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ABSTRACT

Kraft lignin, a by-product in paper production, was converted to a
material with high potential for applications in removing toxic metals
from process waters. The acid form of kraft lignin in powder form
was first converted to Ca-loaded material by treatment with various
amounts of calcium hydroxide and then to a hard solid by combination
with a resin in dimethylformamide (DMF) and heating. Strips of these
lignin products (LP) were effective in removing Pb and Cd from
solutions, with a Pb capacity of ca. 350 pmol/g. One mole of Ca was
released to solution for each mole of Pb sorbed, thereby demonstrating
that metal uptake was an ion exchange process and not simple adsorption.
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1536 Crist, Martin, and Crist

Advantages to these LP are that 1) they are reuseable with no loss in Pb
uptake after eight cycles of uptake/regeneration, 2) their high structural
stability is maintained even after immersion in water for 6 weeks, and
3) the DMF used in their preparation can be recovered and recycled.

Key Words: Kraft lignin; Process waters; Toxic metals; Ion exchange.

INTRODUCTION

Efforts to remove toxic metals from process waters have included use of
various biosorbents such as peat moss,'' 73! chitosan,*! bark,! fungi,[6]
algae,””! and lignin.®®' In a study of low-cost sorbents carried out by the
US Army Corp of Engineers in 1997,1°! lignin was chosen along with 11
others as materials worth further study.

Lignin, a main structural component of wood, is converted to a
by-product in paper production. Currently, this residue is generally used for
fuel, although at least one company isolates kraft lignin from acidified
black liquor for other purposes. The structure of kraft lignin is a complex poly-
mer of coniferin, with propane units containing various acidic functions such
as phenolic, carboxylic, and enolic groups.!'!

Most metal uptake studies assume a simple adsorption model, such as the
Langmuir Isotherm '?! or the Biotic Ligand Model,!'* which can be modified
so that it appears to account for metal competition for sites.''*! However, work
in our laboratories with algae'> and peat moss'>* has shown that the actual
process is one of ion exchange in which metal uptake occurs with release of an
existing sorbed metal [Eq. (1)] or protons [Eq. (2)]. We recently found that
metal uptake with kraft lignin powder also occurs by these ion exchange
equilibria.'®

o = 2o g [CaTIMXs)
MP* 4 (Cao) &= (MX) + o Ko = oo 0 0
2
M2+ 4 2(HX) = (MX,) + 20+ ki = T (MXo) ®

T IMIHX)?

We now report our results with a kraft lignin powder modified so as to be
more useful in practical applications. Advantages to this lignin product (LP),
or materials prepared in similar ways, are that it is reusable, stable in water,
has a high capacity, and solvents can be recovered for recycling. We also
have investigated the mechanism of uptake by this material.
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EXPERIMENTAL

Kraft pine lignin (hereafter referred to as lignin) was kindly provided by
MeadWestvaco, Charleston Heights, SC as Indulin AT. It is a powder
with particle size 200—300 pwm containing a small amount of Na and Ca.
Other materials used in this study and analytical procedures were previously
described."®!

Preparation of LP Samples

Lignin was converted to the acid form HLg by slowly adding a dilute sol-
ution of nitric acid to a stirred suspension of 6.0 g of lignin in 40 mL of water
to achieve a pH of 1.5. After additional stirring at that pH for 30 min, the HLg
was centrifuged and the supernatant liquid removed. The product was washed
twice by stirring, centrifugation, and decantation cycles. To a stirred suspen-
sion of this HLg, a desired amount of calcium hydroxide powder (20, 50, or
80mg/g HLg) was added. After stirring for several hours, centrifugation
gives Calg, which was washed several times with water and air-dried over-
night or dried at 70°C for 20 min to give powders referred to as Calg-20,
Calg-50, and Calg-80 corresponding to the mg of calcium hydroxide
added per gram of HLg.

The calcium-loaded powder Cal.g was converted to a plastic material by
mixing 1.0g of CalLg with 0.1 g of clipped glass wool and 0.6mL of a
dimethylformamide (DMF) solution of a resin (1.0 g resin per 10 mL DMF),
which serves as a binding agent. In the experiment relating Pb solution
decrease with sample uptake, a poly(methyl methacrylate), MW 30,000,
resin was used, while in all other experiments a polysulfone resin [-CgHy
4-C(CHj3),—CgHy-4-O—-CgHy-4-SO,—CgHy-4-O-1,, MW 30,000 was used.
Mixing and pressing repeatedly with a spatula gave a uniform, putty-like plas-
tic material. As a standard procedure, a 0.20 g cylinder of this material was
placed lengthwise along a 1.3 mm-thick microscope slide. Rolling a glass
rod along the top of the slide flattened the cylinder to produce a strip
1.3 mm thick, 4 mm wide, and 10 mm long. Unless otherwise stated, all strips
used were made in this way. The strips could easily be cut into chips of desired
sizes.

Various types of heat treatment produced hard particles. Rapid heating to
160°C for 15 min formed blisters. A flat strip becomes tubular in the process.
Presumably, DMF and residual water vapors are formed faster than they can
diffuse through the hot, soft, relatively impervious plastic material at the elev-
ated temperature. On cooling to room temperature (RT), the blisters became
brittle and hard. Striking with a pestle gave small hard particles. Hard material
can also be formed without blistering by slower rates of heating. For example,
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a sample heated at 120°C for 20 min and then at 160°C for 5 min gave an
unblistered material on cooling to ambient temperature. Material heated to
only 70°C was solubilized to a small extent, in some cases, in the presence
of Pb. Unless otherwise stated, strips were therefore heated at 70°C for
20 min and then at 120°C for 10 min. For Cd uptakes, tapping the solid gently
with a pestle decreased time for equilibration. Products obtained by this pro-
cedure are referred to as lignin products LP-20, LP-50, and LP-80 correspond-
ing to 20, 50, and 80 mg of calcium hydroxide used per gram of HLg,
respectively.

Structural Stability

To test structural stability in water, a 1.3 x 4.0 x 38-mm? strip of LP-50,
which had been heated at 120°C for 20 min, was clamped to a shelf so that
30 mm extended unsupported horizontally past the end of the shelf. A plastic
strip 55 mm long, glued to the unsupported end, served as a “pointer” to pro-
vide more accurate measurements. A small weight (ca. 3.3 g) was hung at the
junction to cause a bend in the LP, which was measured as the vertical deflec-
tion of the pointer end. The sample was then immersed in water in a test tube.
After 1 week, the sample was dried at 70°C for 20 min and retested. The pro-
cess was continued for five more weeks with essentially no difference in
deflections from the initial value.

Uptake Procedures

In a typical uptake procedure, a strip was immersed at the side of a
beaker containing a Pb or Cd nitrate solution stirred magnetically. In the
case of chips, these were placed in one side of a beaker separated into two
compartments by a stainless steel wire screen. At the desired time, or after
3 hr of equilibration depending on the experiment, the solution was removed
by decantation and an aliquot analyzed for metals by atomic absorption (AA)
as previously described."'® Results are expressed as wmol sorbed per gram of
sorbent.

To test whether LP was reuseable, a strip of LP-50 was prepared using
0.5mL of DMF/resin and heated at 70°C for 20 min, then at 150°C for
10 min. After cooling, it was suspended in 10 mL of water. Lead nitrate was
added to give a solution 0.10 mM in lead. The amount of Pb sorbed was
given by the decrease in Pb concