
10.0

0.0139
310.34 2.260 2.624 0.0191 5.36 12.10 0.302

15.0
0.0137

301.02 2.192 3.039 0.0221 5.32 11.64 0.291
30.0

0.0131
312.85 2.276 2.467 0.01qo 5.30 11.96 0.298

105.0
0.0133

311.59 2.269 2.506 0.0182 5.31 12.21 0.305 0.0135

Table Vt-36. Catoium(co) edewptbnkinetkeon P3 pulpet 25 “C.

Oete 3/16/2ooo Tempemturet 25.0 “C
Run# 2 Vesaek 250 mL etlrredtank
Pulplot: P3 8198 Solutionvolume 200 mL
PutpCOOH Cono.: 0.041 KmWg M&@$ 150.0 !pm
PutpPhOHmnc.: 0.003 mmoVg Initialmetaloonti 152.59 mg/ L
Aoidwashing HCI Ckypulpmass 4.08 g

f3changedform Na

Tima Caconoentretiin,C‘ @ adswlx?don pulp,Qi PH Ne reteasactfrompulp
min mg~ mmot/L mglgpulp mmolfgpulp wIL mmol/ L mmoWgpulp

0.0 1.66 0.042 0.000 0.0000 7.78 18.63 0.810 0.0246
1.0 132.33 3.302 1,.029 0.0257 5.52 23.88 1.039
2.0

0.0501
133.20 3.323 0.968 0.0246 5.49[ 21.13 0.919

3.0
0.0444

132.08 3.295 1.041 0.0260 5.43 20.31 0.884
5.0

0.0427
133.49 3.33* 0.973 0.0243 5.43 20.93 0.910

10.0
0.0439

132.34 3.302 1.029 0.0257 5.48 20.87 0.908
15.0

0.0436
133.94 3.342 0.952 0.0238 5.46 20.67 0.899

30.0 133.61 3.334
0.0434

0.968 0.0241 5.47 20.10 0,874
60.0

0.0422
133.74 3.337 0.962 0.0240 5.47 19.33 0.843 0.0407

210.0 135.541 3.362 0.874 0.0218I 5.51 20.75 0.903 0.0436
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Table W@. Summary of multieomponent metai ion adsorption experiments on wood pulp.

Metal $alt Species Pulp Characteristics Process Conditions Final Report
#1 #2 Type -COOH -PhOH Exchanged Temp. pH Table # Figure #

(mmollg) (mmollg) Form (“C) Range

CaC12 NaOH #2 Bs 4/98 0.055 0.0256 Hydrogen 25 2.65-1 1.2i vt-41a M-23

CaClz NaOH #2 BS 41’98 0.055 0,0256 Hydrogen 25 2,63-11,38 V1-41b VI-23

CaC12 NaOH P3 8196 0.044 0.0031 Hydrogen 25 2.54-11.40 Vi-42a VI-24

CaC12 NaOH P3 8196 0.044 0.0031 Hydrogen 25 2.47-11.23 V1-42b VI-24

BaClz NaOH #2 BS 4198 0.055 0.0256 Hydrogen 25 2.48-11.21 Vi-43a

BaC12 NaOH #2 BS 4198 0.055 0.0256 Hydrogen 25 2,50-10.99 V1-43b

m
t

I
i

a2/21/00 1

4/6100 2

4/5/00 1

4/13/00 2

8/3/99 1

815199 2

Ch VI Tables VI-40 - VI-43.XIS / Table VI-40, 10/20/00
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TableVi-41a. Calcium (Ca) and Sodium (Na) adsorption on brownstock pulp versus PH at 25 “C.

Date 221/00
Run # 1
Pulp lot 4
Pulp COOH cone.:
Pulp PhOH cone.:
Acid washing

meq Ca’2/meq COOH
meq Na’lmeq COOH
Analysis

Temperature
Vessel

#2 SS4198 Initial solution
0.055 mmol/g Initial solution velures
0.026 mmol/g Input NaOH soln cone.:

H~04 Input CaC12soln cone.:

2.0 sampling wlume
1.0 Mking

ICP Ory pulp mass
Exchanged form:

25.0 ‘C
250 mL stirred tank
0.002 M HCI

160.0 mL
0.0!68 mol/L (mmoWmL)
0.02f0 mol& (mmol/mL)

0.7 mL
150 rpm

3.27 g
Hydrogen

Addition Final Na jCa Total Metsla Sokdfon volume (mL)

StFKm OH Cumulatii I Final I Na+. lCumulatiiel Final I Ca”z A&OrLIed CumuldCumulativel Totei

TableV1-llb. Calcium(Ca)andSodium(Na)adsorption on brownstook pulp versus PH at 25 “C.

Data 416/00 Temperature:
Run # 2

25.0 ‘C
Veseet 250 mL stirred tank

Pulp lot 4 #2 S6 4/98 Initial aelution 0,002 M HCI
Pulp COOH cone.: 0,055 mmollg Initial solution volume 160.0 mL
pUIP PtrOH cOllC,: 0.026 mmol/g Input NsOH soln cone.: 0.0207 mol/L (mmoWmL)

Acid vmahing H2S0, Input CaCA sdn oonc.: 0.0234 mol/L (mmoWmL)

meq Ca’2/meq COOH 2.0 Sampling volume 1,5 mL

meq Na’/meq CCS3H 1.0 Mixing 150 rpm

Analysis ICP Dry Pulp mass 3.27 g
Eschanged form: Hydrogen

Addition Pinal Na lCa Total MataLs t%lution tiume (ml-)

Stage PH umulative Final I Na+. lCumulatlvel Final C%+z Adsorbed Cumulative Cumulative Tettd

c. Adsortred NaOH soln CaC12eoln
Addad Adde&

Na’ added Na”cone. Adsorbed Ca+Xadde Ga” oonc

(mmol) (mmoUL) (mmollg pulp) (mmol) (mmoWL) (mmo!lg pulp) (meq/g Pulp)

I
o 2.63 0.000 0.158 0.0000 OQOO 0.123 O.0000[ 0.0000 0.0 0,0 160!0

3.20 0.124 0.881 0.0106 0.140 0.870 0,W43 0.0193 6.0 6.0 170.5

; 4.34 0.248 1.232 0.0167 0.281 1.4m o.olm 0.0407- 12.0 12.0 181.0.
3 7.23 0.331 1.574 0.0203 0.374 1.726 0,0227 0.0656 16.0 16,0 ‘t87.5
4 9.69 0.414 1.967 0.0183 0.468 2.002 0.0319 0.0821 20.0 m.o 194.0
5 10.67 0.516 2.395 0.0200 0.585 2.450 0’.0350 0.0900 25.0 25.0 202.5
6 11.11 0.725 3.103 0,0226 0.819 3,244 0.0397 0.1023 33.0 350 221.0
7 11.36 0.932 3,874 0.0131 1.053 4.035 0.0356 0.0843 46.0 45.0[ 239.5
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TableV1.42a. Calcium(Ca)andSodium(Na)adsorptiononP3pulpversuepHat25“C

Oete 4/5/00
Run # 7
Pulp lot P3 6/96
Pulp COOH oono.:
Pulp PhOH cono.:
Acid WShiw:

meq Ca”2/meq COOH
msq Na”/meq COOH
Analysis

Temperature 25.0 ‘c
Vessel 250 mL stirred tank
Initial eolution: 0.002 M HCI

0.044 mmollg Initial solution wlume 160.0 mL
0.003 mmollg Input NaOH aoln cone.: 0.0207 mo!fL (mmoWmL)

H1S04 Input CaC12soln sxmo.: 0.0234 molh. (mmoUmL)

2.0 Sampling volume 1.5 mL
1.0 Mixing 150 rpm

ICP Ory pulp maaa 3.2s g
Exchanged form Hydrogen

Addition Pinal Na Ca Total &lSIteb SaIotion wluma (mL)

Stage PH Cumulative Final Na”. Cumulative Adsorbad CurrsdetiwCumulative Total
Na”added Na’ cone. NsOH soln CaC12aoln

5
N labla V1-42b. Caldum (Ca) and Sodium (Na) adaorptlon on P3 pulp versus pH at 25 “C.

Date 4i13mo Temperatqra 25.0 ‘c
Run # 2 Vaseel: 260 mL atirrad tank
Pulp lot P38/86 Initial solut!m 0.002 M HCI
Pulp COOHCollc.: 0.044 mmolfg Initial solution wlume: 1S0 mL
Pulp PhOH cone.: 0.C03 mmollg Input NaOH soln cone.: 0.0189 moWL(mmol/mL)

Acid vmahing: HJSQ Input CSC12aoln conci 0.0228 moUL (mmoWmL)

msq Ca+2/maqCOOH 2.0 sampling volume 1.5 mL
meq Na”hneq COOH 1.0 Mixing 1S0 rpm
Analysis ICP Dry pulp mass 3.23 g

Exchanged form Hydmgan



Chapter VII. Thermodynamic Properties and Activity Coefficients for Inorganic Species

In @imating the soluli.lity of inorganic species in solution, it is critical to have accurate free energy of
fbrmation data and parameters for the activity coefllcknt model employed. This chapter rncludes a
database cd.amm-. g free energy of formation values at 25°Cfor iuQrgStliCspecies of impO~~ to pdp
and paper mills. That database also includes coefficients fix a polynomial equation for heat capacity of
many of the species. The heat capacity information is needed to calculate the fkee energy of fbrmation at
temperatures other than 25°C. A second database cmtaius ion interaction paramet.m for Pitzer’s equations
fbr ~ the activity coefficients of inorganic icms. Information on how these databases were
developed is also provided. Meihoda fix esbating the relevant thermodynamic properties and activity
coefficients are also included. This chapter mnchdes with instructions for inputting the data m these
databases into three available thermodynamic eqpdibriurn wkulators: NAELS, ChernSage, and the OLI
systemssoftware.

A. Ikvelopment of a Data Base for Inorganic Ions

Three databases are needed to provide all of the necessary thermodynamic data and molecular formulas to
describe each chemical species. They are 1) the mass balance and chemical potential database; 2] the
Pitzer binary parameter databa~, and 3) the Pitzer ternary interactkm parameters database. These
databases are rncluded in Tables VII-1 through VII-11. All of the data iixmd in the databases were taken
ftomthe periodic table, Wagman, et. al. (1982), Woods and Garrels,(1987), Frederick and Kim (1998a,b),
Pitzer (1979, 1991), Weafe (1987), Frederick et. al. (1988), Harvie, et. al., Millero (1983), Pytkowicz
(1979), and Zemaitis, et. al. (1986). Thedimensionless he energy values for the species indicated by an
asterisk in the temperature column of Table VII-1 were calculated horn solub~ data fbuud in Linke
(1965), and Seidell (1935). The data in Table VII-1 are formatted in accordance with the input
req .umments of the aqyeous, ionic, chemical w@libriurn solver NAELS, developed by Sinquefield (1991).
The values are dimctlytransferable to the databases of other aqueous, ionic, chemical equilibrium solvers.

The &at column in the mass balance swtion (I’able VII-1) -s the species identification number.
Water is assigned number 99. CaticmS,beginning with ~, are assigned numbers 100 through 199. Anions,
begkming with OH, are assig&xl numbers 200 through 299. Neutral solution species are numbered 300
through 399, and pure species (solids and gases) are number &em 400 onward. The next colunm is a
character field 24 spaces wide containing the name or chemical formula of the species. Next is a 2-space
integer field for the oharge of the Speci&. This is left blank for solid species. Following this is a 4-space
real number field followed by a 3-space integer field. There are 7 pairs of these fields. The integer fields
contain atomic numbers of elements as found on tie periodic table. The real numbers are the molar
aIUOUntSfrond in a given species. For example, ~ecie 215 is H2P04-. It carries a charge of -1. It is made
up of I atom of element 15 (Phosphorous), 4 atoms of element 8 (Oxygen), and 2 atoms of element 1
(Hydrogen). The secund line of each species entry contaim a 24-space character field followed by the
coefficients of a fburth order polynomial. The character variable cnntains the temperature range (in “C)
over which the polynomial is vaiid as well as a flag indicating the source of the data used ~ generate the
polynomial. The polynomial relates the dimensionless standard chemical potential (fi-omEquatiorI VII-3)
to temperature and has the following fornx

~=CO +C1(T-Tnf)+C,(T-Tti)2 +C,(T-TM)3 +Cq(T-TW)4
RT
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where R is the gas oon~ T is in Kel~ and T@= 298.15 K. This formwas ohosen fbr convauience.
If# isknmvn only at 25°C then COwiUbe the only non-zero coai%oient. me ohemicd potentkd is defined
concqXually as folbws: ..

pH-Ts (WI-2)

The diHbraice in chemical potential between two tempwatures at mnsiantpressure wcivkitlim be
,,

#2-#l=J%-~1-@&Tlsl) (VII-3)

,Cp.
H2 -Hl = fCpdT - ~2 =s, +J1+Tbut and \ (VII-4)

Iffllis arbitrarily set equaito the standard free energy of formation at 25*C, and S1 is the standard entropy
at 23°C;thenEqwtionsVII-19 and VII-20 can be inte- ~bm and rearranged to Yielk

(VII-5)

where tU=250C,AT=(G-G}, and ~1~ is the averageheatoapacbybetwxa t~andt~. If CP(T)dataare

available then lhe integds in Equation VII-20 can be carried out numerically. Heat capaoity eqpations
are published in the literature fbr many compounds, If the heat oapacity of a solid is known only at 25”C,
then as an approximation it oan be assumed cmstant over a small temperature range. For solution species,
heat capacities ohauge considerably with temperature but are typically available only at 25°C if at all,
Seotion B.l,b outlines the method of estimtm‘ g CP(T) for solution speoiea that was used m this work.
Equation WI-21 should be used only for solids and only in the absanoe of experimental volubility data.
The method of u$ing volubility data to gwerate ohem.kxd pchmtiak fbr solid (or gaseous) species is
discussed in the section on sources of 5rror. This is the prefbrred method for these species.

Itisirnportantto note that ~~ isn~ ingen~ qtitititi&e ti&rdkm~of&tim Xt2.

The difkenoe between the two is the free energy required to raise the temperature of the elements in the
formation reaotion flom tato t2. Equilibrium G&&tiCMIS are based on differences in ohemical potentkd
between reactants and products m a balanced equilibrium reaotion. The atlorementioneddifference betwem

p~and AGf at t~ is the same on both sidea of a balanced equilibrium reaction and drops out when AGm

is calculated. Therefore, AGm is identioal to AP~,m. The extra work of oalculatkig AGf as a fbn-

oftemperature is unnecessa~.

Table VII-2 contains polynomial wdliciexts for the flmotion A$ (T’). Table VII-3 contains values for b,

al, and a2,which are used in calculating the Pitzer model parameters f, BU,and B’u.

Tables VII-4 through VII-9 contain the Pitzer bimuy interaction parameters, the beta and C$ values. Each
line corresponds to a cation-anion combination rticed by species identification nurnb~rs m the left hand

cohunns. The column fix ~2 is blank fix all except 2-2 electrolytes.

Table VII-10 cuntains the Pitzer ternary ion interaction parameters, the theta end psi values. A value of
theta exists for each unlike cation-cation pair or anion-anion pair. A value of psi exists fm each unlike
cation-oation-anion triplet or cation-anion-anion triplet. The *eta will appear on the same line as the two
species I.D. numbers. Starting on the following line, the psi values will be li~ one fbr eaoh anion in the
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order they appear in the database. For example, theta fir ~-hfg~ is 0.0891 and psi fbr

H+ -Nlg2+ - HS04 is -0.0178.

B. Estimation Methods

B.1. Thermodynamic l%opertiea

B.1.a. Estimation of Free Energy

The free energy of formation of divaient metal ions and their carbonates, suif%es, hydroxides, chlorides,
and oxides cm be dmated with uncertainties less than +1 kcai/moie with the correlations developed by
%mjensb and Moiiing (1992).

For a divaient metal odmnate, suli%te, iyiroxide, chloride, or oxide, the &M energy of formation is
edimatd as:

qllvx = aMvXAG~@+ + bmvX + BMvXrM2+

where AG~WVX= standard &w energy of formation of salt M,~ kcdmole

qM2+ = oorreotion ~ fbr the standard free energy of fbrmatkm of salt MA kcai/moie

fMvx = iOIliGlWiiUS of Ma, ~ (s@ W-12)

~f#x, bMvx, and /7~Vx are parameters flom Table W-13.

For divaient metal ions in aqueous solutions, tie free energy of f-on is edmated as:

AG~Me+ = AG”
a

[-.:-f:,,)
~,M2+i- 5.319X104 1
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Table VII-12. Ionic radii and correction terms for Equations VII-6 and

Cation fw2+ I ‘G/J,M2+ I Cation rM2+ @n ~z+,
A kcalhnole A kcal/mole

●

Ba2+ 1.36 -36.73 M& 0.72 36.97

VII-7.

I I 1.02 I159.07 I I I I

Table VII-13. Coefficients ~&fX, bMwx,and flwwxfor Equation VII-6.

IMSOq I0.9906 I -346.56 I 43.14 I

The entlwlpy and heat capacity of ions are needed to predict equilibrium constants (or free energy of
reaction) at other temperatures when data is available at only one temperature. If the heat capacities of the
ions are kn~ then K(T) should be calculated as

lnK=lnK”
-%(+-+)-q’”:-?”)

(VII-8)

where

(1

lnK” = –~
RTO

(-VIM)

and K= thermodynamic equilibrium constant
AG = flee energy change of the reaction at the reference state, J/mol
AH= enthalpy change of the reaction at the reference state, J/mol
ACP = average heat capacity change of the reaction (evaluated between V and T), J/mol K
T = temperature, K
R= ideal gas constant= 8.314 J/moI K
“ denotes the reference state .

Estimtbn of the average heat capacity change of ions is discussed in the following section.
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B.1.b. Estimation of Ion Entropies and Heat Capacities

Partial molar heat oapacity ti’for ions in solution is usually available only at 25”C, if at all. In gene~
heat capacities for solution species vary considerably with temperature. It is therefore expedient to make
use of a model fix the osthation of ionic heat capacities as a fimotion of temperature. The model begins
with the relationship between entropy and heat oapacity

where S:= standard entropy at temperature ~ J/mole K ~

S;= standard state entropy at the refbrence temperature, & J/mole K

CP= mokd heat oapacity, J/mole K
~> T =temperatnre, K

C’ an be replaced with an average value over the range t. to t

where ~ ~. is the averageheat oapacity evaluated between temperatures Ieand t.

Integrating Equation VII-2 and rearranging yields,

1
s: -s:

Ct=
p ~ In(f/to)

(VII-1O)

(VII-11)

(VII-12)

t. and tm be any two temperatures. For convenience t. will be the standard referenoe temperature, 298.15
K. Standard state entropies of aqueous speoies are usually available in the literature. Wagman (1982), and

Woods and Garrels (1987) are exoellent references. The only remaining unknown in Equation VII-3 is S:.

The oorwspondence principal developed by Criss and Cobble (1964) states, “..lf the standard state is’
chosen properly by fixing the .entmpy of H+(hj, at each temperature, then &e ionic entropies at one
temperature are linearly related to their corresponding entropies at 25”C”. In equation fbrm the model looks
like this:

s: = a(t)+ f3(t)sa* (VII-13)

where a(t) andb(?)are temperature-dependent parameters and S* is the “absolute” entropy, defined by

Criss and Cobble as

S% m Equation VII-5 is the conventional standard state entropy and z is the charge on the ion. a(i) and b(~

in Equation VII-4 are fiuwtions of temperature and ion type. Criss and Cobble’s wdues for a(t) and b(ij are

included in Table VII-14. S: is then used in Equation VII-3 to obtain a partial molar heat capacity over a

particular temperature range,
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Table VII-14. (hiss and Cobble’s entropy pammeters (in cal/mole°C)
simple Catiorla simple anions Oxyorymns Acid oxy anions

and 01% n Xon(olf)-m
T:C at it at ~t ‘ at bt at ~t -J s& (H+)

25 0 1.000 ,0 1.000 0 1.000 0 1.000 -5.0
60 3.9 0.955 -5.1 0.969 -14.0 1.217 -13.5 1.38 -2.5
100 10.3 0.876 -13.0 1.000 -31.4 1.476 -30.3 1.894 2.0
150 16.2 0.792 -21.3 0.989 -46.4 1.687 -50. 2.381 6.5
200 23.3 0.711 -30.2 0.981 -67. 2.02 -70. 2.960 11.1

Cnss and Cobble’s model, in its original forq is of limited utility. In order to calouktt.e the chemical
potentkd as a continuous fimot.ion of temperature, one must be able to calculate the heat capacity m
Equation VII-3 as a continuous fbnction of temperature. It turns out that the entropy parameters m Table
VII-14 are ttmmselves linear fimctions of temperature. Performing liuear re~ession on the parameters in
Table VII-14 preduces the equations in Table VII-15, where T is in degrees Celsius.

Table VII-15. Entropy parameters as a fimction of temperature

b = -0.00018599T + 1.0077 0,952’

&y anions

a = -0.377372T + 8.69877 0.997

b= 0.00569148T -I-0.871012 0.994

Acid my anions

a = -O.4O1O98T+ 10.1575 0.999

b = 0.0111676T + 0.728066 0.998

s~o?w

a = 0.09416006T -7.635905 I 0+995
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Combining the equations in Table VII-15 with Equations VII-4 and Vii-5 produces a partial molar heat
oapacity fimct.ionthat is used to calculate the chemical potential as a fimotion of temperature for charged
aqueous species.

Note: Since the refirence state for F(aqj in the NAELS alztabase is a @ction of temperature, the
chemical potential ~nction for any charged species uaUed to the database must be generated using the
procedure outlined above. This is necessary to maintain internal consistency in the ahtabase. However, if
an tiqueous species can be f~rrned by cotiining species already found in the chtabase (i.e. neutral sait
species), then it is best to use equilibrium &ta (ifavailable) to generate the chemical potential jitnction
for the new species.

Criss and Cobble’s method requires that the standard state entropy, S%, be known. For many ions this

quantity is not available in the literature. One me&ti of -estmxbg S% is that of Conuick and Powell

(1953), The entropy of an oxy-anion of the firm XO~z can be estimated i%rly well from the empirical

rekition

S% = 43.5- 46.5(z - 0.28n) (VII-15)

whereS~ is in Cal/mole°C,

B,2. Activity Coefficients

B.2.~ Estimation of Activity Coefficients for Strong Electrolytes

Meissner’s method (Meissm.r and Tester, 1972; Meissner and Kus~ 1972z 1972b) cm be used to
estimate activity coefficients fir strong electrolytes in water vr iu multicompommt solutims, at any
temperature. At least one value ofaotivity coefficient is needed as a starting point.

Single efectwfyte soiutkws at 2FC

Meissner defined ~, the reduced activity coefficient of a single salt m solution in terms of the meau
activity coefficient for a salt in water, y+and the charge of the respective ions (% z):

(VII-16)

The termZj m Equation VII-1 is the charge of ion i.

Equation VU-2 cau be used to prediot r“, the reduced aotivity coefficient for a single salt solution at 25°C.

where /= ionic strength= 0.5~~~Z~

i
B = 0.75-0.065 q (VII-18)
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o.5107Ji
tOgr*s -—

I+c$

C= 1. i- 0.055 q exp{4.023 ~)

The term q is Meissner’s parameter. Figure 1 contains a generalized plot of reduced activity coefficient
versus ionic strength as a fimotkm of Meissner’s parameter q. The data shown are fbr COCIZ,for which a
value for q of approximately 2.25 is obtained by inspedion.

(VII-19)

(VII-20)
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A mean molal activ@ coefficient (y~ is obtained fkom the reduced activity coefficient (0 by ustig
Equation VII-16.

The effkt of temperature on the reduced activity coefficient is calculated using Equation VII-21. At least
one experimental value tie reduced aotivity coefficient is needed to caloulate its value at another
tempemture.

log r$! = (1.125- o.oo5T)10gr&C - (0.125- o:oo5T}Iwgf (VII-21)

where ~ZSC is the experimental value of the reduoed activity ooeffickmt at 25”C, T is the temperature in
“C, and

o.4Ji
iOgr~ = — + 0.039/0”92

l+lli

Also, the value of q at any other temperature oan be estimatd from q=.

( 0.0027(T - 2$)
9T =q25c 1– z z

+- 1 “)

(VII-22)

(VII-23)

In Equation VII-23, Tis the desired temperature in degreesCelsius.

The.reduced activity coefficient of electrolyte CA in a multioomponent solution at 25°C oan be calculated
as

ru =(1+6(1+ o.w)~wx – f3)r* (VII-24)

The term qy,.~in Equation VII-24 is an ionic strength-weighted average of the q values for the individual
inorganic cmnponents in solutiom

(VU-25)

where Ii is the ionic strength of ion i, I is the total ionic _, and q; is Meissner’s parameter fbr

electrolyte ~ in solution as a single component at its ionic stragth in the mixture. B, C, aud P in Equation
VII-9 are cakuktted using Equations VII-18-20, substituting q~,~~ for ~.

B.2.b. Estimation of Activity Coefficients for Neutral Species

To estimate activity coefficients for neutral species (e.g. C02(aq)), use Setsch6now’s equation
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where y~ = activity coefficient for the neutral species in a salt solution
SO= solub~ of the neutral speoies in pure water
SS= $dubii of the neutral species in tie salt solution
C!S= concentmtion of the salt(s) in solution, moliL
~= empirical “salting out” ~

(VII-26)

Values of IG fix some gases are included in Table VII-16. For non-polar, non-electrolyte gases, the
logarithms of the salting out ~ for one gas are diredy proportional to those fir another (see Figure
2). Values for any gas-salt combination oan be esthmted flom data fir at least one salt with that gas and
the data in Figure 2. The log (lG)values for polar gases are proportional to those fbr non-polar gases, but
with a non-zero intercept (see Figure 3). Values fbr any gas-salt combination oan be wthmted from data
firtilm~Wo ~~tiagasadtie& tiF~3.

%tsck$now’s equation has limited acouracy at high ionic strengths.
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log(kJfor 02
Log-log plot of the salting out constants for H2 with various salts, versus 02 with the same

salts. The data are from Long and McDevit (1952) and are included in Table VII-11.
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B.2.c. Estimation of Pitzer Ion Interaction Parameters

Kh (1988)condatedPitzer parameters ~“ and ~1 fbr alkali metal and alkaline earth metal salts with
tetms oontainkg zj and ~j$where z is tie oharge of the -W or ~OQ, ~ is & fiUS m ?- s~lfi-
and the subsoript i indioateaa oatjon (c) or anion (i). The ionic radii used are given in Table VIt-17, and the
cordations obtained are given in the fbilowing subsections. For 1-1 and 2-1 salts, the correlations
obtained were stmight lines. Pitzer parameters can probably be estimat@ by extrapolation to vahms of d/’i
outaide of the range of data with reasonable aoouracy, For sdfates, however, the correlations obtained were
not stmight lines. The sulfhte data were fit with a seeond order polynomial. krterpolation within the range
of data is safe, but extrapolation outside of the range of data may not provide accurate values of the Pitzer
pmmeters.

Table VII-17. Aqyeous ionic radii of ions of interest

A. Cations B. Ankms
Ion r= (nml ~ r (mn

Li+
Na+
IC-
N’H4’
H30+
MgM
Ca”
MQ2+
Fez+
Cofi
Nis
Zn2+
CUN
Cd’+
Aly
CF+
Few

0.068+0.006 F- 0.135+0.014
0.098+0.003 cl” 0. 183+0.003
0.134E0.004 Br- 0.194*0.003

o.16&o.oo5 r 0.222+0.002

0.1 13+0.005 NO; 0.206+0.006

0.072+0.002 so~= 0.24&t0.005

O.1O3MI.OO3

0.081+0.005
o.073A0.oo5
0.07W.002

0.068+0.003
0.06$%0.005

0.0593Z0.005
0,095WO04
0.04!M0.002

0.06@t0.002

0.065W.005

Estimation of/3”

Group of compounds Regression eauation Standard error of intimate

AIkafihydroxides j3°= 0.2461- 0.0137(~2/r$) 0.015

Alkalihalides P“ = -0.0738 + 0.0856(z&c)(rJ%) 0.009
(except fluorides)

Alkali fluorides p“ = 0.2682- 0.0236(G2/r~) 0.011

Alkali chlorates J3°= -0.3556 + 0.0360(G2/rc) 0.009

Alkali perchloratesl ~“ = 0.0320 + 0.0242(%2/r=) 0.032

] Includes N&CIOg
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Alkalinitrats

Alkali acetates

AlkaliSulfbtes

AJkalineearthchlorides

Alkalineearthbromides

Alkaiine earth iodides

A&dine earth chlorates

Alkaline earth nitrates

~“ = -0.3001 + 0.0299(Z2/rO)

~“ = 0.2152-0.0078 (%2/rc)

J3°= 0.5375- 0.8710(~2/r$) + 0.3558(~2/rc)2

f3°= 0.2037 + 0.00276(&2/rJ

J3°= 0.2037 + 0.00276(G2/re)

~“ = 0.2790 + 0.00379(%z/r.)

~“ = 0.1849 + 0.00596(a2/r~)

p“ = -0.3805 + 0.0132(z2/rO)

Estimation of F .

0.011

0.003

0.015

0.018

0.012

0.016

0.039

0.057

A weak correlation (Equation VII-27) exists between ~“ and J31fbr 1-1 type electrolytes. It can be used to
estimate the value of ~~fix 1-1 electrolytes when no values are available.

~’= 0.1572 + 0$415~0, R’= 0,49 (WI-27)
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Table WI-1. Mass Balance and ChemiealPotentialPolynomialCoefficient Database

ID Name Charge Elements and their atomic weights T-~ge, Coefficients for I@T (CO-C4,in order).“
“L

99 HzO -9.56611E+1 2,91704E-1 -9.82177E-4 2.57158E-6 -3,53354E-9

100 w

101 Na+

102 K+

103 M~

104 MgO~

105 MgHC03+

106 Ca2’

107 CaOH”

108 CaHC03+

109 A13+

110 A10H2+

111 Al(oH);

112 M!F

113 Mnow

200 oH-

201 cl-

202 co32-

203 HCO~

204 NaCOJ

205 SOq2-

206 HSO[

207 NaSO;

o

+1

+1

+1

+2

+1

+1

+2

+1

+1

+3

-I-2

+1

+2

+1

-1

-1

-2

-1

-1

-2

-i

-1

2. 11.8

1. 1

1, 11

1. 1

1. 12

1121.8 1. 1

1. 12 3. 8 i, 6 1. 1

1. 20

1, 20 1, 8 1. 1

1. 20 3, 8 1. 61,1

1, 13

1. 13 1. 8 1. 1

1. 132.82,1

L 25

1. 25 1, 8 1, 1

1. 8 1. 1

1, 17

1,63.8

1. 6 3. 81.1

1,113 .81.61.1

1. 16 4. 8

1. 164.81.1

1. 16 1. 11 4. 8

25-200

25-200

25-200

25-200

25

25

25-200

25

25

25-200

25

25

25-200

0.0000OE+O

-1,05656E+2

-1.14275E+2

-L83472E+2

-2.52822E+2

-4.23468E+2

-2,23322E+2

-2.89815E+2

-4.61913E-F2

-1.95654E+2

-2,80012E+2

-3 .6711OE+2

-9.20184E+1

4.35345E73 -1.2781OE-4 2.85164E-7 -3.67000E-

3.22011E-1 -1. 13238E-3 2.8925W6 :;.93920E-9

3.24604E-1 -1. 13209E-3 2.90867E-6 -3.97770E-9

7.05555E-1 -2.40987E-3 6.13515E-6 -8.3321OE-9

7.87474E-1 -2,65389E-3 6,7897813-6 -9.24850E-9

8.61471E-1 -2.95564E-3

3,60767E-1 -1.29107E-3 3.26602E-6 -4.42840E-9

25-200 -1.63382E+2 5.60973E-1 -1.91448E-3 4.88671E-6 -6.63760E-9

25-200 -6.34344E+1 2.14183E-1 -5.44900E-4 L45959E-6 -2.O211OE-9

25-200 -5.29394E+1 1.38462E-1 -3.06790E-4 8,53212E-7 -1.1971OE-9

25-200 -2.12926E+2 7.38806E-1 -2.04005E-3 5.37846E-6 -7.40120E-9

25-200 -2.3671 1E+2 7.32082E-1 -2.27404E-3 5,91075E-6 -8.09450E-9

25 -3.19830E+2

25-200 -3.00353i+2 9.84468E-1 -2.92209E-3 7.64234E-6 -1.05020E-8

25-200 -3.04944E+2 9.35661E-1 -3.01983E-3 7.81535E-6 -LO7O1OE-8

25 -4.07698E+2
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ID Name Charge Elements and their atomicweights T-raw, Coefficientsfor p/RT (C4-C4,in order)
on

u

208 KSO~ -1 1. 19 1. 16 4. 8 25 -4.16356E+2

209 M(CM){

210 s2-

211 HS:

212 HsSiOi

213 P043-

214 I-W042-

215 HJW;

216 VO;

217 Cd2+

218 CU2+

219 Few

300 HzCQ(aq)

301 NaHCOJaq)

302 MgC03(aq)

303 MgSOq(aq)

304 CaC03(aq)

305 CaSOq(aq)

306 I-LSiOq(acj

307 H@04(aq)

308 CdC12(aq)

309 FeCls(aq)

310 Fed

311 Fez(S04h

-1

-2

-1

-1

3

-2

-1

1

2

2

3

0

0

0

0

0

0

0

0

0

0

0

0

1. 134.84.1

1. 16

1. 16 1. I

1. 144.83.1

1. 15 4. 8

1. 154.81.1

1. 154.82.1

1, 23 3. 8

1. 48

1, 29

1. 26

3,81. 62.1

1,113 .81.61.1

1 .123.81.6

1, 16 1. ’124. 8

1. 203.81.6

1. 20 1. 16 4. 8

1. 144.84.1

1,154 .83.1

1. 48 2, 17

1. 26 3. 17

1,263 .13,8

2. 26 3. 16 12. 8

25-200

25-200

25-200

25

25-200

25-200

25-200

25-200

25-150

25-150

25-150

25

25

25

25

25

25

25

25

25

25

25

25

121”

-5.26576E+2 1.69430E+0 -5,38405E-3 1,39321E-5 -1.90550E-8

3.48780E+1 -1.52560E-1 4.34771E-4 L28789E-5 -7.103 OOE-8

4.87303E+0 -5.86667E-2 3.2434413-4 -7,74740E-7 1,02630E-9

-5.05321E+2

-4.10735E-!-2 1.49620E+0 -4.29218E-3 1,12374E-5 -1.54330E-8

-4.39378E+2 L48114E+0 -4.4373 lE-3 1015672E-5 -L58640E-8

-4.55971E+2 1,46582E+0 -4.62432E-3 1.19862E-5 -1.64150E-8

=3,16115E+2 1.02330E+0 -3.05737E-3 7.99006E-6 -L09820E-8

- 3.131OE+1 7.5378E-2 - 2.4654E-4 6.9109E-7 -1,1145E-9

2.6420E+1 - 4.8381E-2 1.5888E-4 - 4,5263E-7 7.5132E-10

- 1,8956E+0 1.3367E-1 - 4.3913E-4 1,2519E-6 -2,0836E-9

=2.5I41OE+2

-3.42461E+2

-4.04426E+2

=4,88862E+2

-4.433 16E-I-2

-5,28639E+2

-5,27832E-I-2

-4.60945E+2

-1,37190E+2

-1,60681E+2

-2.65973E+2

-9.04786E-!-2



ID Name Charge Elements and their atomicweights

312 CuSOq(acj o 1. 29 1, 16 4. 8

313 CUC12 o 1, 29 2, 17

400 Si02 o 1, 14 2. 8

401 MZ03 2. 13 3. 8

402 Al(0FI)3 1. 133.83.1

403 AIC13 1. 13 3, 17

404 AIC13*6H20 1, 13 30 17 6. 8 12. 1

405 &dZ(SO& 2, 13 3. 16 12. 8

406 Alz(S04)3*6HZ0

407 AlzSiOs

408 AlzSizOT*2Hz0

409 &Si@13

410 A12SioOlo(OH)2

411 Mn(oH)2

412 MnC12

413 MnClz*HZO

414 MnC12*2Hz0

415 M1.lClZ*4HZ0‘

416 MnS

417 Mnso4

418 MnHP04

419 Mnco3

420 MnSi03

421 MnzSiOA

2. 13 3. 16 18. 8 12. 1

2. 13 1. 14 5 8

2. 132.149.84.1

6. 13 2. 14 13. 8

2. 13 4. 14 12.8 2. 1

1. 252.82.1

1, 25 2. 17

1. 25 .2, 17 1. 8 2. 1

1. 252.172,84.1

1,252 .174.88.1

1. 25 1. 16

1,251.164.8”

1. 251.154.81,1

1. 251.63.8

1. 25 1. 14 3. 8

2. 25 1. 14 4, 8

T-range, Co@icientsfor p/RT (CO-C4,in order)
e“

25 -3.40686E+2

25 -7,9836E+1

25-200* -3.43184E+2 1.12871E+0 -3.64467E-3 9,43049E-6 -1.29007E-8

25-ZOO* -6.38322E+2 2.11400E+0 -6.82365E-3 1.76541E-5 -2,41494E-8

25-200* -2.53667E+2 8.03667E-1 -2,63307E-3 6.84154E-6 -9.37387E-9

25-200* -9,12159E+2 2.9221OE+O -9.54994E-3 2,47961E-5 -3,39650E-8

25-200* -L25056E+3 4.08540E+0 -1.32543E-2 3,43418E-5 -4.70031E-8

25-200* -1.86461E+3 6.04619E+0 -1.96844E-2 5.I0537E-5 -6.99030E-8

25-200* -9.85403E+2

25-200* -1.53285E+3

25-200* -2,59504E+3

25-200* -2.12524E+3

25-200* -2.481OOE+2

25-200$ -1.77704E+2

25-200* -2,80816E+2

25-200* -3,80056E+2

25-200* -5.74300E+2

25-200* -8,81056E+1

25-200* -3.86212E+2

25* -5.61195E+2

25-200* -3.29468E+2

25-200* -5.00435E+2

25-200$ -6.58412E+2

3,25759E+0 -L05156E-2 2.72062E-5 -3.72161E-8

5.04319E+0 -1,63149E-2 4.22371E-5 -5.77911E-8

8.57498E+0 -2.76821E-2 7.16214E-5 -9.79738E-8

7.O1O26EW -2.26483E-2 5,86107E-5 -8.01828E-8

7.8%57E-1 -2,59282E-3 6.74114E-6 -9.23847E-9

5.46619E-1 -1.79750E-3 4.67535E-6 -6,4084033-9

8,68869E-1 2.89387E-3 7.55409E-6 -1.03682E-8

1.18271E+0 -3.92768E-3 L02444E-5 -1.40564E-8

1,.79820E+0 -5.95316E-3 1.55138E-5 -2.12796E-8

2.63127E-1 -8.74634E-4 2.28185E-6 -3.13125E-9

1.24632E+0 -4,05690E-3 1.05215E-5 -L44058E-8

1.06716E+0 -3.47085E-3 8.99947E-6 -L23208E-8

1.63754E+0 -5.30162E-3 1.37282E-5 -L87854E-8

2.13598E+0 -6.92612E-3 1.79429E-5 -2.45567E-8
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ID Name Charge Elements and their atomicweights

422 Nfg(OH)z 1. 122,82.1

423 MgC12

424 MgClz*HzO

425 MgClz*2H20

426 MgClz*4HZ0

427 MgClz*6H20

428 MgS

429 MgS04

430 MgSOq*HZO

431 MgSOd*6Hz0

432 Mm?Ch)z

433 MgC03

434 (MgC03)3*Mg(OH)
z*3Hz0

435 Ca(OH)z

436 CaC12*6H20

437 Cas

438 CaS04

439 CaSOd*2Hz0

440 CaJPClJ2

441 caHPo4

442 C_A*2HZ0

443 Ca(H2POq)2*H20

444 Ca10(P04)G~OH)2

1, 12 2. 17 ,

1. 122.171.82.1

1. 122.172.84.1

1. 122.174.88.1

1. 12 2. 17 6. 8 12, 1

1. 12 1, 16 ~

1. 12 1. 16 4. 8

1. 121.165.82.1

1. 12 1. 16 10. 8 12. 1

3. 12 2. 15 8. 8

1. 121.63.8

4. 123.6 14.8 8.1

1,202 .82.1

1. 20 2,. 17 6. 8 12. 1

1. 20 1. 16

1. 20 1. 16 4. 8

1. 201.166.84.1

3. 20 2. 15 8. 8

1. 201.154.81.1

1. 201.156.85.1

1. 202,159.86.1

10.20 6. 15 26. 8 2. 1

T-range, Coefficientsfor p/RT (CO-C4,in order)
“c

25-200* -3.36250E+2 1.09894E+0 -3.56986E-3 9.25294E-6 -1.26661E-8

25-200* -2.38736E+2 7,62225E-I -2,48738E-3 6,45564E-6 -8.84135E-8

25-200* -3.47638E+2 1.10722E+O -3.62050E-3 9.40191E-6 -1.28792E-8

25-200* -4.5101~+2 1.43570E+0 -4.70075E-5 1.22117E-5 -1.67306E-8

25-200$ -6.54858E+2 2,08345E+0 -6.82815E-3 1.77432E-5 -2.43115E-8

25-200* -8.52970E+2 2,70515E+0 -8,86670E-3 2.30412E-5 -3.15711E-8

“25-200* -1.37887W-2 4,40810E-1 -1.44120E-3 3.74244E-6 -5.12650E-9

25-200$ -4.72236E+2 L54223E+0 -5.00255E-3 1.29609E-5 -L77391E-8

25-200* -5.66756E+2 1.83957E+0 -5.98154E-3 1.55082E-5 -2.1231OE-8

25-200* -L06170E+3 3.41OO2E+O -1.11461E-2 2.89417E-5 -3,96441E-8

25-200* -1.42750E+3 4.69748E+0 -L51866E-2 3,93085E-5 -5.37802E-8

25-200* -4.08295E+2 L33885E+0 -4.33764E-3 L12344E-5 -1.53740E-8

25* -1.85705E+3

25-200* -3.62463E+2 1.17846E+0 3.83127E-3- 9.93279E-6 -L35979E-8

25 -8.93805E+2

25-200* -1,92590E+2 6.21254E-1 -2,02055E-3 5.23900E-6 -7,17248E-9

25-200* -5,2985E+2 1.7314E+0 -5.7435E-3 1.6276E-5 -2.6822E-8

25-200* -7,25048E+2 2.34633E+0 -7.6355533-3 1.98012E-5 -2.71106E-8

25-200* -1.56714E+3 5.14541E+0 -1,66309E-2 4.30440E-5 -5.88896E-8

25-200* -6.78211E+2 2.22305E+0 -7.19261E-3 1.86124E-5 -2,54792E-8

25-200* -8.69188E+2 2.83019E+0 -9.19295E-3 2,38271E-5 -3.26161E-8

25-200* -1,23371E-I-3 4.02082E+0 -L30469E-2 3,38063E-5 -4,62711E-8

25-200* 5,11408E-+3 1.67868E+1 -5.42748E-2 1.40487E-4 -1.9221OE-7

123



—
--—

ID Name Charge Elementsand their atomicweights T-range, Coefficientsfor p/RT (CO-C4,in order)
or-l

445 CaC03 1,203 .81.6 25-2;O* -4,55370E+2 1.48532E+0 -4.81099E-3 1.24594E-5 -L70500E-8

446 CaO*Si02

447 CaO*&Os

448 CaO*AlzOs*2Si0
2*H20

449 CaCOs*MgCOs

45o CaClz*2MgClz*l
2Hz0

451 NaOH

452 NaOH*HzO

453 NaC!l

454 Na&

455 NazS04

456 NaHS04

457 N&IS04*H*0

458 NaJ30d*10H20

459 Na3P04

460 NaHJW4

461 Na2HPOd

462 Na2HPOd*2H20

463 NaJ3PChWHz0

464 NaJWCh*12H@

465 Na2C03

466 NazCOs*H20

467 Na2C03*7H20

1. 20 1. 14 3, 1

1. 20 2. 13 4. 8

1. 202.142.139.82,1

1. 201.126.82.6

1. 20 6. i7 2, 12 12. 8 24. 1

1. 111,81.1

1. 112.83.1

1. 17 1, 11

1. 16 2. 11

1. 16 2. 11 4. 8

1. 161.114.81.1

1. 161.115.83,1

1. 16 2. 11 14, 8 20. 1

1.153.1148

1. 151.114.82,1

1. 152.114.81,1

1,152. 118.85.1

1., 15 2. 11 11. 8 15. 1

1. 15 2. 11 16. 8 25. 1

2. 113.81.6

2. 114.81,62.1

2. 11 10. 8 1. 6 14. 1

25-200* -6,25154E+2 2.05750E?+0 -6.64652E-3 I,71998E-5 -2.35300E-8

25-200* -8.9102OE+2 2.93353Efi -9.47596E-3 2.45214E-5 -3.35460E-8

25-200* -1.81742E+3 5.98160E+0 -L93464E-2 5.00821E-5 -6,85235E-8

25-200* -8.72746E+2 2.85591E+0 -9.25042E-3 2.39566E-5 -3.27833E-8

25 -2.01579E+3

25-200* -L53093E+2 4.85966E-1 -L59471E-3 4.14541E-6 -5.68076E-9

25-64 -2,53092E+2 8.46745E-I -3.19895E-3

25-100 -L54960E+2 4.58139E-1 -1.39105E-3 2.80944E-6 9,90380E-10

25-200* -1.41114E+2 4.38146E-1 -1.45672E-3 3,80069E-6 -5,21559E-9

25-200* -5.12966E+2 1.65319E+0 -5.3781OE-3 1.39456E-5 -1.90928E-8

25-200* -4,00509E+2 1.29375E+0 -4.21678E-3 1.09402E-5 -1.49813E-8

25-200* -4.96845E+2 1.59897E+0 -5.22126E-3 1.35535E-5 -L85635E-8

25 -1,47172E+3

25-200* 7.21627E+2 2.34308E+0 -7.60462E-3 1.97058E-5 -2.69722E-8

25-200* -5.59172E+2 L81849E+0 -5.90061E-3 1.52892E-5 .2.09264E-8

25-200* -6.48770E+2 2.10884E+O -6.84259E-3 1.77298E-5 -2.42669E-8

25-200* -8.42530E+2 2.72822E+0 -8,88147E-3 2.30346E-5 -3.15388E-8

25-200* -1.32312E+3 4.29432E+0 -L38900E-2 “3.60667E-5 -4.94041E-8

25-200* -1.80237E+3 5.77164EW -L88935E-2 4.90792E-5 -6,72392E-8

25-200* -4.21342E+2 1.35458E+0 -4.41124E-3 1.14419E-5 -1.56668E-8

25-60 -5.21217E+2 1.90807R0 -1.86555E-2 2.18450E-4

25-200* -1.09495E+3 3.49131E+0 -1, 14533E-2 2.99701E-5 -4.07948E-8
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ID Name Charge Elements and their atomicweights T-range, Coefficientsfor @T (~-ca, in order)
on

468 NazC!Os*10HzO 2. 11 13. 8 1. 6 20. 1 20-3; -1,38273E+3 4.36650E+0 -1.55848E-2

469 NaHC03

470 NaHCOs*NazCOs
*2Hz0

471 Na$iOs

472 NaAISiOq

473 NaVOs

474 KOH

475 KOH*2H20

476 KC1

477 K2S

478 KzSOO

479 KHS04

480 K2C03

481 KHC03

482 H#d(SO&

483 ~(SO&*3HZ0

484 ~(S04)2*lzH20

485 KAISiOq

486 KAl$i@l@H)z

487 KHJW4

488 2NaJ304*NazCOs

489 C@(Gas)

490 Na2ChA12Q03Si0
w2H?0 (Natrolite)

1. 113.81.61.1

3,118, 82.65.1

1. 14 2, 11 3. 8

1. 14 1. 13 1. 11 4. 8

1. 23 1. 11 3. 8

1,191 .81.1

1,193 .85.1

1. 19 L 17

2, 19 1. 16

2,191.16 4 .8

1. 19 1, 16 481.1

2. 193,81.6

1.193,81.61.

1. 19 2. 16 1. 13 8. 8

1. 19 2. 16 1. 13 11. 8 6. I

1 19 2. 16 1. 13 20. 8 24. 1

1, 19 1. 14 1. 13 4. 8

1, 19 3. 14 13, 13 12. 8 2, 1

1. 191.154.82.1

2. 166.111181.6

2. 81.6

2. 11 2. 13 3. 14 4. 1 12. 8

25 -3,43267E+2

25 -9.60363E+2

25-200*

25-200*

25-75

25-200*

25-2QO*

25-200*

25-200*

25-200*

25-200*

25-200*

25-200*

-5.901 14E+2

-7.97993E+2

-4.22308E+2

-1.52926E+2

-3.57949E+2

-1.65084E+2

-1.46843E+2

-5.33059E-!-2

-4, 16041E+2

-4,29031E+2

-3,48348E+2

1.92745E-!-O

2,61839E+0

L35199E+0

4,79593E-1

1.13628E+0

5.18673E-1

4.48715E-1

1.71182E+0

1.33557E+0

1.37203E+0

1,11832E+0

-6.24785E-3

-4,46838E-3

-3.55070E-3

-1.57767E-3

-3.73589E-3

-1.6943 lE-3

-1.50402E-3

-5.56802E-3

-4.36661E-3

-4,46849E-3

-3,65622E-3

L61842E-5

2.19218E-5

4. 10398E-6

9.71668E-6

4,39862E-6

3.93297E-6

1.44375E-5

1.13390E-5

1.15907E-5

9.49424E-6

-2.21489E-8

-2.99938E-8

-5,62546E-9

-1,33182E-8

-6.02481E-9

-5,40167E-9

-1,97659E-8

-1.55325E-8

-1.58707E-8

-1.30055E-8

25-200* -9.03647E+2 2.93934E+0 -9,54008E-3 2.47214E-5 -3.38373E-8

25-200* -1. 19995E+3 3,88608E+0 -1.26500E-2 3.28079E5 -4,4920U?-8

25-200* -2.07395E+3 6.65824E+0 -2.17543E-2 5.64496E-5 -7.73175E-8

25-200* -8.08966E+2 2.65155E+0 -8.57178E-3 2.21866E-5 -3.03546E-8

25-200* -2.26251E+3 7,44237E+0 -2.40404E-2 6.22104E-5 -2.51059E-8

25-200* -5.71174E+2 1,8556733+0 -6.01954E-3 L55961E-5 -2, 13458E-8

25* -1.44996E~3

25-1OO* -1.59091E+2 4.47331E-1 -1.51788E-3 4.76166E-6 -1.00980E-8

25 .

2. 144771E+3
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ID Name Charge Elements and their atomicweights T-rage, Coefficientsfor p/RT (CO-C4,in order)
em

491 CdSOd 1. 48 1. 16 4. 8 25-l;O* -3.3190E+2 1.062333+0 -3.5487E-3 1.OI1OI3-5 -1.6688E-8

492 CdC12

493 CdS

494 cd(oH)2

495 cdco3

496 CUS04

497 Cuclz

498 cuS

499 CU(OH)2

500 FeCls

501 Fe(OH)s

503 CaC12

900 APHI

1. 48 2, 17

1. 48 1. 16

1,482, 12,8

1. 481.63.8

1. 29 1. 16 4. 8

L 29 2, 17

1. 29 1, 16

1. 292,12.8

126317

1,263, 13.8

L 20 2, 17

1.2 2,0 1.4 12.0

25-150* -1.5794E+2

25-150* -6,3135E+1

25-150* - 1.9106E+2

25-150 -2.7005E+2

25-150*, -3.1118E+2

25-150* -7.0880E+1

25-150* -2.1623E+1

25-150* - 1.0045E+2

25-150* -1.3474E+2

25 -2.80981E+2

25-150* -3.0179E+2

3.76978E-1

4.8265E-1

1.8539E-1

6.014413-1

8.6745E-1

9.9857E-1

1.9389E-1

4,5630E-2

3.852913-1

4.1242E-1

9.6891E-I

4,44771E-4

-L6315E-3

- 6.0943E-4

- 1.9734E-3

- 2.8449E-3

-3.3403E-3

-6.8807E-4

-1.8082E-4

- 1.2651E-3

-1,4454E-3

4,6643E-6 -7.7097E-9

L7460E-6 -2,9414E-9

5,6018E-6 - 9.2556E-9

8.0623E-6 .l.3283E-8

9.4819E-6 -1.5637E-8

L9676E-6 -3.2578E-9

5.3327E-7 -8,9294E-1O

+ 3.6050E-6 -6.0060E-9

4,1750E-6 -6.9281E-9

-3.2267E-3 9.1766E-6 -1.S138E-8

4.92829E-6 -1.4109OE-8 4.31240E-11
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Table VII-2. Polynomial coefficients fbr A+(T)

c1 3.76978x10-1
q 4.44771X104
C3 4.92829x104
Q -L41090X104
G 4.31240x10-11

Table VII-3. Values of b, ccl, and CCzfor calculating fl, BU,and B~ti

Electrolytetype (c-a) Coefficient
all b = 1.2

1-1,2-1, 1-2,3-1,4-1,5- al= 2.0
1

2-2 at= 2.0
2-2 U2 = 12.0



Table VII-4. Ion Interaction Parameters fbr 1-1 Electrolytes at 25 ‘C
Compound

Tcl
HBr
HI
HC1OA
ElNo?
NaF
NaCl
NaBr
NaI
NaOFi
NaCIQ
NaCIO.
NaBrCh
NaNQ
NaNCk
NaH7P04
NaCNS
NaBCh
NaBF~
NaAc’
KF
KC1
KBr
KI
KOH
KCICh
KBfl
KNG
KN07
KH?P04

KH?AS04
KCNS
KPFfi
KAc’
NHAcl
y+f&r

NWC104
ma
NHASCN
Et4NNCk
MtiNNCh
MeNHqCIO~
MeJWLCIO~
MeqNHCKh
Li D-tolb
Na Aolb
Na form”
Na orimiond
Na butvre
Na tie~
Na camvlg
Na ml~onh
Na ead
NaHIMdOif”
NaH suc&
NaHadivz
K U-tolb
KH malon
KH Succ
KH adi~

p(o)

0.02212
0.20332
0.24153
0.23993
0.21617
0.08830
0.03183
0.07722
0.11077
0.13463
0.17067
0.01908
0.25446

-0.02154
0.00388
0.04793

-0.04746
-0.07997
0.12373

-0.05289
-0.02603

\ 0.13723
0,10013
0.04661
0.05592
0,07253
0.17501

-0.09193
-0.11426
-0.08511
0.00349

4.11411
-0.12614
0.03891

-0.13710
0.15283
0.05191
0.06240

-0.00697
-0.01476
0.00528

-0.04022
0.01224

-0,03371
-0.04395
-0.11447
0.01223

-0.03958
0.07187
0.18813
0.26081
0.33473

-0,45120
0.03728
0.07992
0.02166
0.03463
0.04325

-0.09842
-0.00474
0.01309

-0.03998

p(l)

0.40156
-0.01668
-0.16119
0.28351

-0.22769
0.48338
0.18697
0.25183
0.13760
0.19479

-0,08411
0.27932 -
0.27569
0.18207
0.21151
0.22465

-0.07586
0.08385

-0.10888
-0.10084
0.34195

-0.02175
0.22341
0.22094
0.27710

-0.01634
0.23343
0.20414
0.10518
0.15708
0.06898
0,25457
0.25361

-0.42786
0.35513
0.17937
0.19470
0.31566

-0.05618
0.13826

-0.34080
-0.87108
-0.32933
0.00573

-0.17191
5.17129
0.46653
0.47846
0.32247
0.26772
0.16368

-0.13324
-7.73638

-10.37980
-7.40138
0.17611
0.14036
0.33988
0.47188
0.06128
0.10978
0.47595

c+
-0.00018
-0.00372
4.00101
0.00138
0.00192

-0.00233
-0.00840
0.00106

-0.00153
-0.00117
-0.00342
0.00181

-0.00102
0.00633

-0.00006
-0.00226
0.00659

-0.00382
0.01497
0.00171

-0.00474
-0.00159
-0.00044
-0.00162
-0.00381
-0.00267

0.00773
4.00025
0.02069
0.04002

-0.00192

-0.00432
-0.00301
-0.00436
-0.00308
-0.00071
0.00029

-0.00036
0.00565
0.00090
0.00345
0.00240
0.01348
0.00633
0.00571

-0.00236
-0.01288
-0.03358
-0.07394
0.05902

-0.07164
-0.06028
-0.00089
0.00061

0.01182
0,00048
0.00215
0.05523

maxm
20.000
16.000
11.000
10.000
16.000
28.000

1.000
6.144
9.000

12.000
29.000

3.000
6.000
2.167

10.830
12.340
6.500

18.000
4.000
9.000
3.500

17.500
4.803
5.500
4.500

20.000
0.700
0.500
3.500

34.120
1.800
1.300
5.000
0.500
3.500
7-405

7.500
2.100

25.954
23.431

8.000
7.000
4.000
7.500
1.800
4.500
4.000
3.500
3.000
3.500
2.000
3.000
2.500
1.800
5.000
5.000
0.700
3.500
5.000
4.500
1.000

‘Acetate. bp-Toluenesulfonate.l?ormate. %ropionate. TMyrate. ‘Valerate. ‘Caprylate. @elargonate.
‘@rate. ‘I!&lonate. ‘Succinate. ‘Adipate.
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1-1 Ekctrolytea (cent’d)
Compound p(o)

HJ304 .20650
NaHC% .02770
NaHS04 .04540
NaH304 -.04746
NaVQ .00000
KHC03 .02%0
KHS04 -.00030
KNasc14 .00000
KH*P04 -.11411
Mg(OH)Cl -.10000

p(l)

.55560

.04110

.39800
-.07586
.00000

-.01300
.17350
.Ooooo
.06898

1.65800 .

c+ mmim
.00000
.00000
.00000
.00659
.Ooooo

-.00800
.00000
.00000
.02069
.00000
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Table VII-5. Ion Interaction Parameters fir 1-2 Electrolytes at 25 “C

K2CQ
KJS04

K2~4
K2H2P207
Kzc~i
KzCr2C$
K!@(cN)i”
(’NH4)2S04
~)2Hpo4
(CN,H&C03

chH6s206
C6H6S206
HNH4CL
LiKCl
LiCsCl
NaKBr
NaKNQ
NaKS04
NaCsCl
KCSC1
HBaCl
NaCaCl
NaBaCl
KCaCl
KBaCl
MgCaCl
Cacocl
NaCIBr
KCIBr
NaCIOH
KC1OH
NaBrOH
KBrOH
K3C1S04
Li2ClNQ
Na2ClNQ
K2CINQ

‘Sodiumfamarate,

pm

0.14098
0.04604
0.08015
0.05306

-0.02169
0.06526
0.06347
0.08526
0.28075
0.28782
0.25277
0.00808

-0,36838
0.23506
0.14005
0.14880
0.07548
0.05307

-0.00585 ‘
0.07702

-0.01111
0.05955
0.04841
-0.0425.

-0.07420
0.42897
0.41381
0.00000

-0.01000
-0.00940
-0.00220
-0.00120
-0.01000
-0.00300
-0.00130
0.02400
0.00000
0.00000

-0.01500
0.00ooo
0.000oo
0.01300
0.00000
0.00000

-0.00600
-0.00800
-0.01800
-0.01400
0.00000

-0.00300
-0.00600
-0.00600

bSodiummaleate.

p(l)

-0.56843
0.93350
1.18500
1.29262
1.24472
1.63256
1.32115
1.18961
1.01750
1.31451 .
2.02265
1.60199
0.16958
0.87329
0.45288
1.43000
0.44371
L10271
1.25198
1.22681
2.33306
2.25539
1.13240

-0.69871
0.22809
2.00694
2.01836
0.00000
0.00000
0.00000
0.00000
0.000oo
0.00000
0.000oo
0.00000
0.00000
0.00000
0.00000
0.00000
o@oOoO
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.000oo
0.00000
0.00000
0.00000
0.00000
0.00000

c?
-0,00237
-0.00483
-0.00436
0.00094
0.00726
0.00884
0.00475

-0.04835
-0.02132

-0.02155
-0.00911
-0.00150

0.00524
-0.00095

-0.00155
0.00527
0.01380

-0.01984
-0.02071
0.00000
0.000oo
0.00000
0.00000
0.000oo
0.00000
0.000oo
0.00000
0.00000
0.00000
0.00000
0.00ooo
0.00000
0.000oo
0.00000
0.000oo,
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.000oo
0.00000
0.00000

maxm
27.500

1.750
2.000
2.750
2.000
4.250
4.000
0.800
0.090
1.750
3.000
0.400
0.400
2.000
2.750

0.692
0.800
3.000
3.250
0.507
0.948
5.500
3.000
2,500
5.500
1.750
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‘Iltbk VII-6. Ion Interaction Parameters fix 2-1 Electrolytes at 25 ‘C
Compound
MgC12
MgBr2

W2
Mg(CIO&
Mg(NQ&
Mg(Ac)2
MA HCQ
Mg@SO&
ca(oH)2
ca@cQ>
ca(Hso,)2
C&la
CoBra
C&
ca(cIo4)2
ca(-No3)2
BaClz
BaBra
BaIz
~CIO,k
Ba(No3)2
Ba(Ac)2
Mnc12
MnBr2
Mn(CIO.&
NiC12
NiBr2
Ni(CIO&
Ni(Nt&~
COC12
CoBra
CO12
CO(N03)2
Co(CIO&
CUC12
CuBrz
ti(CIO&
Cu(NQh
~c7H703$2
FeC12
znF2
ZnClz
ZnBrz
zn12
Zn(CIO&
Zn(N@)2
Zn(WM&S)Z
Cdcla
CdBr2
C&
Cd(CI04)a
cd(No2)2
W02)2
Cd(CTHT~S)z
Pbc12
~C104)2

p(o)

0.35573
0.4346
0.49161
0.49753
0.34284
0.22930
0.32900
0.47460

-0.17470
0.40000
0.21450
0.32579
0.33899
0.43225
0.47924
0.17030
0.29073
0.31552
0.40227
0.32673

-0.04371
0.28725
0.29486
0.44655
0.50957
0.39304
0.44305
0.49285
0.30978
0.37351
0.47172
0.51953
0.30654
0.50409
0.23052
0.41247
0.48984
0.28124
0.08473
0.35011
0.00144
0.08887
0.18728
0.28596
0.52365
0.32587
0.11840
0.01624
0.02087
0,14916
0.38986
0.00265
0.28764
0.07161
0.08010
0.33500

.

p) “

1.61738
1.73184
1.78273
1.79492
2.68244
2.04167
0.60720
1.72900

-0.23030
2.97700
2,53000
1.38412
2.04551
1.84879
2.16287
2.02106
1.24998
1.57056
1.90862
2.53859
1.11778
2.87507
2.01251
1.34477
2.16209
0.99773
1.48323
1.98517
2.10644
1.25999
0.98425
1.71266
1.80197
1.%664
2.20897
L66270
1.90361
1.72606
1.79523
1.40092

-0.08746
2.94869
4.34674
5.08037
1.46569
1.90781
1.67138
0.43945

-0.86302
0.55935
1.99610

-2.15854
1.68468
1.75817

-2.57126
1.61813

131

d
0.00474
0.00275
0.00780
0.00875

-0.00723
-0.01460
0.00000
0.00000
0.00000
0.00000
0.00ooo

-0.00174
0.01067
0.00085

-0,00837
-0.00690
-0.03046
-0.01610
-0.00936
+.01576

-0.04539
-0.01528
-0.02269
0.01144

-0.01658
-0.00590
0.01679

-0.00394
-0.01803
-0.01716
-0.00101
-0.00649
0.01349

-0.01639
-0.04262
0.00839

-0.00842

-0,01412

0.00095
-0.00911
-0.02004
0.00748

-0.00842

0.00109
0.00284

-0.01117
0.02075
0.00302

-0.02587

-0.00904

maxm
5.750
5.610
5.000
4.000
5.000
4.000

6.000
6.000
1.915
6.000
6.000
1.785
2.300
1.998
5.500
0.400
3.500
7.500
5.640
3.456
5.500
4.500
3.500
4.500
4.000
5.750
4.000
5.500
3.500
5.750
3.606
3.500
7.840
0.800
2.000
0.142

10.000
6.000
6.000
“4.300
6.750
0.300
6.000
4.000
2.500
1.750

70840
2.500
0.600
0.039

10.830

,.s=,. —. )



WQ3)2 0.01506
0.10390

4.07160

-0.27095 -0.01330 1.830 ‘
-0.10568 0.00165 4.400
4.85778 0.01156 4.000

\
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Table VII-7. Ion InteractionParametms fbr 3-1, 1-3 Electrolytes at 25 ‘C
Compound pw p(l) d
Alc13 0.68627 6.0203 0.00810
Clcls 0.69081 2.7849 -0.04390

cr(NG)3 0.72490 6.3169 -0.05993
FeC13 0.23617 -5.3975 -0.007%
Na&Od 0.13514 5.4136
KJW4 0.31668 7.4659 .
Na3POh 0.13514 5.4136 0.00000
K&O.i 0.31668 7.4659 0.00ooo

maxm
1.800
1.200
1.400

10.OOO
0.700
0.700
0.700
0.700
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Table VIM. Ion Interaction Parameters fir 4-1, 1-4 Electrolytes at 25 “C
Compound $(0 p(l) c+ maxm

WO(CN)8 0’00575 -7.4744 0.01015 1.400
KJFe(clq, -0.00638 -10.6019 0.900

-207 0.05939 -9.2939 0.01591 2.300
K&P’ 0.08619 -4.8045 0.1494 2.400

Na@’I’l? -0.04154 -6.0631 0.03044 2.000

Na&Q 0.06250 -11.1364 0.230

*ATP - adenosine 5’-triphosphate.
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Table VII-9. Ion Interaction Parameters for 2-2 Electrolytes at 25 ‘C

Compound
CUS04
zllso4
cdso4
NiS04
MgS04
h!lnso~
BeS04
Caso’i
COS04

pm

0.20458
0.18404
0.20948
0.15471
0.22438
0.20563
0.31982
0,20000
0.20000

p)

2.7490
3.0310
2.6474
3.0769
3.3067
2.9362
3.0540
3.7762
2.9709

p)

-42.038
-27.709
-44.473
-37.593
-40.493
-38.931
-77.689
-58.388
-28.752

d
0.01886
0.03286
0.01021
0.04301
0.02512
0.01650
0.00598

maxm
1.400
3.500
3.500
2.500
3.000
4.000
4.000
0.020
0.100
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Table VII-10. Pitzer’s Mixing Parameters for Mixtures with Common Jon

System
HCI-KC1
HBr-KBr
HC1-NaCl
HBr-NaBr
HC104-NaC104
HC1-CSC1
NaC1-KCl
NaHJK&KHzPO~
KC1-KHJQ
NaC1-NaH2P04
NaC1-NaF
NaC1-NaHCC&
HC1-COC12
HCi-NiC12
HC1-13aC12
HBr-BaBrz
HC1-CaCl*
HBr-CaBr2
HC1-MnClz
Hcl-Mgcl*
HC1-SrClz
HBr-SrBr2
CsC1.BaClz
NaC1-MnClz
NaC1-CoC12
MgC12-Mg(NQ~
cac12”ca(No3)2
Mg(NQ)2-Ca(NCl&
NaJ30A-MgSOA
NaC1-MgC12
CUClz-CUS04
MgC12-MgS04
NaC1-NazSOA
NaC1-CuC12
NaJ30A-CuSOg
NaC1-NazCC$
NaCIOA-La(C104)3
cac12-cocl*
NazC(&NaHCQ
KZCQ-KHCG
NazCQj-Na2S04
Kzc@-KZS@
NaHCQ-NaJ304

Mg@cQJrMgSOA
NaJ304-NaHS04
K2S04-KHS04
Mgso4-Mg&Iso4)2
NaOH-NaCl
KOH-KC1
ca(oH&cacl
NaOH-Na2S04
KOH-K2SOq

e
0.0067
0.0067
0.0368
0.0368
0.0368

-0.0459
0.0070
0.0070 .
0.1071
0.1071

-0.0028
0.0735
0.0829
0.0895
0.0991
0.0991
0.0682
0.0682
0.0899
0.0891
0.0728
0.0728

-0.0441
0.0907
0.0382
0.0002
0.0002

-0.1844
0.0970
0.0970
0.0380
0.0380
0.0380
0.0370
0.0370

-0.0630
0.2174
0.1722

-0.0400
-0,0400
0.2000
0.2000
0.0100
0.0100
0.0000
0.0000
0.0000

-0.0500
-0.0500
-0.0500
-0.0130
-0.0130

v
-0.0081
-0.0215
-0.0033
-0.0107
-0.0162
0.0040

-0.0098
-0.0162
-0.0160
-0.0147
0.0076
0.0989
0.0075
0.0044

-0.0081
0.0035
0.0043
0.0285

-0.0092
-0.0006
0.0050
0.0310

-0.0229
-0.0190
-0.0056
0.0073

-0.0116
0.0252

-0.0352
-0.0517
0.0234

-0.0062
0.0081

-0.0129
-0.0235
0.0025

-0.0202
-0.0332
0.0020
0.1200

-0.0050
-0.0090
-0.0050
-0.1610
-0.0094
-0.0677
-0.0425
-0.0060
-0.0060
-0.0250
-0.0009
-0.0500
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maxi
3.51
3.01
3.01
3.01
5.35
3.00
4.30
6.04
2.07
2.37
1.05
1.10
3.00
3.00
3.00
2.00
5.00
2.00
5.00
5.00

3.0
2.00
4.08
9.30
7.29

13.70
18.25
14.42
8.83
7.14
6.90
7.71
6.00
7.30
5.47
5.70
4.90

13,08



KC1-K2C03
Mgcl-Mg(Hco&
@CIZ-CXS04
HC!l-H2S04
NaC1-NaHSOZ
HzSO&N~Oq
H$04-K2S04
HzSO&~Oq
EIzS04-Mg(HSO&
Na2HF04-KJ-IP04
NaC1-C!aC12
Na2S04-CaS04
KC1-MgCl*
K@&M$@q
Kcl-cac12
MgCIZ-Mg(OH)Cl
Mgcl&ac12
Mgso4-caso4

-0.0630
0.0735
0.0380

-0.0060
-0.0060
0.0360
0.0067
0.0067
0.0891
0.0070
0.0700
0.0700
0.0000
0.0000
0.0320
0.0000
0.0070
0.0070

0.0040
-0,0960
-0.0180
0.0130

-0.0060
-0.0129
0.1970

-0.0265
-0.0178
~.0162
-0.0070
-0.0550
-0.0220
-0.ti80
-0.0250
0.0280

-0.0120
0.0240



Table VI-11. “Salting out” cunsta@ ks for d.iHerentsalt-gas combinations in water (values are fbrn Long
and McDe~ 1952).

Gas O* H2 C02 H2S NH3 HCN so~

T, “C 25 15-25 25 20 20 20 25

Electrolyte:

KOH 0.175 0.130 0.127

NaOH 0.179 0.140 0.104

K,&04 0.172 0.104

Na2S04 0.138 0.153 0.090

(NH3)2S04 0.071

KCI 0.132 0.102 0.073 0.067 0.057 0.006 -0.04

KN03 0.100 0.070 0.044 0.045 -0.03

KBr 0.063 0.035 -0.07

NaCl 0.141 0.114 0.101 0.033 0.01

NaNOS 0.100 0.078 0.027

KI 0.090 0.017 -0.15

NaBr “ 0.017 -0.02

Nal -0.007

Licl 0.100 0.076 -0.024

CaClz 0.048

HCI 0.031 0.030 0.019

HN03 0.019 0.020 -0.014

NH4CI -0.05

NHdBr -0.08
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Chapter VIII. Field and Laboratory Data Metal Ions in Pulping Liquor Streams

A. Objectives

The purpose of conducting mill base-line studies is to develop a better understanding of the partitioning of
NPE’s m bleached kraft mills, to develop NPE material balances for mills from different geographical
areas that have difl’erentprocess configurations, and to develop fldl-mill simulations that can be used to
validate NPE predictive models.

lle mill sampled is a Southern singIe-line market kraft pulp mill with conventional continuous lmdt
cooking and ECF bleaching. The mill runs both hardwood and soitwood species.

B.

1.
2.

3.

c.

Summary of Results

Chips, process water, and lime makeup are the significant input streams fir NPEs into the mill.
Bleach plant efflue~ dregs, and purged lime mud are the significant output streams for NPEs
leaving the mill.
Liquor shipping can be a significant source”orpurge of alkali-soluble NPE’s, in particular, K and Cl.

Methods

Chemical analysis of the samples was completed using inductively coupled plasma (lCP) atomic emission
spectrometer for metal cation analysis.

Samples were taken the last three days of a 16day Southern Pine softwood campaign. A mixed Southern
Hardwood campaign had run prior to the softwood campaign for 12 days. Two composite samples were
taken daily for a total of six samples per sample location. Each composite sample consisted of equal parts
of two samples taken within a fbur-hour period in the morning or of equal parts of two samples taken
within a four-hour period in the aflemoon.

Wood chip samples were obtztined off the chip belt feeding the digester at the mill. The running belt was
randomly sampled with a scoop shovel and approximately one half liter of wood chips placed in one-liter
wide-mouth HDPE bottle.

Liquid samples were taken in 125-mL wide-mo&h I%WE bct!t!es. Liquid was allowed to discharge horn
tie sample valve for a brief period; fbr the first sample of a composite, the bottle was then rinsed with the
sample solution and the rinse discarded. ‘I’hebottles were then hslffdled with sample solution.

Washer mat samples were collected by using a long-handled wooden paddle. Samples were of the entire
mat thickness (top to wire). The mat sample was split in the x or y direction and a portion used for
squeezing to obtain mat liquor and a portion for the unsqueezed pulp mat, Mat liquor samples were
obtained by hand squeezing pulp with a thick cheesecloth. Approximately 50 mL of the resulting mat
liquor was placed in 125-mL HDPE. At least 20 oven dry grams of the hand-squeezed pulp mat was
placed in a polyethylene zip-lock storage bag.

Dregs and kiln lime feed were collected as they discharged flom their respective precoat filters,
Rebumed lime was collected as it was conveyed to the slaker. Grits were collected as they were
discharged from the grits washer. ESP dust was collected ilom a sample port as it was conveyed to the
mix tank. An equal portion (approtiely 10x) of talc was,taken from each talc bag in the make-
down area at the time of sampling. Liquid samples were sealed with Parafihn tier collection. Solid
samples were rolled tight in zip-lock bags and sealed. Samples were stored at 4 ‘C.
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D. Sample Locations

The mill sample locations are indicated in Figures VIII-1 and VIII-2. Sample locations were chosen so
that sufficient information would be available to complete a MLrnill NPE materiai balance and sothatthe
partitioning ofNPE’s in unit operations with stream splits could be evaluated.

E. Results and Discussion

Results from the laboratory analysis of each sample are given in Tables VIII-1 to VIII-6. The median
values of the six composite samples fmm each sample point are given in Table VIII-7. Normalized mass
flow rates of each process stream sampled along with total solids and suspended solids are given in Table
VIII-8, All mass flows are normalized to a production basis of 1000 oven dry metric tons per day
(OIXWD) of fidly bleached pulp.

A fill-mill simulation for the mill was completed using WinGEMS to assist in determining prooess
stream total mass flows. The mill’s computer information system provided hourly average flow rates and
temperature data for those streams with on-line sensors. A fidl-mill elemental material balance has been
developed using these mass flow rates and stream elemental concentrations and is presented for each
element in Figures VIII-3 to VIII-16. There are several sources for errors in each NPE balance:

. Assumption of steady-state conditions in mill

. Unmeasured sources and sinks, primarily stack gas emissions

. Sampling error, nonrepresentative sampling

. Analytical measurement errors estimated at *1O%
● Estim@d total stream mass flow rate errors estimated at A1OYO

The sampling program was designed to miniize these errors, but they cannot be ekninated in a mill
sampling program. A percent error in the mass balance, (input-output)/output x 100, of less than AIOO/Ok
considered good fbr these types of mill studies.

The sampling was conducted the last three days of a 16-day softwood campaign. The effects of the
previous hardwood campaign will have the greatest effect on the alkali-soluble elements because the
liquor cycle has the greatest time constant in the mill. The dynamics of the liquor cycle are comple~
however, taking a simplified view often system by approximating it as a single hokiup or as a fist-order
lag is informative. The holdup in the liquor cycle is ~proximately 2 days of the nominal white liquor
flow. The purge rate of alkali-soluble elements through liquor losses is less than 5% of the white liquor
flow giving rise to a time constant of greater than 40 days. It takes three time comtants to come to
approximately 95% of steady-state fm a simple first-order lag.

Liquor shipping and other purge stream impact the system dynamics, br& clearly without significant
carry-over to the bleach plant the alkali-soluble elements could not be at steady-state afler only 13 days
of a dvvood campaign. Potassium and Chloride concentrations are affected most by the nonsteady-state
conditions because they are completely alkali-soluble. K input is expected to double when running
hardwoo~ while Cl input is expected to remain about the same. K and Cl concentrations in the sampled
output streams represent and average between softwood and hardwood. Ahuninum and Silicon
concentrations in the samples will also be effected but not to the same degree because they are only
partially soluble in the Iiquor cycle.
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F. Alkali-Soluble Non-Process Elements: ~ Cl, Al, Si

Potassi~ Ahuninw and Silicon all had significantly higher outputs than inputs in the total mill
material balance. This is likely due to the higher input concentrations of these elements when running
hardwood and not achieving steady-state during the softwmd sampling period.

Potassium is an alkali-soluble nonprocess element that should not have achieved steady-state during the
sampling period. Chips, process water, and received white liquor are the significant inputs, while liquor
spills, shipped black liquor, and bleach plant eflluent are the significant outputs. The poor mass balance
for K (-31%) is likely due to nonsteady-state conditions. Outputs exceeded inputs, which cixresponds to
higher K concentrations in hardwood compared to softwood.

Aluminum and Silicon are partially alkali-soluble nonprocess elements that may not have achieved
steady-state during the sampling period. Chips, makeup lime, talc, and process water are the significant
inputs, while bleach plant efi3uen&dregs, grits, and bleached pulp are the significant outputs. The poor
mass balance for Al (-65Yo) maybe due to nonsteady-state conditions or an unmeasured Al input. Si had a
fair mass balance (-21%) and may have been closer to steady-state because of a significant purge of Si
with the bleached pulp.

G. Alkali-insoluble Nonprocess Elements: Ba, C%Co, Cu, Zu, F%Mg, Mn, P

Barium is an alkali-insoluble nonprocess element that should have achieved steady-state during the
sampling period. Chips and process water are the significant inputs, while bleach plant effluent and the
lime purge are the significant outputs. The poor mass balance for Ba (-51%) is unexplained and maybe
due to either sampling or analytical error.

Calcium is both a process and nonprocess element. It enters primarily as lime makeup and with the chips.
It is primarily purged as the precoat on the dregs filter, as dregs, and in the bleach plant effluent. The
dynamic time constant for @ is relatively short, and it should have been at steady-state during the
sampling period. All significant input and output streanw containing Ca were measured giving rise to a
tight mass balance with less than lVOerror.

Coba& Copper, and Zinc are alkali-insoluble nonprocess elements that should have achieved steady-state
during the sampling period. Chips and process water are the significant inputs, while bleach plant
effluent and dregs are the most significant outputs, The poor mass balances for Co (-78Yo),Cu (-47940),
and Zn (-57Yo)are unexplained and maybe due to either sampIing or analytical error. Many streams had
concentrations of Co and Cu near the analytical detection limit giving rise to higher analytical error.

Iron, Maguesi~ and M_ese are alkali-insoluble nonprocess elements that should have achieved
steady-state during the sampling period. Chip, makeup lime, and process water are the significant inputs,
while bleach plant efflue~ dreg, and the lime purge are the most significant outputs. The mass balance
errors for Fe (2Yo),Mg (l”A), and Mn (-2Yo)are low. The median value of Fe in the dregs was lower than
would be expected at 28.2 mgikg with a range of 2-188 mgkg. Fe is notorious for having high variability
in mill samples, and this variability is apparent in most of the samples. The low error m the Fe balance
may be a matter of compensating errors rather than a tight balance.

The form of Phosphorus in the analyzed mill samples is unknown. It is assumed that P fbrms alkali-
insoluble phosphate compound primarily with Ca. As an alkali-insoluble nonprocess element P should
have achieved a steady-state concentration during the sampling period. Chips are the significant input
source, while bleach plant effluent and the lime purge are the significant outputs. A Relatively good mass
balance (-8%) was achieved.
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H. Alkali-soluble Process Elements: Na, S

Sodium and Sulfiu are alkali-soluble process elements that should have achieved steady-state
concentrations during the sampling period because inputs and outputs do not vary significantly between
softwood and hardwood campaigns. R-8 salt cake, caustic to the bleach plm sulfhric acid to tie bleach
plang makeup caustic and NaHS to the liquor cycle, and received white liquor are the significant inputs,
while liquor spills, shipped black liquor, and bleach plant effluent are the signW outputs. The good
mass balance for Na (-l”A) is expected because the simulation was tuned to give the proper Na balance.
For ~ inputs exceeded outputs (+17Yo),which is expected because stack losses are not acmunted for in
the NPE material balance.

I. Removal Efficiencies

Removal efficiencies for all elements analyzed are given in Table VIII-9. Ca had a notably lower
removal efficiency (20Yo)in the brownstock washing compared to other alkali-insoluble elements that
averaged 70% removal. Brownstock washing removal efficiency is defined as the percent of elements
input with the chips and white’liquor that is removed@ the weak black liquor. The elements input with
the last brownstock washer’s showers are assumed to leave with the pulp mat.

Element removal efficiency in the bleach plant exceeds 90% fix most elements with the notable exception
of Mg and Si, which are being retained by the pulp as talc. Bleach plant washer removal efficiency is
defined as the percent of elements entering the bleach plant that leave with the acid and alkaline washer
filtrates.

Removal of alkali-insoluble elements is above 50V0in green liquor clarification except for P, which has a
negative removal efficiency. Remowd of Ba, Ca, Co, MS Mu, and P exceeds 95°/0in the white liquor
pressure filter. Removal efficiencies of C% Fe, and Al are slightly lower at 91Y0, 84Y0, and 40%
respecti~ly. 2%had a negative removal efficiency in the WL pressure filter. The lime mud precoat filter
remov~d approximately 10% of the alkali-soluble elements Na, & and S as is expecte~ but also removed
1.8Y9bf the Zn. Green and white liquor clarification removal efficiency is defined as the percentage of

~kiiuents removed in the clarification process. Lime mud precoat filter removal efficiency is defied as
the percentage of elements washed out of the lime mud fed to the filter.
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Basis: 1000 MT/D Material Balance
Aluminum

Inputs gmmsLmin (%)

Process Water

Chips to Digester
~~~a ~~,:r

Whtie Water o.11 0.2
El

NaOH 0.11 0.2

H,SO* *I
Kraft Mill

0.01 0.0

GL Received 0.04- 0.1 b

WL Received 0.51 0.8
b

Spent Acid to DO 0.11 0.2
+

Spent Acid to Liquor 0.07 0.1
b

Makeup Lime 23.35 38.1 &lance Ehvr (99)

Makeup NaHS 0.01 0.0
+

-64.8

Talc 3.70 6.0
k

Totals 61.32

(%) graundmin outputs

17.8 31.02 BP Acid Sewer
b

58.1 100.98. 13PAlkaline Sewer F

1.8 3.A9 D2 Mat ➤

0.7 1.26 Recaust Spills
➤

1.1 1.99 Mud to Drem Filter.

0.8 1.42 SBL Shipping ●

0.0 0.07 Tall Oil
*

0.4 0.66 WBL Spills ➤

, 0.1 0.16 Screen Reiects +

15.0 26.07 Dregs +

4.1 7.07 Grits
*

J f73.89

Figure VIII-3. Steady-state material balauce for Aluminum.

Basis:1000 MT/D Material Balance
Barium

Inputs gn3maLmin (%0) (’%) gtama/min outputs

Process Water 1.67 12.4

Chips to Digestor 11.62 86.1
b

47.1 12.90 BP Acid Sewer
b

White Water 0.06 0.4
b

29.3 8.02 BP Alkaline Sewer b

NaOH 0.10 0.7
+

H2SOd
Kraft Mill

0.00 0.0
b l====

Spent Acid to Liquor 0.00 0.0
b

.0.2 0.07 WBL Spills k

Makeup Lime 0.00 0.0
b

13alanceError f%+) .0.3 0.07 Screen Reiects
➤

Makeup NaHS 0.00 0.0
F

-50.8 .2.6 0.70 Dregs
F

Talc 0.01 0.1
b

2.2 0.61 Grits
+

Totals 13.50 27.42

Figure VIII-4. Steady-state material balance for Barium.
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Basis: 1000 MT/D Material Balance
Calcium

Inputs gramslmin (%)

Process Water 133.34 2.0

Chips to Digestor 1045.14 15.5 ➤1
White Water 1.65 0.0

J
NaOH 2.11 0.0

b Kraft Mill
H*SO* 0.18 0.0

b
GL Received 0.14 0.0 ➤1

Spent Acid to Liquor 0.78 0.0 ●I
Makeup Lime 5544.04 82.1 I Beiance Error(%)

Makeup NaHS

Talc

‘:’ ‘::LTotals 6754.02

F~ure VIII-5. Steady-state material bakmce for Calcium.

Basis 1000 MT/D IUlaterial Balance
Cobalt

Inputs gfamdmin (%0)

Process Wafer 0.04 22.9
*

Chips to Digestor 0.12 72.1
F

White Water 0.00 0.7
0

NaOH 0.00 1.7
➤

H-J304 0.00 0.0
➤

GL Received 0.00 0.0
>

WL Received 0.00 0.0
D

Spent Acid to DO 0.00 0.0
E

Spent Acid to Liquor 0.00 0.0
?

Makeup Lime 0.00 0.0
b

Makeup NaHS 0.00 0.4
P

Talc 0.00 2.2

Totals 0.16

Kraft Mill

(!%) gramslmin outputs

9.5 639.90 BP Acid Sewer
b

2.7 181.05 13PAlkaline Sewer ●

1.1 72.82 D2 Mat “ b
0.2 15.04 Reoaust Spills

b

47.0 3177,94 Mud to Dregs Filter

0.1 5.63 SBL ShipRing b
0.0 0.47 Tall Oil

+

0.0 2.62 WBL S~ills ➤

0.1 6.85 Screen Reiects b

28.9 1949.33 Dress F

10.4 704.22 Grits
➤

6755.85

(%) gmrndmin outputs

32.2 0.23 BP Acid Sewer
➤

52.5 0.38 BP Alkaline Sewer

4.2 0.03 D2 Mat +
0.0 0.00 Recaust Spills

+

0.0 0.00 Mud to Dregs Filter .

1.6 0.01 SBL ShiDPing
b

0.2 0.00 Tall 011
*

0.7 0.0? WBL S~ills *

‘77-8ERiiF%
Balance Error (??.

1 0.73

Figure VIII-6. Steady-state material balance for Cobalt.
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Basis: 1000 Ml/l) Material Balance
Copper

Inputs gfamdmin (%)

Process Water

Chips to Digester

White Water
: ::T

NaOH 0.01 0.6
+

H2S04
Kraft Mill

0.00 0.2
b

GL Received 0.00 0.2
b

WL Received 0.01 0.3

Spent Acid to D~ 0.1

Spent Acid to Liquor 0.00 0.1
k

Makeup Lime 0.00 0.0
b

MakeutI NaHS 0.00 0.1 .

Talc 0.00 0.1
b

5a/ante Eiror (!%)

-47.2

~.) gtamalmin outputs

14.8 0.50 BP Acid Sewer
+

34.3 1.16 BP Alkaline Sewer F

&7 0.29 D2 Mat b
12.4 0.42 Recaust Spills

b

0.0 0.00 Mud to Drem Filter

1.3 0.05 SBL Shimina b
0.2 0.01 Tall Ott

b
0.6 0.02 WBL Spills P

0.2 0.01 Screen Reiects ➤

27.4 0.92 Dregs
➤

0.0 0.00 Grits
+

Totals 1.78 ‘L_—____

Figure VIII-7. Steady-state material balance for Copper.

Basis: 1000 MT/D Mat&ial Balance
Iron

Inputs gtama/min f%)

J 3.37

(?4) gnamdmin outputs

Process Water 0.94 2.1

Chips to Digester 28.74 65.4 25.1 10.82 BP Acid Sewer
b

White Water 0.15 0.3 ➤I
34.7 14.96, BP Alkaline Sewer b

NaOH 0.40 0.9
➤

HZS04
Kraft Mill

0.12 0.3
b &====

GL Received 0.01 0.0
A

Spent Acid to Liquor 0.08 0.2
J

Makeup Lime 6.76 15.4
I

BalanceErrvr (%)

Makeup NaHS

Talc

Totals ‘:” ‘:8!_I__43.92

8.4 3.62 Mud to Dregs Filter

1.5 0.66 SBL Shi~pina *
0.4 0.17 Tall Oil

F
0.7 0.30 WBL’ Spills F

0.2 0.07 Screen Reiects b

0.5 0.20 Dregs b

11.4 4.94 Grits
➤

43.14

Figure VIII-8. Steady-statematerialbalance for Iron.
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Basis:1000 lklT/D Material Balance
Potassium

Inputs gratnalmin (%)

Process Water

Chips to Digester

‘:: i:r

65667

White Water

NaOH 58.81 5.8 bl Kraft Mill
H,SOA 0.07 0.0

GL Received 26.35 2.6
+

WL Received 170.02 16.8
b

f??) gramdmin outputs

12.2 165.53 BP Acid Sewer
+

5.7 77.86 BP Alkaline Sewer b

1.8 24.55 D2 Mat b
34.8 473.28 Recaust Spills

b

5.4 73.85 Mud to Dregs Filter

27.0 367.03 SBL Shipping b

Spent Acid to DO 1.80 0.2
+

0.0 0.19 Tall Oil
b

Spent Acid to Liquor 1.11 0.1
b

12.6 170.56 WBL S~ills ➤

Makeup Lime 0.67 0.1
b

Balance Error (??) -0.3 3.91 Screen Reiects b

Makeup NaHS 1.04 0.1
+

-31.1 ‘o.1 1.64 Dresw ➤

Talc 0.04 0.0 0.0 0.22 Grits
+ *

Totals 1011.08 13S6.62

Figure VIII-9. Steady-state material balance for Potassium.

Basis: 1000 MT/D Material Balance
Magnesium

Inputs gramdmin (%) (%) gmms/min outputs

Process Water

Chips to Digestor

3: :::r

24504

White Water

NaOH 0.15 0.0
b

H$Od
Kraft Mill

0.02 0.0
b

GL Received 0.01 0.0 b

WL Received 0.05 0.0

Spent Acid to DO 0.08 0.0 -
J

Spent Acid to Liquor 0.05 0.0
F

Makeup Lime 43.47 11.9 ➤I Balance Error(99)

Makeup NaHS 0.02 0.0
.1

1.1

Talc

3664101 FLTotals 364.03

32.1 115.47 BP Acid Sewer
➤

5.6 20.19 BP Alkaline Sewer b

9.7 34.87 D2 Mat b
0.1 0.20 Recaust Spills

b

10.7 38.39 Mud to Dregs Filter ➤

0.6 2.33 SBL Shic)pirm +
0.0 0.02 Tall Oil

➤

0.3 1.08 WBL Spills
➤

0.3 1.16 Screen Reiects F

38.4 138.23 Dress F

2.2 8.00 Grits
b

359.96

Figure VIII-10. Steady-statematerialbalance for Mag&sium.

148



Basis: ~000 MT/D Material Balance
Manganese

Inputs gmmdmin (T%.)

Process Water 0.98 0.8

Chips to Digester 121.39 97.8
J

White Water 0.03 0.0

NaOH 0.01 0.0
+

H2S04 0.00 0.0
Kraft Mili

b
GL Received 0.01 0.0 ➤1
WL Received 0.08 0.0

Spent Acid to DO
b

0.01 0.0
b

Spent Acid to Liquor 0.00 0.0
b

Makeup Lime ‘” 1.21, 1.0
b

Balance Error (%)

Makeup NaHS 0.00 0.0
b

-1.6

Talc 0.39 0.3
b

Totals 124.07 i

Figure VIII-II Steady-statematerialbalance for Manganese.

Basis: 1000 MVD Material Balance

(%) gmndrnin outputs

26.5 33.40 BP Acid Sewer
b

2.5 3.19 BP Alkaline Sewer
➤

0.7 0.87 D2 Mat +
0.2 0.20 Recaust Spills

b

4.0 5.01 Mud to Dregs Filter

1.4 1.81 SBL Shirmimi b
0.0 0.01 Tall Oil

●

0.7 0.84 WBL S~ills F

0.5 0.84 Screen Reiecte b

83.1 79.51 Ores E

0.5 0.59 Grits
●

126.08

Sodium
Inputs gramdmin (%) (%6 gmmaLmin outputs

Process Water 601.41 1.7

Chips to Digester 41.82 0.1
b

19.5 6585.92 BP Acid Sewer
➤

White Water 60.67 0.2 ➤1
37.0 12499.08 BP Alkaline Sewer ~

NaOH 23521.00 67.4
● Kraft Mill

H$30A 0.00 0.0
b

GL Received 295.83 0.8 ➤1

Spent Acid to Liquor 2612.00 7.5
b

Makeup Lime 5.96 0.0
b

BalanceEnror(%6

Makeup NaHS 1215.23 3.5
b

43.9

Talc 0.00 0.0
b

Totals 34875.29 ‘l._—___

1.5 522.67 D2 Mat b
16.7 5848.03 Recaust Spills

●

2.9 970.36 Mud to Drews Filter ,

15.0 5058.20 SBL Shirmina *
0.0 3.23 Tall Oil

k

7.0 2350.53 WBL Spills
➤

0.1 48.72 Screen Reiects
●

0.1 45.90 Dregs b

0.0 4.47 Grits

J 33737.10

Figure VIII-12. Steady-state material bakmce for Sodium.
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Basis: 1000 MTID Material Balance
Phosphorus

Inputs gmtnsAmin (!%)

Process Water

Chips to Digestar

~ :’:T

67.99

White Water

NaOH 0.10 0.1
F Kraft Mill

H2S04 0.05 0.1
b

GL Received 0.09 0.1 b

WL Received 0.21 0.3
*

S~ent Acid to D. 0.04 0.1 .

Spent Acid to Liquor 0.02 0.0
b

Makeup Lime 0.00 0.0

Makeup NaHS 0.01 0.0
d

Talc 0.07 0.1

Totals 70.19 d-

Balance frrvr (%)

-8.3

(!%) grams/min outputs

20.1 15.40 BP Acid Sewer
b

7.2 5.50 BP Alkaline Sewer b

1.0 0.77 D2 Mat b
0.6 0.43 Recaust Spills

b

54.9 42.00 Mud to Drem Filter

1.6 1.25 SBL Shipping F
0.5 0.40 Tall Oil

b

0.8 0.58 WBL Spills F

0.1 0.11 Screen Reiects
b

6.0 4.82 Dregs
+

7.0 5.38 Grits
➤

76.44

Figure VIII-13. Steady-statematerialbalance for Phosphorus.

Basis: 1000 MT/D Material Balance
Sulfur

Inputs gramtimin (%) (’$@ gramatmin outputs

Process Water 295.92 3.0
+

Chips t? Digestor 126.67 1.3 56.6 4728.45 BP Acid Sewer
b +

White Water 8.38 0.1
+

11.1 926.71 BP Alkaline Sewer b

NaOH 2.13 0.0
●

HZS04 2923.96 29.4

GL Received 24.93 0.3
b

VULReceived 267.63 2.7
D

Spent Acid to DO 3865.93 38.8

Spent Acid to Liquor 2377.79 23.9
D

Makeup Lime 0.81 0.0
b

Makeup NaHS 59.65 0.6
0

Talc 0.07 0.0
●

Totals 9953.87

Kraft Mill
~

BalanceError f!!)

16.7

1.7 143.15 Mud to Dregs Filter

13.0 1086.84 SBL Shirminsr P
0.5 37.75 Tall Oil

➤

6.0 505.05 WBL Soills ●

0.3 21.49 Screen Reiects F

0.2 16.57 Dress +

0.0 2.74 Grits
➤

8353.57

Figure VIII-14. Steady-statematerialbalance for Sulfbr.
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Basis: 1000 MT/D Material Balance
Silicon

Inputs gtwndmin (??)

Process Water 126.53 32.9

Chips to Digestor 88.40 23.0

White Water 3.23 0.8
+

NaOH 3.29 0.9
F

HJ30d
Kraft Mill

0.00 0.0
b

GL Received NA 0.0 +

WL Received 3.72 1.0

Spent Acid to DO 0.19 0.0
PI

Spent Acid to Liquor 0.12 0.0

Makeup Lime 41.86 10.9

EL
BalancaError(%)

Makeup NaHS 0.24 0.1 -20.8

Talc 116.56 30.3

Totals 384.15

Figure VIII-15. Steady-state material balance for Silicon.

Basis: 1000 MWO Material Balance
Zinc

Inputs gtamdmin (%)

Process Water

Chips to Digestor

White Water
~~ %r

NaOH 0.16 0.9
P

H2S04
Kraft Mill

0.02 0.1
b

GL Received 0.00 0.0 ➤1

WL Received 0.05 0.3

Spent Acid to DO 0.05 0.3 ➤1
Spent Acid to Liquor 0.03 0.2

*
Makeup Lime 0.18 1.0

b
BalanceError f%)

Makeup N_aHS 0.01 0.1
➤

-57.3

Talc 0.01 0.1
*1

Totals 17.14 I

(!?!%.grams/min outputs

8.2 39.43 BP Acid Sewer
b

36.0 174.02 BP Alkaline Sewer P

37.8 182.64 D2 Mat +

1.9 9.36 Recaust Spills
●

4.3 20.54 Mud to Dregs Filter ➤

1.7 8.21 SBL Shirwing b
0.0 0.08 Tall 011

●

0.8 3.81 WBL Spills F

0.1 0.33 Screen Reiects +

1.5 7.39 Dregs b

7.7 37.06 Grits
b

482.88

(%4) gmms/min outputs

42.8 17.20 BP Acid Sewer
b

38.0 15.24 BP Alkaline Sewer b

5.6 2.25 D2 Mat b
1.2 0.46 Recaust Spills

b

0.2 0.06 Mud to Dregs Filter ➤

0.7 0.29 SBL Shirmina ➤

0.2 0.07 Tall Oil
b

0.3 0.14 WBL Spills ●

0.3 0.11 Screen Reiects +

10.8 4.32 Drervs ➤

0.0 0.02 Grits
➤

40.16

Figure VIII-16. Steady-state material balance for Zinc.
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Table VIII-1. ICP analysis (mg/kg as received or *mg/kg dry solids). Six composite samples taken over three days. Composites consist of two
independent samples taken within a four-hour period.

1=
-.,.r.
ChlP!

Chhx

k

~ Al Ba Ca Co Cu Fe K Mg tyln Na P s Si Zn Cl 4 2 3

Chips to Digesto~ 10.5 6.74 661~ 0.06 10.2 364 141 70.0 49.7 35.6 87.0 4s.9 12.6 <1.0
Chin%to Dige$t& 11.7 8.23 565 0,08 1.05 52.3 360 146 86.6 24.0 41.4 71.0 36.5 8.78 <1.O

i to Digastor’ 15.4 6.74 563 0.04 0,6s 25.3 418 141 69.7 27.3 43.7 74.1 97.4 7.76 <1.0

, ,J to Digast& 42.7 7.44 769 0.07 0.96 10,1 466 170 81.9 21.1 54.8 91.7 52.8 8.42 <’I.O

tChiue to DigestOr 26.8 9.98 626 0.12 0.97 10.6 404 156 67.1 35.0 38.7 78.0 57<9 14.8 <1.0

t tn DiaestoP 22,5 7.11 704 0.07 1.02 25,8 459 156 82.6 25,1 50.1 80.5 69.3 10.4 <1.0

_=---}r 17.1 0.82 79,9 0,00 0.27 6.63 5736 1.56 1.93 74753 7,94 10246 NA 3.70 NA NA NA NA

WL to Digeetor 23.2 0.80 105 0.00 0.12 5.67 5781 1.94 2.18 78106 6.30 1loos 120 1.05 417

WL to Digester 17.5 0.62 88.7 0.00 1.18 5.74 5626 1.71 1,92 73156 4.09 8153 128 3.32 474

WL to Dgestor 14.5 0.76 242 0.00 0.14 5.64 3834 3.86 2.04 77871 6.62 8463 125 1.93 485

WL to D~eetor 17.2 1.10 5s4 0.00 0.23 6.63 5S95 8.14 2.70 60566 10.1 9797 134 0.93 476

W L to Digeetor 17.9 0.59 47.1 o.m 0.14 5.46 5631 1.29 1.89 76656 7,51 8564 136 1.78 417

Screen Rejects* 29.9 9.26 921 0.05 0.50 9.46 585 157 89.0 7535 15,7 2651 62.8 16.1 <1.0

Screen Rejeets’ 20.5 4.63 529 0.06 0.74 6.59 532 207 93.9 6742 t3.5 2715 77.8 24.7 <1.0

Screen Rejects” 32.4 13.55 1035 0.09 1.55 49.3 573 167 104.0 6975 17.0 2643 53.4 15.8 <1,0

Screen Rejeots* 22.8 9.98 630 0.04 1.19 6.01 570 166 77.3 5979 14.1 4329 41.0 15.7 <1.O

Semen Rejects* 20.9 12.23 1143 o,m 1.02 11.5 54s 176 95.2 6939 17,7 3602 29.9 13.5 <1.0

Screen Rejects* 23.7 10.88 1095 0.00 0.53 9.78 46$ 157 74.8 6646 20.6 3269 25.9 16.9 <1.0

Decker M* 17.2 10.25 1163 0.00 0.51 13.9 253 235 74.8 2924 30.9 653 325 15.2 NA iUA NA NA

Decker Mst* 16.6, 9.54 1035 0.05 0.84 16.0 15s ,220 72.2 1644 21.3 56s 278 13,3 NA NA NA NA

Decker Mat* 18,3 JO.44 1187 0.03 2.53 19.1 133 256 71.8 1622 24,1 527 456 10.0 NA NA NA t4A

Decker Mat’ 15.7 10.75 1280 0.03 3.14 14.6 137 227 66.8 1585 21.3 521 310 9.66 NA NA NA NA

Decker Met* 19.1 8,92 1013 0.00 1.40 18.0 147 2!56 58.9 1731 20.4 544 433 10.0 NA NA NA NA

Decker Mar 17.7 9.78 1249 0.00 1.26 14.0 144 237 68.6 1718 20.9 555 3s f3.o NA NA NA NA..

Decker Mat Liquor 1042 0.74 21.6 0.03 0.00 2.03 20.9 3.25 0.32 13s 1.51 39.6 21.7 1.19 12 92 ‘=1 134

Decker Mat Liquor 14.5 5.73 37.9 0.00 0.18 8.00 17.4 3.79 0.87 180 1.70 56.1 12,3 3.20 6 78 3 206

Decker Mat Liquor 29.7 1.92 27.1 0.06 0.59 4.39 12.5 2,66 0.34 106 1.s5 194 18.6 3.00 12 82 <1 93

Decker Mat Liquor 8.9 6.25 20.6 0.03 0.51 2,28 12.3 2.58 0.27 121 1.47 32.4 21.6 1.66 9 53 <1 60

Decker Mat Liquor 10.9 5.25 24.3 0,03 0.32 3.06 12.4 4.27 0,35 113 1.16 40.0 14.7 1.51 8 ‘1 ==1 219

Decker Mat Liquor 10.3 0.86 23.3 0.03 0.22 2.05 10.0 2.-11 0.22 99,0 1.80 31.1 20.7 1.47 ,5 47 <1 120

D2 Mat* 5.37 1.92 112 0.00 0.21 10.9 43.1 51.3 1.81 1067 1.16 110 342 3.25 NA NA NA NA

D2 Mat* 4.58 1.63 94.5 0.03 0.23 8.62 35.5 46.6 1.56 1316 1.69 126 370 2,79 NA NA NA NA

02 Mat* 4.51 1.26 97.1 0.06 1.04 15.1 24.4 49.0 1.18 719 0.42 80.9 265 3.22 NA NA NA NA

D2 Met* 4.69 1.17 66.4 0.06 0.66 7.77 27.8 49.1 1.34 765 1.06 92.4 241 2.70 NA NA NA NA

D2 Mat* 4.60 2,36 216 0,09 0.27 8.98 42.4 58.3 0.65 213 0.71 73.!3 36.1 6.22 NA NA NA NA

D2 Mat* 4.24 2.06 256 0.00 0.58 10.7 35.2 67.2 0,81 153 1.85 87.8 140 I 6.57 NA NA NA NA
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Table VIII-2. ICP analysis (mg/kg as reoeived or * mgikg dry solids). Six composite samples taken over three daya. Composites consist of two
independent samples taken within a four-hourperiod.

‘Location~ a P s ,:~ ::,, :,l:; 9Q4” ?, 2 3

02 Mat Liquor 6.77 0.00 13.5~ 0.00 “0.81 21.$ 2.86 0.12 142 1,21 19.9 [ . . 1 “ 49 <1 2

D2 Mat Liquor 9.75 0,46 23.1 0.03 0.40 1.86 9.58 2.82 0.17 141 0S3 28.7 15.0 2.12 %4: .’46 ,4 <1

02 Mat Liquor 9.10 0.03 28.1 0.00 0.42 1.19 7.04 2.18 0.09 118 0.38 21.1 18.0 3,28 ,:’ ‘W’ 44 24 <1

D2 Mat Liquor 8.16 0.36 16.6 0.00 0.16 1.89 6.16 +.95 0,10 119 0,71 22.7 18.6 1.75 ‘.$Y?. 50 4 <1

D2 Mat Liquor 12.0 0,21 22.9 0.11 0.21 2.48 9.46 2.58 0.74 72.6 1.88 48.2 22.2 1.75 “’?r’ 101 c1 9.0

D2 Mat Liquor 6.79 0.41 19.9 0.00 0,44 1.63 5.57 2.11 007 35.6 0.17 53.3
S“e 3’Q2 ~l,. 2:.; “ 7“0323 166 “w

BP Acid Sewer 6.46 1.52 123 0.03 0,07 1.72 43.1 18.8 5,02 1156 2.98 797 , . ~ ,,’ .57 <25

BP Acid Sewer 4,25 0.99 91.7 0.00 0.03 2.03 30.8 16.6 5.17 1105 2.22 692 7.07 1.72 “8f& 2110 70 <25

BP Acid Sewer 5.20 1.44 89.0 0.03 0.07 1.27 25.0 16.0 4B5 1047 3.01 65$ 3.86 2.70 ,51! 2$40’ 27 45

BP Acid Sewer 4.37 15.7 102 0,00 0.14 1.34 21.8 17.2 4.76 729 2.13 643 4.6(I 2.92 !534 @SLl 24 <%

BP Acid Sewer 3.72 2,12 67.5 0.07 0.20 1.86 18.3 13.3 3.82 812 1.57 594 5.66 2.15 574 ‘ 1810 30 4?5

BP Acid Sewer 4.39 2.54 60.6 0.04 0.07 1.13 15.8 12,7 3.49 782 1.74 60S 5.74 1.45 515 2CK?0 25 Q5

BP Alkaline Sewer 17.7 163 23,0 0.04 0.21 1,42 32.3 3,29 0.58 2264 1,70 176 23.5 1.66 728 “ 414’: 16$ 565

BP Aikaline Sewer 8.02 1.19 29.1 0.10 0.20 3.51 17.4 3.81 0.73 2134 1.19 185 43.8 2.12 ‘7$2 ’417 145 904

BP Alkaline Sewer 15,6 1.09 42.6 0.16 0.26 2.88 13.6 8.10 1S8 2380 1.79 161 35.0 4.04 !$W ’394 142 847

BP Aikaline Sewer 24.5 2.45 34.3 0,00 0.18 2.41 13.8 3S8 0.57 2364 0.?4 233 37.0 1.56 6UJ
~.+. , To ~

BP Alkaline Sewer 42.6 1.89 58.2 0.1 t 0.37 2.65 9.93 2.89 0.30 1527 0.48 76.7 21,6 3.67 57$; ‘ T41 100 350

BP Alkaline Sewer 17.8 1.08 29.4 0.03 0.16 2.13 8.68 2.19 0,20 1510 0,39 61.6 26.2 3,24 $1?! 124’ 102 455

WBL 8.49 0.87 32.5 0.05 0.27 4.87 2272 15.9 11.7 30947 7.72 7195 38.9 f.Q3 t6$

WBL 8.30 0.88 35.7 0.08 0.24 3.75 2229 14.7 11.0 30949 7.98 6586 83.4 1.67 123

WBL 8.09 0.67 34.3 0.11 o.3f 4.21 2216 f3.6 11.2 30330 7.05 66S4 48.4 1.74 I*

WBL 8.21 0.77 49.6 0.0s 0.27 3.99 2123 14.1 10.5 28683 6.86 8211 45.4 2.92 1ss “

WBL 6.60 0.74 26.0 0.08 0.26 3.76 2139 11.3 9.6 28575 7.13 6139 48.9 1.16 110,

WBL 8.53 0.83 31.8 0.00 0.28 3.79 2119’ 12.8 10.1 29269 7.67 6081 49.5 1.72, 134 ‘

Reclaimed WBL 8.76 2.44 110 0.05 0.40 8.89 4029 ~ 37.7 22.5 48863 +4.3 12704 95.5 3.57 w

Reclaimed WBL 8.87 2.38 101 0.00 0.42 8.84 3653 30.2 21.6 47682 14.2 12170 I 96.9 1.94 365 “’

Reoiaimed WBL 8.50 2.32 99.3 0.00 0.35 12.9 3892 29.6 21.3 ! 47544 14.7 12120 85,7 2.05 304

Reolaimed WBL NA NA NA NA NA NA NA NA NA’ NA NA NA NA NA

Reclaimed WBL

,NA NA NA NA

NA NA NA NA NA NA NA NA NA NA NA NA NA NA ‘NA NA NA NA

Recleimd WBI. NA NA NA NA NA NA NA NA NA NA NA NA NA NA
~A

MA NA NA

RB ESP dust* 15.1 1.74 71 0.10 0.80 98.0 40195 38.5 32.7 291513 16,1 224356 107

RB ESP dust* 18.7 2.08 163 0.05 0.94

18,2 1161 ‘“

176 42878 35.1 33.4 261128 16.2 l~m 1= 22.3 :~fPl

RB ESP duet* 13.0 2.10 133 008 1.27 62.0 38146 34.4 35.0 294503 19.2 228861 117 20.6 “W@”

RB ESP dust’ 13.1 2.24 t19 0.00 0.96 25.0 38717 35.9 36.1 301348 20.6 22578S 121 ~z.o y;?@3: “’

RB ESP dust* 12.8 2.14 110 0.00 0.s2 20.8 35941 3i.7 34.7 2S8835 20.0 200494 117 19;@ :I&

RB ESP duet* 11.9 1.80 98.6 0.00 0.63 47.2 37532 30.6 34.6 265007 17.8 2126s3 104 17.6f’”l_ti2
,.
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Table VXII-4. ICP analysis (rng/kg as received or *mg/kg dry solids), Six composite samples taken over three days. Composites consist of two
independent samples taken within a four-hourperiod.

, --- ? ------ , #
0 I 455 I 130 I 4372 I 376 5745 ! 3205 ] 3245 I 1550 I 7.85 ~ 26 1 I 1 1

# -. -,.- a

7
: nfm 11-- . . . .. —.- , , *

0 I 551 I 230 I 6409 t 741 I 13746 I 62ti I 4563 I 979 I O.OOI 12
I,

RawWt I 76 n I 70 Q [ 76n5G I 0.11 t 1.25 1 %.3 I 5923 I 323 I 47.5 I 7’17S4 I

Location AI BaCa Co CuFe ‘KM9 Mn Na P s S1 Zn Cl’ s 04 c 202 c 03

Rebumed Lime* 577 119 532608 0.55 0.00 I 653 I 174 I 5910 I 553 I 8350 I 4914 [ 3505 I 1554 I 4.95 [ 24 I I I
Rebumed Lime* 372 52.5 513503 0.61 ~ 5a34 719 ICQ17 I 6352 3522 1150 10.00 “13

Rebumed Lime* 502 258 531165 0.36 0.0(

Rebumed Lime* 365 373 5339m 0.60 0.00 [ 543 I 155 I 5665 I 692 I 9837 I 5504 I 5572 J 1151 I 0.84 I 13 I I I I

Reburned Lime* 386 71.4 521566 0.51 0.00 I 547} 1441606516S9 9816 ! 5S04 ! 3423 12WA . “.”.

Rebumed Liie* 402 45.5 5147s6 0.56 0.0( , ,
Raw WL 30.2 31.6 26478 0.07 4.13 I 3al15w91338 I 47.0 I 69415 I 377 i 6443 NA 0S4 573

. . . .. . . . -=. - --, - ----- -. . . ---- ---- --—- -—-, . . .- 354 6756 NA 0.84 523

Rew WL 12.4 13.4 12247 0.06 0.39 14.8 6222 123 17.7 75;73 178 6757 NA 0.42 542

Rsw WL 16.4 18.6 16037 0.12 12.0 22.1 6308 186 26.9 70486 237 6555 tdA 0,56 552

Rew WL 36.7 34.6 34996 0.04 2.22 42.5 5’837 43? 56.3 66324 414 5466 NA 0.00 532

Rew WL 26.1 26.2 25479 0.08 0.68 30.2 6070 294 36.3 69089 325 6510 NA 1.08 613

Mud from WL Fit 35.2 62.2 59605 0.05 0.00 I 60.1 5%8 643 66.1 70959 731 5417 NA 0,00 NA K r
Mud from WL Flt 19.3 35.3 27961 0.02 0.00 I 33.9 5a95 344 47.2 64215 427 7227 NA 0.40 NA I i4A ! NA NA

Mud from WL Flt 14.2 24.t NA NA

Mud from WL FM 25.8 42.7 3740 0.00 0.00 39.8 6054 440 59.0 67359 524 I 5766 NA 000 ~ NA NA NA N/%

Mud from WL Fli 45.0 66.1 5875t 0.05 0,00 63.7 5471 761 94.4 57324 797 I 4710 NA 0.00 NA NA NA NA

Mud from WL Flt 70.1 97.2 94675 0.05 0.00 100 5053 1176 141 556s7 1181 [ 3867 NA 0.54 , NA NA NA NA

412 NA 1.18 105

I
—. --, ----- ,---- . . . . .

, 1 ,

B I 20486 i 0.00 i 0.00 I 24.0 I 6160 I 220 30.1 I 68027 I 3i4 I 5634 j NA 10.001 NAi tW I

. . . . .. . . . . .. - .-.
Weak Wash 3.25

,
Weak Wash 4.19 I 0.19 ] 16.5 I 0.06 I 1.35 ] 1.77 I 1507 I 0.00 I 0.69 I 16528 I 0.58 [ 2929 I NA ] 1.56 I 11?

Week Wash 3.7s I 033 I 699 1 0.00 I 1.1A 1.54 I 1446 I 0.89 0.57 17754 ] 1.58 ! 2507 ] NA 11.67 I ’11:

Weak Wash I 5.23 I 0.30 I 1w I 0.00 I 0.49 I 1.86 I 1486 I 1.37 I 0,53 I 17024 [ 2.77 ] 34 i

51 0.27 I 35.1 I 0.001 1.58 1.24 I 1216 0.93 0.39 15560 I 1.39 I 2026 I NA I 0.27 ! 103

I

1 ------------ . . . .. . .- —--- —.—-- ---- 1

‘3 0.19 [ 5~ .0 I 0.00 I 1.07 [ 1.07 t 1365 I 0.42 I 0.72 I 1734’1 I 0.08 I 2392 ! NA ] 0,19 [ 116

t ,
761 I 473 i &6o I &-4 1 ‘-”

,
I 10391 I 536 I 15631 NA 10

Week Wash 3.7-

Week Wash 3.43 0,23 36.4 O.OQ ‘f.63 I 1.78 I 1207 I 0.50 I 0.59 I ‘f5591 f 1.14 I 2352 I NA j 2.42 98 I i I
Mud to Precoet 61.8 113 101002 0,08 0.00 1 122 I 667 I 12s6 I 172 9422 { 1285 i 1263 [ NA ! 0.00 86] NA[NA[NA

Mud to Precoat 23.0 46:0 4ooae 000 0.0[ .59 NAINAINA~NA i

Mud to Precoat 12.1 21.9 19109 0.00 0.00 21.6 658 217 28.0 8461 280 1333 NA 0.66 NA

Mud to Precoat 30,6 56.2 46492 0.00 0.00 54.6 770 585 77.0 86$6 672 1373 NA 0.96 NA 1 NA I ‘NA I NA

Mud to Precoet 16,3 24.5 22533 0.00 33.9 26.9 655 263 34.9 8564 291 +447 NA 37.6 NA NA’i NA I NA I
Mud to Precoat 12.1 19.7 17317 0.00 0,00 20.7 1066 203 25.3 13270 237 2155 NA 0.44 NA

Precoet Filtrate ~.26 0.67 23.6 O,@l 0.04 3.4a 530 I 0.00 I 0.12 8672 0.00 1445 I NA 0.20 45

Pracoet Filtrate 1,62 0.54 26.7 (),01

P~coat ~itrate 1.04 0.18 14.4 0.00 8,44 1.11 404 0.36 0.32 5182 0.32 643 NA . ...- “.
Precoat Filtrata 0.89 0.27 35.1 0.00 5.53 1.32 566 0.23 0.36 74!4 0.33 1105 NA 0,56 45

Preccd Filtrate 0,86 0.18 16.5 0.00 2.86 1.09 472 0.16 0.30 8077 0.00 1009 NA 0.47. 37

Precoet Filtrate 2.42 0.23 28.8 0.00 6.47 2.75 659 ! 0.66 0.46 10545 0.53 1840 NA 2.62 57 I I I 1

, ,
I NA { NA i NA 1

I ----- . ----- -. --T . ...— , 1 1 1

IO I 0.18 I 1.06 I 512 I 0.36 I 0.27 I 6555 I O.ti I 1200 I NA I 2,01 I 44 I
1 fnnl W 1 I I
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Table VIII-5. ICP analysis (mgkg as received or *mg/kg dry solids), Six composite samples taken over three days. Composites consist of two
independent samples taken within a four-hour period.

Location Al Ba Ca Co Cu Fe K Mg Mn ~ ‘u C@ coNa P s Si Zn C 4 2 3

Lime Kiin Feed* 230 ‘ 404 391262 0.29 0.00 3s5 95.9 4565 560 8445 5347 78s 747 1.08
,4.

, Lime Kiln Feed* 239 404 403924 0.39 0.00 426 108 4609 609 8591 5257 827 674 10,1 2

Lime Kiin Feed* 250 378 405941 0.35 0.00 405 94.4 4594 554 8339 5129 75s 773 1.70 3

Lime Klin Feed” 259 392 391678 0.32 0.00 430 120 4976 620 8829 5105 915 66s 2.92 ‘8

Lime Kiin Faad* 287 369 395361 0.36 0.00 415 104 4942 567 8401 4777 766 736 2.11 21”

Lime Kiln Feed* 2s3 3s2 390740 0.33 0.00 427 124 4925 575 8701 5089 764 703 2S3 2 I
‘~% NaOH 0.54 1.4s 26.6 000 0.14 2.40 656 1,68 Q.05 296122 1.34 25.8 47.3 2,25 4249 “
50% NaC)H 1.22 1.48 26.7 0.04 0.26 40.6 759 2.40 0.26 300175 1.83 27.7 42.9 1.66 44?0
~o% NaOH 0,74 1.14 25.8 0.03 0.17 2.57 729 1.87 0,07 265143 1.30 31.6 38.3 2.07 3943

50% NaOH 1.89 1.28 23.3 o.m 0.11 7.10 84S 2.04 0,11 297936 0.91 31.5 53.2 1.74 3671
50% NaOH 1.59 1.11 30.3 0.11 0.15 60.7 678 2.04 0,33 295163 1.26 24.4 40.4 2.33 3519’

50% NaOH 1.83 1.13 28.0 0.04 0.14 3.14 70s 1.73 0,07 297145 0.80 26.2 38.7 1.94 4369

Makeup NaHS 2.27 o.’t4 16.4 0.07 0.28 54.9 174 2.40 0,41 19274s 1.10 9408 38.2 1.01 2675

Makeup NaHS 2.56 0.14 28.7 0.14 0.20 62.3 “197 2.43 0.44 191310 1.85 9195 35.5 1.82 2608

Makeup NaHS 1.56 0.17 34.0 0.14 0.57 87.0 167 3.40 0.77 194422 1.25 13122 41.0 1.70 2s51

Makeup NaHS 1.95 0.14 21.3 0.11 0.36 59.9 164 2.45 0.43 192530 1.37 9516 37.5 256 3323

Makeup NaHS 1.01 0,11 39,6 0.07 0.15 44.5 133 2.32 0.33 194270 ‘1.30 11665 39.5 2.42 1424

Makeup NaHS 1.25 0.11 16.0 0,11 0.17 50.4 150 2.25 0.34 192823 1.00 92s5 43.2 1.42 20~6

Tall Oil 3.33 0.08 25.3 0.03 0.17 6.88 5.6s 1.01 0,31 73.3 11.5 1262 0.00 2.00 <1

Taii Oii NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Taii 011 2.59 0.15 13.9 0.04 0.31 3.18 5.49 0.91 0.42 121 12.5 1230 4,66 6.25 <1

Taii Oii NA NA NA NA NA NA NA NA NA NA NA MA NA NA NA NA NA NA
Tall Oii 1.72 0.22 44.1 0.07 0.22 131.6 3.54 0.36 0.64 54.0 9.27 719 15.46 2.00 <f

Tall OIi 1.06 0.05 11.7 0.00 0.14 0.52 8.54 0.36 0,40 133 13.0 1035 0.00 1.29 <1

PrOceea Water 0.10 0s)5 3.66 0.00 0.01 0.08 3.72 0.96 0.05 28.9 0.23 12.9 3.11 0.04 9

Process Water 0.10 0.05 3.00 0$30 0.00 0.02 2.53 0.94 0.05 15.0 0.03 8.02 3.18 0.04 9

Process Water 0.07 0.04 3.59- 0.00 0.01 0.03 2.52 1.01 0.03 17!7 0.02 8.?5 3.52 0,03 9

Process Water 0.08 0.04 3.42 0.00 0.00 0.02 2.3s 1.02 0.02 19.3 0.04 6.07 3.36 0.04 9

Proceee Water 0.06 0,05 4.30 0.00 0.00 0.02 2.47 1.14 0.01 12.4 0.05 7.74 3.67 0.02 8

PmOees Water 0.06 0.05 4.22 0.00 0.00 0,03 ~2.87 1.12 002 11.4 0.06 7.54 3.97 0.03 9

Whte Water 0.20 0.08 2.27 0.00 0.01 0,22 2S0 1.95 0.07 110 0.1? 12.9 4.$7 0.07 114

White Water 0.15 0.10 1.92 000 0.01 0.16 16.00 1,55 0.06 174 10.3 12,0 4.78 0.07 101

White Water 0.14 0.04 1.67 0.00 0.01 0.17 2.01 1.34 0.04 75.7 0.13 9.90 4.14 0.05 75,

White Water 0.12 0.04 1.79 0.00 0.01 0.14 1.98 1.18 0.04 74.8 0.12 11.1 3.96 0.05 NA NA NA NA
Whita Wafer 0.27 clf13 2.73 0.00 0.01 0.56 2.0s 2.98 0.04 76.3 0.13 . 9.19 2.77 0.12 84

White Water 1 0.07 t 0.07 2.22 0,00 0.01 I 0.30 I 1.97 I 0.87 0.03 I 71.2 t 0,04 I 8.87 { 3.54 [ 0.08 78
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Table VIII-6. ICP analysis (mg/kg as reoeived or *mg/kg dry solids). Six composite samples taken over three days. comp~$~s consist of two ~”::
independent samples taken within a four-hour period.

. .

lTalc* I 1580 I 3.81 I 9828 [ 1.52 j 0.611

,,

,.,

.,
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Table VIII-7. Median ICP analysis values (mg/kg as received or *m#kg dry solids). Median values of six composite samples taken over three
days. Composites consist of two independent samples taken within a four-hour period.
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Table VIH-S. Process stream mass flow rates, total solids and suspended solids. Mass flow rates
calculated using mill measureddata and computer simulation mass balances. Total and suspended solids
are -median values of six composite samples taken over three days. Composites consist of two
independentsamples taken within a four-hourperiod.

Stream Flow Total Soliis Suspd. Solids
LOcatii Typs (MWHr] (%) (mgfl)

ProceesWeter ltlput 2207 0.0 IUA

Chips to Digester Input 66 47.8 NA

White ~er Input 4s 0.1 NA

MakeupNaOH Input 4.7 51.2 NA

WL Received input 1.8 17.3 26s

Spent tid to DO● Input 0.66 86.9 NA

Input 0.64 NA NA
. . 1

spent Add to Liquol= mpm 0.58 68.9 NA

Makeup Lime* Input 0.46 100.0 0
Makeup NaHS Input 0.36 55.5 NA

GL Received Input 0.26 19.7 66

Tak* Input 0.14 98.7 NA

BP AcidSewer output 425 0.6 53

BP Alkaline Sewer output 341 1.0 47

D2 Mar output 41.7 10.8 NA

Reoeuet Spills Otiput 20.2 I 4.8 66

Mudto Dregs Filter output 8.1 11.1 NA

SBL Shipping output 2.5 67.0 NA

Tall Oil output 2.0 NA NA

WBL Spills output 4.7 f6.4 NA

VW.tO BP SCNbbSrS output 1.1 17.3 266

Soreen Rejade* output 0.42 17.8 NA

! Inte

Dreg& output 0.43 52.3 NA

Grits- output 0.11 64.7 NA

WEL internal 487 16.4 NA

!mal 352 0.1 54

I 266 0.? 136
I -’53 11.1 NA

-.. .rr -- —----- I ,,,.=, ,,at I ~~ 0.0 NA

Decker Mat Liquor Internal

Mud to Preooat Filter Internal , ~.

Strimmd Cord 1“+-.--1 .

RawWL Internal 217 25.3 70046

Raw GL Internal 214 21.1 400

WL to Digester internal 165 17.3 29-

Weak Wash Internal f66 4.8 66

Hot Water Internal 100 0.0 NA

Combined Cond. Internal 100 0.0 NA

Mud fromWL Filtar Internal 54.0 30.7 NA

DeckerMat* Internal 43.3 14.4 NA

PrecoetFitterFiltrate Internal 36.8 1.9 6

Lima Kiln Feed* Internal 20.9 74.7 NA

Dregs washer Fit Internal 17.0 15.7 $333

Rebumed Lime’ Internal 11.7 100.0 NA

RB ESP duet* Internal 5.3 66.2 NA

Reclaimed WBL internal 1.5 25.0 NA
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Table VIIL9. Elementremoval efficiencies fir various unit operations.

Element

Al
Ba
Ca
co
Cu
Fe
K

Mg
Mn
hla
P
s
Si
Zn

Brownstock Bleach GL WL Pressure Lime Pr*
Washers Washers Clarifier Filter Coat Filter

(o~) (%) (%) (%) (%)
b ,

78.5 97.6 56.5 40.2 0.8
48.8 94.4 53.1 97.5 0.1
19.9 91.9 80,2- 99.7 0.0

472.3 95.3 NA 100.0 NA
99.7 85.0 73.3 90.5 NA
66.2 79.0 87.1 84.1 0.5
90.1 90.8 4.5 13.2 10.0
44.7 79.6 92.6 99.5 0.0
68.2 97.7 87.6 95.8 0.1
96.0 97.3 3.1 -0.2 9.7
66.0 96.4 -3.2 98.1 0.0
174.6 98.9 6.0 -26.2 11.5
78.5 53.9 NA NA NA
65.7 93.5 75.7 -173.5 17.5
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Chapter IX. Evaluation of the Inorganic Specks Data Base for Predicting the Solubtity of
Inorganic Compounds in Aqueous Pulp MilJ Streams

Comparisons were made between experimental data and calculated volubility of various inorganic salts.
The oaloulations were made using the Non-ideal Aqueous Electrolyte Simulator (NAELS) originally
developed by Sinquefield (1987), and enhanced as reported by Golike et al (1998). NAELS uses
minimization of the total Gibbs free energy of the system to predict the volubility of inorganic salts m
aqueous solutions. It uses the Pitzer method for predicting ion activity coefficients. The Pitzer method
considers the interactions of ion pairs and triplets in solution. Wti acourate thermodynamic properties
and activity coefficient parameters, NAELS estimates aecuratdy the volubility of inorganic salts in
aqueous solutions to ionic strengths well above the range (6-11 molal) encountered in green and white
liquors. The Gibbs free energy values and ion interaction coefficients used in the simulations were those
included in ~pti VII.

Experimental data in three categories have been used to date to evaluate the accuracy of the equilibrium
Simldations:

. data fix major chemical species (Sodium and Potassium salts) were us~ to assess the accuracy of the
equilibrium simulator of the major species in green and white liquorsl,

. data fbr minor chemical species (NPE’s) in solutions of ionic strength Wd hydroxide concentrations
comparable to green and white liquors were used to assess the ability of the simulator to predict the
behavior of specific NPE’s and

● data fir concentrations of NPE’s in actual green and white liquors as measured in mill studies were
used to assess the ability of the simulator to predict NPE volubility behavior in mill process streams.

A. Major Species in Green and White Liquor

Figure IX-1 shows the volubility of NaCl and KC1 m aqueous solutions at 25*C. The data points and
curves are the volubility limit of solutions that contain various amounts of the two salts at saturation.
Note that both the data and calculated volubility curve have a break point at approximately 5.0 mol
NaC1/kg watef, 2.2 mol KC1/kg water. This point is the invariant point. To the left of ~ the precipitate
phase at equilibrium is KC1. To the ri~t, is NaC1. The volubility of NaCl and KC1 in water at 25°C is
predicted within 0.3 ~ an accuracy acceptable for most process applications.

Figure IX-2 shows the volubility behavior of sodium sulfkte and sodium cwbonate in equilibrium with
their decahydrates at 25”C. The volubility behavior of this system is unusual in that the equilibrium
sulfkte concentration &at decreases slightly, then rises slightly, and finally drops steeply as the sodium
carbonate concentration is increased. The abrupt drop in NazSOQvolubility is challenging to predict. The
NAELS equilibrium simulator predicts well the shape of the volubility curve. The actual volubility data
deviate ilom the predicted curve by at most 0.25 mol/kg water along both branches of the volubility
curves. The greatest deviation occurs at the invariant point where NAELS predicts too high a sulfhte
concentration by 0.2 mole/kg water and tio high a carbonate concentration by 0.25 molkg water. As
with the NaCl - KCI system the equilibrium predictions are suiliciently accurate for most industrial
applications.

1Sincethe activitycoefficientsof the minor speciesare almostentirelycontrolledby the concentrationsof the major
speciesand their interactionswith them it is essentialthat an equiliium simulationprogrambe ableto predict
accuratelythe solnbilityof the major species.
2Unlessotherwisenoted all concentmtionsare expressedas massor molesper kg water.
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Figures IX-3 and IX-4 show respectively the volubility of NazC03 and NazSOA in aqueous NaOH
solutions water at 120 and 150”C. The agreement between data and model for the system NazCOs-NaOH-
water is excelleng within 0.05 molal for Na2COs for a given NaOH conoentratio~ up to 8M NaOH.
Above ~ the model under prediots the NazC03 ooncentmtion by about 0.2 M at both temperatures. The
agreement fir the system NazS04-NaOH-water is also exoelleng well within 0.05 molal for NazSOq for a
given NaOH concentration, over the entire range of NaOH conoentmtion.

Figure IX-5 shows the volubility of Na2C03 and Na2S04 in water at 120-150”C. The more extensive data ‘
at 100 and 150”C are predicted very well by the NAELS mode~ nearly always within 0.05 molal. The
invariant points we predioted well within that level of uncwtainty at both temperatures.

Table IX-1 shows the solubilii of NaO~ NazC03 and NazSOq in water at 120 and 140”C. The mean
square difllerence between the predicted volubility using NAELS and the experimental data poiuts is 0.04
mole/kg for NaO~ 0.03 mole/kg for Na2S04 and 0.01 molelkg for Na2COs. These differences were
roughly the same as the standard deviations fi-omthe experimental measurements, which did not exceed
0.04 mole/kg for NaOH, 0.02 moldkg for Na&04 and 0.02 mole/kg for NazC@.

Table IX-1. The volubility of NaOfl Na2C03 and Na$04 in water at 120”C and 140”C: NAELS
predictionsversus experimentaldata. The data are from Frederickand DeMartini,2000.

Temperature NaOH NazCOs NazS04

“c
mofig HZO molfkg H20 molkg HZO

120 Average 0.96 2.38 0.64

St. Dev- 0.00 0.005 0.00

NAELS 0.96 2.33 0.62

120 ] Average I 0.99 2.24 I 0.57

I St, Dev. ]
, ,

0.04 0.02 I 0.02

I I NAELS I
a I ,

1.00 2.27 0.56

I I

140 I Average I 2.98 I 0.8 I 0.65

I St. Dev. I 0.06 G.ui \ 0.02

I I NAELS I 3,04
1 , ,

0.81 0.65
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Figure IX-1. Volubility behavior fix the system NaCl - KC1 - water at 25”C. The data are from Linke
and Seidell (1958).
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Fiiure Ix-2. Volubility behavior for the system NazS04 - Na2 COS - water at 25”C. “The data are from .
Linke and Seidell (1958).
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Figure IX-3. The volubility of Na2C03in aqueous NaOH at 100 and 150”C. From Golike et al., 2000.
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Figure IX-5. The volubility of NazCOs and Na2S04 in water from 100-I5O”C. NAELS predictions versus
experimental data. From Golike et a)., 2000, and DeMarthi an~ Frederick 2000,
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B. Non-Process Elements In Moderate to High Ionic Strength Media

Comparisons of data and predictions for aqueous solutions that umtain non-prooess elements of interest
and more than one salt are limited by the availability of reliable experimental data.

Figure IX-6 compares the predioted and measured volubility for the system CaClz-KCI-waterat 25°C.
The volubility is predicted within 0.05 M up to a CaClzmolality of 4.6. At higher CaClzmodalities,the
KC1volubility is underestimatedby up to a flwtorof 2, but the @Clz oonoentrationat the invariantpoint
is predictedwilhin 0.3 molal units.

F~e IX-7 shows the predicted solubdity Iii fbr the system MgC12-CaClz-waterat 25”C. This system
is complicated bemuse there are three invariant points along the solubiiity curve and therefore three
W%erentsolid phases can precipitate. The invariant points as predioted by the NAELS equilibrium
simulator are shown as stars m Figure IX-7. Both the volubility limit and the invariant points are
predictedwithin 0.25 M fix this system.
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F~ure IX-6. Volubility characteristics of the system CaC12-KCI - water at 25”C. The data points are
from Linke andSeidell(11).
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Predicted volubility curve and data for the system MgC12- CaClz - water at 25”C. The data
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calculated invariant points.
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FigureIX-8. Predicted volubility curve and data for the system CaCIZ- NaCl - water at 25”C.
The data points are from Linke andSeidell(11), while the solid curve was calculated,



C. Mill Data

Calculated solubilities of Bari~ Calciwq Magnesium, and Manganese were compared with measured
concentrations of these elements in clarified green and white liquors from four IcraRpulp mills.

TabIe IX-2 contains the data obtained fkomthe first three mills. The clarifled green and white liquors data
are averages of six samples collected at regular time intervals under steady operation. The samples were
wllected from the three mills usrng the procedure described in Chapter VIII. They were analyzed by ICP
fbr total concentrations of metals without flrrther removal of suspended solids. The suspended solids were
then remo~ drie~ weighe~ and analyzed fm metals. The experimental results, shown in Table IX-2,
were the total element contents of the clarified green and white liquors before suspended solids remo~
minus the contribution of metals in the suspended solids. The corrections were made by assuming that the
dregs or lime mud solids and the suspended solids had the same composition. Except for the Calcium
results, these corrections were minor.

TableIX-2. Predicted and measured concentrations of various non-process elements in clarified green
and white liquor.

Simulated liquor
GreenLiquor

Total SOiidS,% 19.7 20.3 21.0 20.0
Ba, mg/kg 1.5 1.6 2.9 1.5
c% mgikg 15 21 17 0.093

0.30

l?%iteLiquor
Total solids, YO 17.3 18.0 19.5 19.0
Ba, mglkg 0.8 0.3 0.5 1.4
@ mgikg 85 9.7 21 0.65
Mg, mgfkg 1.7 2.9 2.1 1X10-5
Mn, mgJkg 2.0 1.8 3.1 38

‘Corrected fir the amount of each element in the suspended solids by assuming that the suspended solids
had the same elemental composition as the dregs solids. The amounts of suspended solids were 69, 127,
and 260 mgkg of solution respectively for green liquors ~ B, and C. For the white liquors, they were
298,407, and 201 mgkg of solution respectively,

The calculated sohlbilities in Table IX-2 are for solutions at 95”C. These calculations were made with the
OLI Environmental Simulation Program (ESP).l The concentrations of Sodium and Potassium salts m the
clarified green and white liquors used in tie calculations are shown in Table IX-3.

lAdvanti chemicalequilibriumsoftwarefor aqueous,electrolytesy~ems from OLI Systems,Inc., 108American
Roa~ MorrisPlains,NJ 07950. .
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Table IX-3. Concentrationsof Sodium and Potassium salts in the simulated clarMed green and white
liquors.

Sueciesa g/L as NaXl gtL as smcies
Green Liquor

NaOH 15 19
I Na42 I 40 I 50 I

I NazCOs 120 I 205 I

t

U71.:4. T :-..— I I I

lx

Nzivau. I l-J I 3+ I

W muc L&qucw

NaOH 108 140
NazS 40 50
‘lazCOs 27 46

T- on I ‘SC 9A

‘2.5 atom-Yo of the cations associated with these species were Potassium.

The amounts of Ba, ~ Mg, and Mn included in tie equilibrium simulation were 0.1 g BaCO~ water,
0.5 g CaCO@ water, 0,2 g MgCOJkg water, and 0.2 MnCO~ water.

For green liquor, the fbllowing precipitate phases were predicted for the fbur NPE’s. In’green liquor, they
were BaCOs, CaC03, Mg(OH)z, and Mn(OH)Z. In white liquor, lhey were BaSO+ CaCOs, Mg(OH)z, and
Mn(oH)z.

The measured and predicted equilibrium concentrations for these NPE’s are compared in Table IX-2. The
predicted Barium concentrations agree reasonably with the experimental data: on average 25% low for
green liquor and a fiwtor of 2.6 high for white liquor. The predicted Manganese concentmtions are on
average low by a fktor of 8 fbr green liquor and high by a fktor of 16 high for white liquor. The
predicted’Calcium concentmtions are on average low by a fkt.or of 200 fir green liquor and a iiwtor of 60

.~=white liquor, The predicted Magnesium concentrations are five orders of magnitude lower than the
measured concentmtions.

One concern about the data tim the first tlyee mills was that the samples had cooled to room temperature
before the suspended material was removed from the liquors. This may have changed the concentrations
of soluble species for each element. We made a fourth set of measurements, where we filtered the hot
liquor samples immediately upon sampling, and also collected samples without filtering them
immediately. These unfiltered samples were filtered later, afler they had cooled. Both the hot fikered and
cold filtered samples were then analyzed for metals content. The sampling points and fdtration parameters
were:

sampling points:
Raw green liquor clarifier feed transfer pump.
Clear green liquor slaker feed transfer pump.
Raw white liquor C causticizer stand pipe transfix pump.
Clear white liquor digester fee~ swing storage tank transfer pump.

Hot filtration of raw liquors:
Samples were filtered through a Whatmau POLYCAP 36TF disposable filter capsule, 0.45pm
PTFE membrane, 500 cm2effective filter area. Filters were pm-wetted with isopropanol.
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Hot filtration of clear liquors:
Samples were filtered through Cole-Parmer inline groundwater filter, 0.45pm Nylon membrane,
20 crn2effbctive filtration area.

Cold filtration of raw and clear liquors:
Samples were cold filtered later at IPST through a 0.45pm membrane filter.

Table IX-4 shows the results horn the analysis of hot and cold filtered green and white liquor samples.
The soluble Magnesium content of the hot filtered green and white liquors was 40% lower, on average,
than in the cold filtered samples. The soluble Calcium content of the hot filtered green and white liquors
was 20% lower. The soluble Barium content of the hot filtered green and white liquors was 26°Ahigher,
on average. The soluble Manganese content of the hot iiltered green liquor was more than a factor of 4
higher, on average. There was no difference in the soluble Manganese content between the hot and cold
filtered samples of white liquor. Another factor worth noting is that the Magnesium content of the filtered
raw green liquor samples was a fitctor of 2.6 higher than in the filtered clear green liquor sampies.

TaMeIX-4. Predictedand measured concentrations of various non-process elements in raw aud clarified
green liquor, and in 3fi causticizer product and clarified white liquor from Mill D.

A. GreenLiquor
Raw Green Liquor Clear GreenLiquor Simulated

Element Hot filtered Cold filtered Hot filtered Cold filtered green liquor
Ba, mgkg 0.92 1.2 1.7 0.97 0.39
C%mg/kg 6.8 10 9.7 13 0.084
Mg mg/kg 6.4 9.0 1.7 4.2 1X104

N@m 2.5gk g 0.57 1.6 0.38 0.65

B. White Liquor
3d causticizer product Clearwhite liquor Simulated

Element Hot filtered Cold faltered Hot filtered Cold filtered white liquor
Ba, mg/kg 0.26 0.37 0.62 0.30 0.25
C&mgkg 12 20 18 14 0.49
Mg, mg/kg 5.8 9.9 3.4 5.9 1X10-5

J@ mglkg 0.34 0.41 0.51 0.40 ‘-”- 30

The concentrations of B% C% Mg, and Mn in Table IX-4 are quite similar to those in Table IX-2. The
only notable difference is that the Mn levels in white liquor are factor of 15 lower in Table IX-4 than in
Table IX-2. The predicted total concentrations of soluble species for these four elements are not
signiilcantly better.

One factor that may account for the relatively poorer predictions for Ca, Mg, and Mn is the formation of
very fine Calcium and magnesium hydroxide particles. Mg(OH)2 is known to form stable colloidal
suspensions; they have been observed in laboratory studies of the volubility of magnesium in synthetic
green and white liquors (Streisel, 1987). This probably accounts for the orders of magnitude higher
measured total volubility of Magnesiu~ compared with the predicted values. Calcium hydroxide is also
known to form fine particles that are difficult to remove in white liquor clarification. Fine particles of
Ca(OH)2 and Mn(OH)2 could account for the smailer, but important differences between the measured
and predicted total soiubilities of these elements. In contras$ Barium precipitates easily as large filterable
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paficles of BaSO~ and BaCOs - precipitation of sulfbte as BaSOAis a standard wet chemical method for
analyzing the dissolved content of either Barium or sulfhte. This is very likely the reason why we
obtained better agreement between the predicted and measured total concentrations with Barium than
with the other three elements.

Streisel reported data fir the volubility of (ldc~ Magnes@ and Manganese at 95°C in synthetic
green liquor solutions ([OIYl = 1 mol/L, [Cl~ = 3 mol/L) containing Aluminum and Silicon. The
equilibrium concentmtion of soluble Magnesium increased with the ratio of Mg/Al or Si, from 50 to 190
mgkg solution. These values are much higher than the measurements reported in Tables IX-2 and IX-4.
Streisel reported a maximum in the volubility of Aluminum as the charge of Magnesium was increased. It
ofiet the monotonic decrease in dissolved Silicon as Magnesium charge was increased. He ako reported
that the solutions containing Mg, Al, and Si became “very gelatinous.” It is iikely that this gekd.inous
material was Mg(O~. If present iu the green and white liquors sampled in this study, even in much
smaller quantities than in Streisel’s experiments, it could have accounted for the high concentrations of
“soluble” Mg reported in Tables IX-2 and IX-4.

The concentration of soluble Calcium in Streisel’s study ranged tim 1.8 to 150 mgikg solutiow
depending upon the initial charges of Ca, ~ and Si. These Calcium concentrations are similar to the
experimental values in Tables IX-2 and IX-4. The solid phase in equilibrium contained mainly Calcium
tobermorite (Ca5SisAl(OH)1p5H20) in the regions where more Silicon than Ahnninum had been charged
to the system. At the higher Si/Al charge ratios, the system contained a colloidal suspension that remained
fix at least 35 days-the duration of the equilibration experiments. Streisel was able to remove these
pmticles with a 10-20 pm cutoff, Teflon filter. Particles in green and white Iiquor, which are
“equilibrated” fix at most a i% hours could have been much smaller than these, and able to pass through
the filters used to obtain the data in Table IX-4.

Streisel also reported a soluble Manganese concentration of 0.34 mg Mn/kg solution at equilibrium. This
is lower than the measured values in Table IX-2, but close to most of the values in Table IX-4. It agrees
well with the predicted volubility of Manganese in green liquor, 0.30 mg/kg solution.
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Chapter X. Organometal Equilibrium Calculator

A. Model Concept

The objective of the work reported in this chapter is to develop a tiodel for predicting quadkatively the
-m of metal cations on wood pulp fibers and complexation of metal cations with dissoived organic
matter in pulp mill and bleach plant streams.

B. Basis and COllstr~tS

The model is based on the principles of ion exchange (fiber-metal ion) and complexation (soluble
organic-metal ion) as described in Chapters IV and VI. The chemical properties of lcraft pulp fibers are
taken ikom the data in Chapter V and fkom other published sources. The chemical properties of dissolved
organic matter in brownstock washer and bleach plant fikrates are taken fkom the data in Chapter IE and
fkxn other published smmoes.

The model can handle simultaneously (a) complexation equilibrium between competing cations with
dissolved organic matter and (b) ion exchange equilibrium between competing cations on wood pulp
fibers.

Mass balance constmints are satisfied for all species, rncluding inorganic cations and anions, adsorption
sites on fibers, and complexation sites on dissolved organics.

The constraint of electroneutmlity is satisfied for both the fiber phase and the solution phase is satisfied,

The concentrations of all soluble species are in moles per liter of solution. The concentrations of all
soluble inorganic species are in moles of cati~ anion and/or undissociti compound per liter. The
concentration of soluble organic species are expressed as moles of binding sites per liter. The
concentration of pulp fibers is in g dry fiberflitm. The concentrations of metal ion binding sites on fibers
are in moles of binding sites/g dry fiber.

C. Organonwtai Complexation

C.L Binding Sites for Organometal Compkmdion

Theorganicmatterdissolved during pulping and bleaching of wood contains four classes of binding sites
fir metal cations:

●

●

●

●

Carbcmylic acid groups attached to aliphatic organic molecn.des
Carboxylic acid groups attached to aromatic ring organic molecules
Hydroxyl groups attached to aliphatic organic molecules
Hydroxyl groups attached to aromatic rings (phenolic hydroxyl groups)

Table X-1 compares typical values of stability constants for a typical alkaline ‘earth metal cation
(Calcium) and atypical transition metal cation (Manganese) with each of these types of binding sites on
water-soluble organic matter. Phenolic hydroxyl groups bind several ordens of magnitude more strongly
than aliphatic hydroxyl groups or carboxylic acid groups of either type, The phenolic hydroxyl groups are
the dominant binding sites in brownstock washer and bleach plant filtrates where lignin degradation
products are prevalent. For that reason, we f~sed this research on the availability and binding stmmgth
ofphenolic hydroxyl yOUpS in pldp mill and bleach pkl.lltfi&S.
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Table X-1. Typical first stability constants at 25°C for diwdent Calcium and Manganese cations with the
fbur predominant classes of fictional groups in brownstock washer and bleaoh plant filtmtm (Lang’s
Handbook 1992).

Functional Stability Con-’ with

groun ~2+ ~2+

0-OH 404 -108

0-cooI”I -102 - ~lo3

R-OH -101 ~lol

Data on the types and concentrations of phenolic hydroxyl sites in the dissolved organic matter in
brownstock washer and bleach filtrates are very limited. Jiang et al. (1999) fbund that 85-99% of phenolic
hydroxyls in lignin extraoted fkom pulp fibers after pulping are in guaicyl structures. Froass et al. (1998)
eveluated the funotionai group content of lignin degradation produots born both conventional kraft and
EMMC black liquors, ikxn bleachable grade pulps (12 < kappa < 30) ilom Ioblolly.prne. Their results are
plotted in Figure X-1 along with data from Chapter III of this report. The phenolic hydroxyl content is
relatively oonstant with kappa over the range 12-30. There is relatively little ~erence’ in the Iignin from
black liquor from EMMC versus conventional krd pulps, and a 29% difference between the two
different wood species. The average pheriolic hydroxyl oontent for the data m Figure X-1 is 3.12 mmol
phenolic hydroxyl groups per g lignin, with a standard deviation of 0.44. This corresponds to a molecular
weight of 320 g/mole phenolic hydroxyl sites. Statistical analysis of this data confirmed that there is no
signifkant trend of phenolic hydroxyl oontent with pulp kappa number over the range investigated.

Figure X-2 compares data fkom Chapter III fir the distribution of the hydroxyl content of lignin
degradation produots fkom various brownstock washer and bleach plant filtrates. The phenolic hydroxyl
content decreases during brownst.ook washing and through the bleach plant. As reported in Chapter III, no
Iignin degradation produots were identified in the.P02, Q EOP, or P3 stage fikrates.
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Figure X-1. Functional group content of lignin degradation products from both conventional kraft and
EMMC k.ndl black liquors. The data are for black liquors from bleachable grade soflwood pulps.
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.

C.2. StabUtyConstants

The equilibrium constmts needed to describe quant&kively the fbrmation of organornetal complexes are
the proton stability constant for phenolic hydroxyl groups, and the stability constmtz for each of the metal
cornphms with phenolic hydroxyl gfOUpS.

The dissociation equilibrium fir phenolic hydroxyl groups is

HLc)Fr-+L- (X-1)

The actual proton stability constants ~s) for phenolic hydroxyl groups depend in part on other units
attached to the benzene ring to which the (-01$ unit is attached. There is therefire a distribution of KS
measurable fix black liquors. Here, we approximate the proton stability comtanta with a single ~, using
the value for the phenolic hydroxyl group on guiacol.

log K.= log{~]/~+]~~) = 9.98 (25”C, I = O);AH = -5.6kcallmo~ AS = 27 @K-2)

Metal cations ~’_) complex with the phenolic hydroxyl units on liguin degradation products (L-)
acoording to

~-1-nE~& (x-3)

The resulting stability constant is

Q&l)

Values for log I&n+ ~ 25°C were obtained from the experimental complexation data fir B% Ca, Mg, and
Ni with kraft lignin repofi in Table IV-2. The data were plotted as the logarithm of the stability
constants with M lignin (log (&)) versus the logarithm of the stability constants with Pyridine-2,6-
dicarboxylic acid (log (KP&~) and a regression equation obtained @q. X-5). Values of the stability
constants fir metals with M lignin were then ednated fkom the corresponding values for PdC& after
rearranging the corresponding regression equation from Figure IV-2. The experimental and calculated
values for metals of interest with IcraRlignin are given m Table X-2.

log KBL(25”C)= 0.1578 10g(KmcA(250C))+ 1.651; R2= 0.985 (x-5)

Stability cmitants at temperatures other than 25°C can be calculated with Equation X-6, from the value at
25°C (298K) and the heat of formation of the metal-lignin complex (&Q. Values of the enthalpy of
formation with different phenols correlate well with the radii of the aqueous metal ions (See Figure X-3).
Values of the heats of fbrmaticm of metal-lignin complexes for C~ COQI),CU(II),Fe(II), N~ and Zn were
assigned fhe values fir their metal ion complexes with 2-[(lH-hti&zoI-2-ylmtiylme) amino]
phenol (13MAP) fiwm (3nprakash et al. (1983). Values of the heats of formation of metal-lignin
complexes for Ba, @ and Sr were assigned the values for their metal ion complexes with phenol bm
Veselinovic and Malesev (1983). AHf values for other ions were estimated Equation X-7, the linear
regression equation for the data in Figure X-3,

in K(T)= In K(298K) + (AHfl)(l/298 - VI’) (X-6)

AI-If(kJ/mole)= 857.87 I&(run) -144.53
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Table X-2. Experimentaland calculated values for the stability cor@mts at 2S°C of metals with kraft
Iignin.

t

-d~ easured log KW(25”C) d AHf

Metal log K~(25°C~ This- study Chaug (1986) Lang‘S(1992) Hlmol

,Ba 2.20 12.19 .29.1

lCa t2.38 12.43 t2.31 12.31

!Cd 12.55 I 1.1 1-75.9

ICe t2.97 I I I I
I I I 182.4

Icl,l(ll) 13.09 I I I
kc(u) b 55. I I I 1.93.9

he(w) 13.37 I I I I
lHg(ll) 14.85 I I I I
kfz t2.08 t2.06 t2.20 I I
JMtm 12.44 I I I I
Na 0.70

Ni 2.75 2.72 -64.2

Pb 3.02

Sr Z.26 r29.O

12.65 I I F103.O
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J?iiure X-3. Heats of formation of organometal complexes (C4 Co(II), CU(II), Fe(II), Ni, and Zn with 2-
[(lH-benzimidazol-2.ylmethylene) amino] phenol and B% Ca, and Sr with phenol) versus the radii of the

182

0.15

corresponding aqueous m~l io~. Heat ‘of formation &ta are from Ompn&a.sh et al. (1983) and
Veselinovic and Malesev (1983). Ionic radii are from Lang’s Handbook (1992).



C.3. Mass Baiiixweand Electrical Neutrality Constraints

The mass balance constraints must be satisfied fix each metal and for the ligand (phenolic hydroxyl
groups) that complexes with the metal ions.

The mass balance constraint for each metal ion (Mi) is

I!dot=I!’fiv+lw.l+m’% QG8)

In Equation X-8, [ ] denotes solubl~ specie% and tie Subscript represents di.6erent inorgauic precipitates,
if present.

The mass balance constraint for the cornplexing sites (phenolic hydroxyl groups) on dissolved organic
matter (L) is

where ni is the charge on metal ion Mi.

When the solution pH is known or specified (not calcdated), the Hydrogen ion ooncmtration can be
calculated as

The constmiut of electrical neutmlity for all dissolved species is

Zd’d+z”,k]=o
i k

(X-1 1)

where aj is the charge on anionj.
,

C.4. Calculation Procedure

In this sectio~ we illustrate the procedure for calculating the distribution of metal ions in solutions that
contain organic matter with phenolic hydroxyl groups. No inorganic precipitates or other suspended solids
iire present in this case. The calculation procedure is outlined in this section. Details of the calculations
are included in Appendix B. ,

We have specified the total amount of five metal ions ~ & C% Mg, Na), the total concentmtion of
organic tier and its phenolic hydroxyl group content, and the pH of the solution. The values for each
are

f’

Baw = 0.01 mol/L
Cam = 0.01 lnoi/L
Mgtot= 0.01 moliL
mot = 0,01 mol/L
Nat&= 0.10 mol/L
@o& 0.05 mol/L
pH 7-12
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The concentmtion of the dissociated phenolic hydroxyl groups at equilibrium is calculated fmm

Equations X-2, X-9, and X-19, notingthat ~.-~= ~ni&iL4].
i

The distribution of the metals at eqdibrium is oaloulated by first calculating selectivity constants for each
divalent metal io~ by taking the ratio of the equilibrium wnstant for each divalent metal ion to that of
Sodium (Equation X-4, Table X-2). The selectivity constant equations are solved simultaneously with the
mass balanoe equations for the corresponding metal ion (Equation X-8) and the eleotrioal neutralhy
Oonstmint (Equation X-II).

Figure X-4 shows how the i%wtion of each metal that is co~lexe~ at equilibri~ ohanges with the pH
of the sohtion. It akro shows the extent of dissociation of phenoIic hydroxyl groups to the dissociated
firm (phenolate). The total amount of each metal that is complexed increases with increasing pH because
the phenolic hydroxyl groups are increasingly shifted tim the protonated to the phenolate form as pH
increases. This means that more of them are available to oomplex with metal ions. The fiation of each
divalent metal that is complexed increases in the same order as lheir stabii constants.

Figure X-5 shows how the phenolate sites are ocoupied by the different metals. At pH 7, nearly all of the
available sites are oooupied by sodi~ the most prevalent cation. As pH is iucreas~ more phenolate
sites beoome available, aud the divalent metal ions oooupy a larger fraotion o~thmn. Above pH 11, nearly
all of the phenolic hydroxyl groups have shifted to phenolates. Here, sodium occupies just over 60% of
the phenolate sites. The divalent metals oooupy the msg increasing in order oftheir stability constants
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D. Ion Exchange of Metal Ions with Wood Pulp Fibers

D.1. Binding Sites for Adsorption of Metal Cations on Wood Pulp Fhwa

Wood pulp fibers contain two types of binding sites for metal cations: carboxylic acid groups and
phenolic hydroxyl groups. Both are effixtive in binding metal cations. As discussed in Chapter w the
acid dissociation constant (@Q of carboxylic acid groups on unbleached wood pulp is 3.4. At pH 5 and
greater, less than 3% of the carboxylate groups are pmtouted if other metal ions are present to bind with
carboxylate sites. Theretire, most of the residual carboxylats sites on th? pulp serve as metal ion exchange
sites at pH 5 and above. For phenoiic hydroxyl groups, the pKa is approximately 10. ‘IIwse sites are
effbctive at pll’s 9 and above.

ChaptersIII and V present information on binding site concentrations in wood pulps. This data and data
i?om other published svurces are plotted versus pulp kappa number in Figure X4. The carboxylic acid
data fir pulps from three pine species fbll on a common line. The data fbrtwo hardwood species fkll well
above the spine line. The phenolic hydroxyl data for the two pine species iidl along a second ccmuuon
liue, passing through the origin. The linear regression equations fbr fhe pine data, equations X-12 and X-
13, can be used to estimate the carboxylic acid and phenolic hydroxyl content of softwood pulps.

[COOH’J= 46.57 + 1.141 KAPPA, R’= 0.775 (X-12)

[@OHJ = 2.419 KAPPA, R’= 0.664 (X-13)

In Equations X-12 and X-13, [COOHj and [~111 have units of mmol/g dry fiber.
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DQ.IonExchangeEquilibriumConstants

The equilibrium constants needed to describe quanth%ively the ibrmation of organcnnetal complexes are
the proton stability constant for carboxylic aoid and phenolic hydroxyl groups on pulp fibers, and the
stabii KuWants fix each of the metal complexes with these groups.

The dissociation equilibrium for the acidic groups is

HX*W+-X QG14)

Laine et al. (1994, 1996) reported two proton stability &nstant (K. ‘s) for carboxylic acid groups on
unbleached wood pulp fibers: one at pH 3.3, corresponding to uronic acid in x-, and the other at pH
5.5, corresponding to carboxylic group in lignin. The corresponding proton stability equations are

log I&,,.@H = log{[c(70~/[m][co(Yj} = 3.4 (X-15a)

log KQCCOH= log{[cooHJ/[w][coO-1} = 5.5 (X-15b)

In the Laine et al. measurements,, 80-90% of the total carboxylic acid cord.ent was at Ihe lower pKa. For
many purposes, we can approximate the proton stability for all carboxyiic acid groups on wood pulp
fibers by Equation X-15a.

The proton stability constants (K~s) fbr phenolic hy&oxyl groups on wood pulp fibers are approximately

Metal c@.ions(M”) exchange with the carboxylic acid and phenolic hydroxyl units on wood pulp fibers
as according to

w+ i-nx @iMY. (X-17)

Theresultingion exchange constant is

(X-18)

It is often more usefi,dto express the ion exchange constant ae a selectivity coefilcient (I@. X-19), relative
to another, competing metal ion. The selectivity coefkknts for metal ions Of interest (M!”), relative to
e.g. Sodium ion (Na~ is defined as

K
KM; =x=

@4@l+~

Na
%.+ o@qMn+]

(X-19)

The exponent n is the molar equivalence ratio. The stability constant and the exponent n are evaluated by
linear regression of a plot of log ({M)/~) versus e.g. log ({Na]/~a~).

Data for ~ ~ C& Mn, N~ Pb, and Zn exchanged with carboxylic acid ~ups on wood pulp fibers are
included in Chapter ~ and ccmstants fir Freundlich adsorption isotherms fi to the data for each metal
are included in Table VI-24. Selectivity coefficients were calculated from the same data (Appendix C),
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The oaloulated selectivity coefficients and additional values horn Rudie et al. (2000) are included in Table
X-3. The information cmntained in the Fmumllich adsorption isotherm data and the selectivity coefficients
is the same, but the data fits are presented in both forma for convenience in modeling. Freundlich
adsorption coefficients and exponents or selectivity coeHb&mt.sat tempemtures other than 25, 50, or 75°C
oan be ednated by interpolation or extrapolation of the data in Tables VI-24 and X-3.

Table X-3. Selectivity coefficients for the exchange of various metal iordmetal ion pairs on the
carboxylic acid groups of krafl wood pulp fibem.

I lm”c 175°c 1 I
Metal 25°C source
Pair log K n St Erralog K ~ St Erra log K b St Erra

Wca -0.414 0.713 0.25 -0.287 0.874 0.032 -0.356 0.911 0.24 This study
-2.38i0.09 0.61+0.02 Rudie et al., 2000b

Cd/Ca 0.317 0.962 0.12 0.665 1.64 3.058 0.381 1.26 0.015 ThiS study

bti b.167 b.723 !0.039 k1918 t2.12 !0.23 b.699 k07 b.20 h%k studv I
‘Standard error of estimte of log ({M}/~).
~alues of log K and n are * la.

D.3. Maas Balance and Electrical NeutraMy Constraints

The mass balance constraints must be satisfied for each metal
phenolic hydroxyl exchange sites on the wood pulp fibers.

The mass balance constraint for each met.d ion (Mj) is

IMilot‘iY71+Z@i(m).}+xWi,jl
k

. .
J

and for the both the carboxylic aoid and

(X-20)

where the subscripts k distinguishes between oarboxylic acid or phenolic hydroxyl groups on wood pnlp
fibers dj represents different inorganic precipitates, if present.

The mass balance constraint for the ion exchange sites, either carboxylic acid or phenolic hydroxyl
groups, on wood pulp fibers ~~ is

{Xk,tot} = ~ni {“i {Xk}.] + ‘Xk
i

(X-21)

where m is the charge on metal ion Mi and k distinguishes between oarboxylic acid and phenolic hyd&xyl
groups on wood pulp fibers.

.
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When the solution pH is known or specified (not calculated), the Hydrogen ion concentration can be
calculated from Equation X-10.

The constraint of electrical neutdity fbrthe solution phase is given by Equation X-1 1.

The constraint ofelectrbd neutdity for the fiber phase is

D.4. Calculation Procedure

(x-z?)

In this sectim we illustrate the procedure for calculating the distribution of metal ions between wood
pulp fibers and solutions of inorganic salts. The illustration is based on competitive adsorption of Calcium.—
and Sodium ions on fibers of pulp . No inorganic precipitates or other suspended solids are presmt in this
case. The calculation procedure is odined in this section. Details of the c.alculaths are included in
Appendix D,

The concentrations of CalciW Sodiw and fiber, and the pH on which these calculations are based are
included in Tables 41a and 41b. The pulp is the #2 browpstock fkom Ap@ 1998. It wmtains 0.055 meq of
carboxylic acid sites and 0.026 meq of phermlic hydroxyl sites per g fiber. The calculations are made at
diHerent pHs, ilom approximately 2.5 to 11.5, using NaOH to increase the pH. CaClz is added m
approximately an equivalent amount to NaOH m each step.

Firs$ adso~on curves are calculated assuming that metal ions complex with carboxylic acid groups
only. The pulp is assumed to contain no adsorbed metal ions initially. The cxmcentmtion of carboxylic
acid groups at equilibrium is cakxdated from the specified pfi using Equations X-15 and X-17.

The distribution of the metaIs at equilibrium is calculated by solving simultaneously the Freund!ich
isotherm equation fbr Na/Ca (@q. VI-1 with coefficients&m Table VI-24), the mass balance equations
(Eq. X-19) fbr each metal m the system and the wmstmmt“ of electrical neutrality fm the carboxylic acid
sites.

Figure X-5 compares the measured and predicted adsorption of Calcium. The measured values increase
with pm rising rapidly at pH values gneater than 9. The model predicts a mpid increase in adsorbed
Calcium below pH 4, as the carboxylic acid groups become ioniz~ then a plateau until about pH 9, and
finally a decrease at higher pH. ‘he difference between the measured and predicted adso~tion of
Caltium below pH 4 suggests that the distribution of p~s for the carboxylic acid sites may not be
described accurately by a single pKa value of 3.4. The rapid increase in adsorbed Calcium with pH at pH
values above 9 is due to the adsorption of Calcium on phenolate sites whose p~ is about 9.8 (Eq. X-16).
The percentage of total CaIcium that is adsorbed averaged about 20% over the entire pH range.

Figure X-6 compares the measured and predicted adsorption of Sodium. The measured values increase
with pm rising to just over 0.02 moles/g fiber at about pH 7.5. The data at higher pH is very scattered.
The model predicts a continual increase m adsorbed Sodium with pm more steeply at pH <4 and pH >
10. These rauges correspond to ionization of the carboxylic acid sites and phenolic hydroxyl sites,
respectively. The percentage of total Sodium that is adsorbed ranged from about 25% at pH 3-4 to below
10%atpH>ll,

Figure X-7 and X-8 show that the model predicts very well the concentrations of Calcium and Sodium
remaining in solution. This is due in part to moat of the Calcium and Sodium remaining in solution.
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The phenolate groups on wood pulp fibers ttcccmntfor the increase in adsorption of Calcium and Sodium
with pH above pH 9 (Figure X-5). In this study, no data were obtained specifically for the ion exchange
equilibrium between metal ions and the phenolic hydroxyl units on wood pulp fibers. The relative
importance of the phenolic hydroxyl groups was estimated by calculating an exchange constan~

K~~ (25”C), by diff’ence tlom the data for competitive adsorption of Calcium and Sodium ions on

wood pulp fibers, assuming that the molar equivalence ratio, n, equals 2 (see Equation X-19). The
calculations are included in Appendx D. Table X-4 and Figure X-5 show the coefficients obtained. The
most accurate values of the ion exchange constant are probably those where the ratio of metal ions
adsorbed on phenoiic hydroxyl groups/available phenolic hydroxyl groups is near 1 {see Table X-4), and
at higher pH where the number of available sites is higher. The best estimate based on this data is that

()KG~~ ~ at 25°C is in the range 100-1000, By comparison the ion exchange constant fbr Sodium ion

displacing Calcium ion on carboxylic acid sites is 0.0015! These limited results suggest that the phenolic
hydroxyl sites are fw more effective in binding divalent metal ions, relative to binding Sodium.

Table X-4. Estimated values of selectivity coefficients for Calcium vemus Sodium on the phenolic
hydroxyl grOUpS OfWoodpulp fibers.

atafiwn Table 41c 1,
9.59 10.39 10.78 jlLol 11.21

mmol/gfiber~.0132 0.0157 0.0134 10.0169 3.0190

punol/g fiber 0.0047 0.0108 3.0276 10.o179 3.0412
ZMi adsorbed/cIKl- sites: 2.29 1.44 2.92 2.15 4.06
K(CafNa) a 46 87 343 169 349
K(CafNa) b 63 134 479 239 1456

Diztafiom Table 41b: 1
pH ~.69 10.67 11.11 11.38
Na@O mmol/g fiber~.0062 0.0063 0.0064 3.0062,
ca@o)2 lmmol/gfiber 0.0049 9.0111 0.0287 ~.0189

~Mi adsorbed/@O- sites: 1.40 1.10 2.57 1.74
K(Ca/Na) a 244 635 ~380 1934
~(Ca/Na) b ~85 ~75 ~997 J433
s Based on eakadated Ca2+
bBased un measukl Ca2+

i Based on measurementswith pulp P3, whose ion exchange sites were 94% mrboxylic acid sitw, see Table VI-24.
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E. Parttiloning of Metal Ions Between Wood Pu@ Fibers, Dissolved Organic Matter, and Inorganic
Ions

When both wood pulp fibers and dissolved organic matter are present in combination with aqueous salt
solutions, equations from both Sections C and D must be satisfied. Speoifioally

Binding and Ion Exchange Sites: Use 320 #mole phenolic hydroxyl groups for dissolved organic
matter; use equations X-12 and X-13 fbr the carboxylic acid and phenolic hydroxyl exohauge sites on
wood ptdp fibers.

Stabili@, Ion Ekharig% and Acid Dissociation Constants: use Equations X-1- through X-7 fix
complexation of metals with dissolved organic rnatteq use Equations X-14 through X-19 for exchange of
metal ions with wood pulp fibers.

Mirss Balance Cotistraints: these are the constmints %om euuations X-8. X-9, X-10. X-19, and X-20.
‘l%emass balanoe amtmhts fbr metals (Equations X-8 and X-19) are co-mbined in ~uatio~ X-22. In
Equation X-22, fJ denotes the solution phase and{} denotes the fiber phase.

For eaoh metal ion(M):

(x-22)

where tie subsoriptsj represents diflierent inorganic precipitates, and k dil%erentiatesbetween carboxylic
acid and phenolic hydroxyl groups on wood pulp fibers.

Electrical N~ality Constraints: these are the constraints from equations X-11 and X-21.

5.1. Calculation Procedure

The oaloulatiotipmoedure for streams that oontain both dissolved organic and inorganic species, fibers,
snd inorganic precipitates is included in Chapter XI.
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Chapter XL Evaluation of the Metal Ion Equilibrium Calculator

A. Introduction

The purpose ofthischapter is t.b evahiate the capal$lity of predicting the distribution ofm~s in qwous
P~.~11 - ~a W* filier$ iuid;iissohtefl organic inatter as well as non-proce~elqqen~: We
Use’theresults of ~oj~erent ~erirn~l ipv~gafiona of NPE partitioning to evahwdehe predictive
capab~y. ‘f’hefist tidy produced &ti ‘forridsor#tion/desorpticn of metal ions on tiee different wood
ptdps obtained fimn U.S. pulp mills. The pulps obtained were washed thoroughly with water to eliminate
dissolved organic matter while leaving sorbed metals on the fibers. The pki of sampks of each pulp was
theri adjusted by acid or alkali addition over the range pH 1.5 to 11.5, and the amount of the metals sorbed
on tie pulp fibers was determined. We used the model for adsoxpticmof metal ions on wood pulp fibers,
along with the metal content of the washed pulp fibers prior to pH adjustm~ to predict the amount of
each of seven different metals sorbed simultaneously on tie three difFerentpulps over the pH range 1.5 to
11.5, The modeling results are compared with the experimental data in !lecti~n B.

The second study produced data fbrthe distribution of NPE’s m the various fiber, wash liquor, and fikrate
streams of the bnmnstock washers ofa pulp mill. We modeled two stages of the brownstock washer,
using the operating parameters (vat and mat consistencies, dilution fhctor, Nord6n i!kctcr)and metal inputs
(Na, C%Mn) to predict the split of the NPE’s between the pulp stream and black liquor exiting the
washers. In one case we used fresh water with the same N% @ and Mn concentration as was used in the
mill. As the wash liquor on the second washer ~ge, ‘fhe modeling resuhs are compared with the mill
data in Section C. We made a second simukti~ in which the wash liquor to the second washer stage had
the expected composition of alkaline stage bleach plant fdtmtes recycled to the brownatock washers.
Results of W simulation are also included in Section C.

B. Sorption of C~ions onto Unbleached Krail Pulp

In this secti~ we compare predicted SOrptionof eight metals simultaneously on three different wood
pulp fibers. The measured metal sorption data was obtained with the three commercial unbleached kraft
pulps described in Table Xl-1. Pulps A and B were stored at 4°C as kceived ~nor to the measurements.
Pulp C was mntrifbgedto approximately 35% consistency and then stored at 4“C. The initial metal
content of each pulp was measured by inductively coupled plasma (ICP) atomic emksskfi .qwctrometry
and is given in Table XI-2. Pulp samples were prepared for metal analysis by drying, grinding, and
digesting in hydrochloric and nitric acid following EPA method 3050.

The starting pulp consistency for all experiments was approximately 35-40’%0.Pulp was diluted to 19’0
consistency with nano-pure water having 18 MCI-cm resistivity at 25°C. Pulp slurry pHs were adjusted
with either H2SOQ(EM Science TracePur Plus). or NaOH (EM Science ACS reagent grade). Pulp slurries
were mixed for 30 minutes with a 2.5-inch diameter polypropylene U-shaped paddle at 200-300 rpm in a
2-liter glass tempering beaker with circulating water in the shell to maintaii a temperature of 75+0.5°C.
The pulp slurry was then vacuum dewatered across a Buchner fimnel to approximately 25% -consistency.
The pulp was further dewatered by pressing to approximately 50% consistency. The pulp was then
analyzed by ICP. Further details are included in Bryant et al. (1996).
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Table XI-1. Characteristics of pulps used in the metals adsorption/desorption study

l%IpA l%Ip B“ ?Wp c
Wood Species Southern Pine Mixed sOu&. Hw Southern Pine
Digester Kamyr Vapor Batoh Kamyr Hydraulic

OzDelignification sunds MC Sunds MC none
Sample Location 2nd OzWash Press 2nd OzWash Press Decker (pm- bleach)
Initial Consistency, Yo, 41.0 29.1 17.1
Kappa 18.0 .12.7 28.6
‘/oFinesa 1.03 3.16 0.92
Carboxylic Acid Content 0.087 0.090 0.088

(moles/kg o.d. fiber
Kajati <0.100 mm

Table XI-2. MetaIs and ion exchange sites on washed brownstock pulp prior to pH adjustments.

Initial metals on pulp, eq/kg pulp
PuIp A Pulp B Pulp c

Na’ O.oq 0.24 0.0
Ca2+ I 0.04 0.11’ 0.0

O.oq O.oq 0.0
K+ 0.003 o.o~ 0.00
~z+ 0.00: O.ooq 0.00
Fe3+ 0.0002 o.000~ 0.000
Zn2+ 00001 0 Oooi 0000
Ba2+ 0.000(J O:oooq 0.000i
Total metal on pulp O.lq 0.44 0.57

Ion exchange sites, eqikg pulp
Carboxylic acid 0.081 0.081 0.08
Phenolic hydroxyla 0.04 0.03 0.07 :

Sum of sites 0.13 0.11 0.15

1 1 [

1.4] 3.61 0.8
‘Estimated from Eq. X-13.

The sorption of metals on the wood pulp fibers at equilibrium was modeled as described in Chapter ~
Section 4. We predicted the sorbed amount of metal per gram of OD fiber for each metal in Table XI-2
except iron.1The conditions used in modeling (equilibrium pm temperature, fictional group content of
fibers, and the initial metals content of the system) weie the same as the conditions in the experiments just
described. The calculations are included in Appendix E.
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Figure XI-1 shows the ratio of the “total sorbed metal to the sum of the available, ionized carboxylate and
phenolate sites, all expressed as equivalentdg dry fiber. In the pH range 2.5 to 7, the average ratio is 0.90;
on average, 10% less metal is sorbed than sites are available. However, the vahms for pulps A and C are
much lower (0.71) while the average for pulp B is much higher (1.33). The ratios for each pulp may have
departedfromthe expected value of 1 in this rangebecause we modeled the carboxylic acid groups as two
separatetypes with two distinct p&’s. In reality, there maybe a distributionof carboxylic acid sites with
a correspondingdistributionofpK,’s.

In the pH range 7.5 to 10, the average mtio is 1.05, and the values are about the same for each pulp. A
difference of 5% is within the expected uncertainty range for the model.

Below pH 2.5, the ratios are very high. This may result from both a iarger error iu measuring the amount
of sorbed metal when very little is sorbe~ and inaccurate pKa values for the carboxylic acid groups.

\
I Above pH 10, divalent alkaline earth and transition metals begin to precipitate as their hydroxides. The

total metals measured reflect both the sorbed metals and the precipitated metals retained either on the
fibers or in suspension. It is the precipitated metal hydroxides that produce the sharp increase in the ratio
with pH above pH 10.
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Figure XI-1. Ratio of total metals on pulp to total ionized exchange sites (COO- + 0(3-) for the three
wood pulps described in Tables XI-1 and XI-2. The three vertica~ dashed lines are at the pK. values for
the carboxylic acid and phenolic hydroxide sites used in the model.
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Figures XI-2 – XI-4 show the amount of each metal sorbed on the three different wood pulps. The data
are plotted versus pH over the range 1.5 to 11.5. The data are plotted in semi-logarithmic format so that

all of the metals are included on a single graph for each pulp. The symbols represent the measured
concentrations of sorbed metals, while the solid lines represent the predicted ~oncentrations.

These three figures show that the sorbed metals fall into three categories: sodiu~ calciq and
magnesium which account for 91-97% of the sorbed metals on an equivalence basis, potassium and
manganese, which account Rx 3-8°/0, and barium and zinc, which account for 0.4-1°/0. These am
determined primarily by the total amount of each metal in the system (see Table XI-2), but also by their
selectivity coefficients. The predicted amounts of sorbed metals follow this same pattern for all three
pulps. The one exception is manganese, where the predicted amount sorbed is an order of magnitude
lower than the measured amount for all three pulps,

Figures XI-5 – XI-11 show the ratio of predicted sorbed metal to measured sorbed metal. The data forI
\ each metal on all three pulps are plotted in separate figures. Nearly all of the ratios for Na, Ca, Mg K, and

Ba &ll between 0.5 and 2.5 except at pHs below 2. The low ratios below pH 2 may result from both a
larger error in measuring the amount of sorbed metal when very little is sorbe~ and inaccurate pKa values
for the carboxylic acid groups.

The two metals where the model did not predict sorption as well are Zn, especially with pulp & and Mn.
The wider range of ratios fir the Zn data maybe due to measurement difficulties with the low levels of
adsorbed Zn. E is not clear why the predicted sorbed Mn concentrations are so low, but ‘itmaybe related
to the Mn species present. Figure XI-12 shows the equilibrium distribution of Mn as soluble species and
precipitate for the sorption measurements with pulp A. The sorption model for Mu is for the divalent
cation, Mn2+. However, at pH <7, 20V0 or more of the Mn is as the soluble but neutral species,
MnSO.4(aq),which would not sorb onto carboxylate sites. Above pH 7, both Mnw and MnSOA(aq)shti to
the monovahmt anion, MnOH. Precipitation of hfn(o~ occurs above pH 9.5. These results would
suggest slightly less sorption of Mn than predicted below pH 7, decreasing sorption of Mu ilom pH 7 to
9.5, and increasing Mn content on the fibers (as precipitate) above pH 10. This is not at all the observed
trenq and it is not clear why at this point. Increasing the selectivity coefficient for Mn/Ca in Table X-3 by
a fbct.orof 12 gives a more accurate prediction of sorbed Mn.
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Figure XI-2. Sorbed metals versus pH for pulp A, 75”C.
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sorption experiments with pulp A.

C. Modeling of Metals D~tribution Duriug Brownstock Washing

This section paper demonstrates the application of volubility modeling to systems that contain wood pulp
fibers, dissolved organic species, and inorganic salts in aqueous pulp mill streams. Here, we have
integrated the model and selectivity coefficients for adsorption of metals on wood pulp fibers and the
model and selectivity coefficients for organometal complexes with a an advanced chernkal equilibrium
softwardprgcess simulator for aqueous, inorganic process streams. We have use this integrated model to
simulate a brownstock washer. We predicted how the metals entering the washer are distributed between
the exiting pulp fibers, the aqueous solution in the puIp stream and the exiting weak black liquor stream.
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,. ..,, .,..
Figure 2 k a%lo&iii&rivh of~k two stage driirn syashers. The model cotiists of a seiies’of &ier, splig
tid’ separation units, indiuted by ihe b16cks. The thin lines ~resent liquor flows and the thick Iihes
represent ptdp slurry flows. The mixing vat on each washer is rnqeled using a mix stage in wtich. the
pulp hdilut~d fiorn its inletconsistency (12.5Yo):to l%~with fikr?{e from the @m in that stage. W@s@g
on the drib iis~lf was simulated as a partial displacement of the liquid in the mat by the wash liquor from
the subsequentdownstreamstage. The rest of the liquorarrivingnom the downsimam stage bypasses the
washer drym and enters the mixing vat.. The split of the arriving liquor was chosen to give an overall
Nord4nefficiency of approximately6.0 for the two-stage washers.

Tw6 washing scenarios be beensimulateik (1) a base case with pure water as the wash liquor input to
the second stage, and (2) case one where alkaline filtratehorn an elemental chlorine free “@CF) bleaching
sequence is recycled to the brownstock washer as the wash liquor. Case one simulates the effkcts of
padal closure of the bleach plant. For both cases, the wash liquor displacement ratio, or split factor, was
adjusted to give calculated overall Nord6n washing efficiency factors of about 6.0 for the two stages.

2. Inmt St&am Comwitions

The composition of the input streams, unwashed brownstock and wash water, were specified based on
data obtained from several sources [1-5]. The compositions of these streams for both cases are provided
in Table 1.

In case one, the composition of the bleach plant alkaline filtrate is assumed to contain 15V0of the calcium
and ten percent of the manganese that is sent to the bleach plant in the base case analysis. It was also
assumed that all of the metals adsorbed on tie pulp fibers, or deposited as precipitates would desorb, or
solubilize, respectively, in an acid equilibration stage in the bleach plant. Case one also represents a
worst case washing scenario because the wash water is completely replaced by the alkaline filtrate. In
reality, there may be substantially less than 100°/0 substitution. In addkio~ the same Iignin model
compound was used as in the f~ liquo~ the phenolic hydroxyl concentration of 2.4 mmol/g is high for a
bleach plant filtrate. It would probably be closer to 0.4 mrnoI/g [5].

3. Chemical Equilibrium Model

The chemical equilibria included in the model account for the formation of cation-dissolved or~anic
species: M-L, M--L+, and M-L2, and cation-pulp species: M-Pulp, and M-Pulpz; and are based o; the
following formation reactions for monovalent and divalent cations:

m+ H-L= M-L+ ~, and (1)

Km= @l-L]~)/([M~[H-L]) (2)
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M2++ H-L = M-L++ ~, ~d

KW+= (~-L~[ H’_J)/(~2’_’J~-L])

M2++ 2H-L = M-h + 2X, and

Km= (~-~]~]2)/(~2+] @L]2)

~ + H-Pulp= M-Pulp -i-~, mid

Km= (~-Pulp]~)/(~~-Pulp])

M2++ 2H-Puip = M-PuIp2+ ~> and

(3)

(4)

(5)

(6)

(n

(8)

(9)

Km= (~-pldp~]~2)/( M2’_’j~Pulp]2) (lo)

Values of the equilibrium constanta fix the formation of these cation-dissolved organic species and
cation-pulp species are presented in Table 2.2 They have been extracted from work in this study and
several other sources [6-8], and have been incorporated into the sofhwre’s database.

This set of data represents only the primary metal-organic interactions that are believed to occur cation
complexation with phenolic hydroxyl groups on dissolved organic species representative of lignin, and
cation binding to acid groups on a model pulp cmnpound. Several secondary interactions of metal ions
with dissolved organic species have been ignored: (1) the complexation of Ca2+and Mn2+with carboxylic
acid groups, and (2) the formation of very weak complexes with hydroxyl groups on polysaccharides.

4. RESULTS

4.% Base Case Results

Tables 3 and 4 show the distribution of calcium and manganese for the major calcium- and mangauese-
containing species in the input and output streams for the base case.3 The overall mass bakmces for these
species are included in Table 5.
The results in Table 3 show that, at equilibrium most of the calcium and manganese are present
as inorganic precipitates, CaC03(s) and Mn(C)H)2(S). Figures 3 and 4 show the dkiktiik.m of the
remaining calcium and manganese as soluble inorganic species, soluble organometal species, and
adsorbed on wood pulp. The percentages are based on total calcium or manganese entering the
brownstock washers, not on the total in the individual stream. These results show that most of
the remaining calcium is bound as organo-calcium (CaL+, Cab) in all three streams. The manganese is
present more as inorganic species in the pulp slurry entering the brownstock washers, about equally
between inorganic species and organo-mauganese (MnL+, w) in the black liquor, and primarily as
organo-manganese in the washed pulp slurry. The speciation of manganese is influenced strongly by
hydroxide concentration, flworing Mn(OH)3+ and Mn(OH)~ at the higher hydroxide concentrations in
black liquor. Manganese is very insoluble at low hydroxide and completing organic species

2Someof the constantsin Table2 d.ifRertlom those in TablesX-2 andX-3becausethebrownstockwasher
modelingstudywas donebeforethe experimentalmeasurementsand dataanalysisto obtainthe stabilityconstants
(TableX-2)and selectivitycoefficients(TableX-3)had bee completed. The resultsof the modelingwork wouldbe
qualitativelythe same,but quantitativelyslightlydiiTerentif the valuesin TablesX-2 andX-3 wemused
3Solublecalciumand manganesespeciesthat contributedless than 104%to the totals for eachare omitted.
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concentrations. Calcium and manganese adsorbed on the wood pulp account fir very little of the totals of
each.

When evaluating the distribution of calcium and manganeae, it is instructive to examine the distribution of
cations on the adsorption sites on wood pulp fibers and on the completing sites on ~e dissolved organic
matter. Table. 6 shows the distribution of cations on the adsorption sti, on the wood pulp fibem. Tq
preserve the el@trical hentmlity of each fiber, &oh site must be occupied by a protbn or a metal ion. In
the”adsoqrtion model used’here, divalent metal ion$ occupy two sites.

,’ ,,.
It is.clwir ilo~ Talile 6 that nezirly all of~e pulp fiber acko@iori S4QSare’occupied by alkali rnd ions, ,.
Na+ and ~. ‘his is a reasonable result for imwashed brownstock. For the washed brownstoc~ however,
it is partly an atict. Because we simulated only two stages of washing, the solution leaving with the
washed brownstock pulp slurry contains much more sodium and potassium b- would the more
completely washed brownstock in a mill situation. At this alkali metal concentration, sodium and
potassium compete ve~ effectively with the low concentration Ca% (-2x10-3 mol/1) and Mn2+ (-104
mol./i) ions. Figure 5 shows that reducing the alkali metai content in the washed brownstoc k shury
increases the boqnd calcium and manganese by several ordera of magnitude.

Figure 6 compares the splits of calcium and manganese between the black liquor and washed brownatock
slurry exiting the brownstock washers as predicted in the base case calculations with the splits measured
by Bryant [9]. The agreement fix both metals is reasonable, especially considering the d#Terencea in total
calcium and manganese input (calcium: 1,400 g/BDT in model versus 1,210 g/BDT in mill; manganese:
280 g/BDT in model versus 124 g/BDT m mill) to the brownstock washers, and di&erences in the
brownatock washers themselves. The simulation predicts that more calcium and manganese end up with
the washed brownstock than Bryant’s data indicates. ‘Ibis maybe a reauk of assuming that all of the
precipitated inorganic salts remain with the fiber slurries. This assumption needs to be teated
experimentally.

4.b. Inmact Of Recvclkw Alkaline Bleach Filtrate

Figures 7 and 8 compare the inputs and outputs for the base case and alkaline bleach Mtrate recycle case,
for calcium and manganese, respectively. For both metals, the main difikrence is that the additional
calcium and manganese input to the brownstock washers with the bleach filtrate exits with the washed
brownstock slurry. Very little of this additional metals input exits with the black liquor. These results
indicate that essentially all of the metals recycled from the bleach plant to the brownstock washers will be
recycled back to the bleach plti. This conclusion results in part from assuming that the precipitated
inorganic matter exits each pulp/water separation point with the pulp. Although this assumption may not
be completely vali~ a sigaifkaut percentage of the inorganic precipitate is likely to end up with the pulp
after filtmtion.

The extent to which the metals recycled horn the bleach plant will indeed reach the black liquor depends
upon the finely divided precipitated inorganic matter passrng through the pulp mat during washing.
Figure 9 shows the calculated retention of fine particles in the mat on a brownstock washer drum. These
results were calculated using a fine particle retention model for pulp slurries, developed by van de Ven
{1O],with mat thickness, filtrate viscosity, and other pammeters adjusted to correspond to brownstock
washing conditions. The calculated retention curve shows that paxticles larger than 1 micron will be
retained completely in the fiber mat. Smaller particies would not be retained completely, with retetim
decreasing to 25% for 0.3 micron particles. The particle size distribution for inorganic particles in brown
stock washers is not currently known.
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5, CONCLUSXXW

Based on oiiinputer simulations, the total anmunt of multivale~ metals that imter the brownstock washers
~ the @y@iedbr&&$ock slurry is much too great to be accommodated by adso~on on the pulp
fibers ~r ,pon@e~$oti ~ dissolved o-c matter.,.

‘Ihe extent to which these conclusions are valid depends upon the validity of the assumption that
inorganic.precipitates remain with the fibers, and not with the liquid phase, whed fiber slurries are washed
or dewatered. This assumption needs to be tested experimentally.
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Tablel. Input stream compositions usedinmodeL

Table 2. Equilibrium constants for the formation of these cation-dissolved organic species and
cation-pulp species.

Cation-dissolved organic species~ Cation-pulp species Log K

H-L 10 Na-Pulp -2.5
Na-L -lo K-Pulp -2.5
K-L -10 Ca-l%lm -4.5
Ca-L+
Ca-L2 6.3
Mn-L+ 7.7
Mn-Lz 7.6
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Table 3. Amounts of calcium-containing species in the base casa

-
Pulp ~ spent liquor to Black liquor from Washed pulp slurry from

Compound Molecular brownstock washers, brownstock washers, brownstock washers,
Weight g Ca/ODT pldp g CalODT pldp g Ca/ODT pll~

Soluble inorganic calcium speCh?s
Ca2+ 40 0.17 0.36 0.49
cao~ 57 8.1x105 0.98 0.17
-Wcos+ 101 3.6x10-S - 7.1X10-5 4.2x104

CaCzO~(aq) 128 0.28 0.47 0.36
CaC03(aq) 100 0.77 1.55 1.83
caso,&q) 136 0.01 0.02 0.03
Soluble organ~calcium species
C&(aq) 871 92.2 133.4 5.4
CaL+ 456 10.2 16.7 4.5
Calcium aci%orbedon pu~fibers
lca-PulD 120.038 14.7X10-7 I !0.32
Calcium in inorganic precipitates
CaCOs(s) 100~ 1,229
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Table 4. Amounts of manganese-containing species in the base case.

Pulp + spent liquor to Black liquor from Washed pulp slurry from
Compound Molecular browdock washers, brownstock washers, brownstock washera,

Weight g M.n/ODT pldp g Mn/ODT pldp g Mn/ODT pldp
Soluble inorganic manganese species
Mn2+ 55 6,1x104 1.7X10-5 4.9X104
MnoFr 72 3.2x10-S 0.01 0.04
Mn(OH)z(aq) 89 0.04 0.06 0.05
Mn(oH-)3-106 1.13 0.89 0.03
Mn(oH)4= 123 7.60 3.06 4.3X10-3
MnCz04(aq) 143 0.09
Soluble organo-manganese species
MIL+ 471 1.79 4.75 43.1
Mn~(aq) 886 0.03 0.08 0.10
Manganese adsorbed on pulp fhers

~
M12-Puip 120,053 I 13.1X104

anganesein inorganic preu”pitates
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Table 5. Mass balance summaries for calcium and manganese for the base case.

4

Calcium Species, g Ca/ODT pulp Mang~ese Species, g Mn/ODT pulp
Pulp + spent Black Washed pulp Pulp + spent Black Washed pUIp

Location of Ca or Mn fiq~or input fiquor out sIur~ out liquorinput liquor out Shlrry out

Inorganic, in solution 0.95 2.91 2.52 8.79 4.02 0.12
organometal complex 102.7 150.4 10.2 1.83 4.79 43.3
Adsorbed on fiber 4.7X10-7 0.32 3.1X104
Inorganic precipitate 1,293 1229 269.4 227.2

Mass balance closure’ 0.023’%0 0.141%

‘loox(mput - XqN.lt)mnput

Table 6. The distribution of cations on the adsorption sites on wood pulp fibers.

Site occupied by Unwashed brownstock Washed brownstock

w 0.000000% 0.000003%
N + 94.1’%0 93.9%
K? 5.9% 6.1’%
Ca2+ 0.000000% 0.016%
MU2+ 0.00001l%
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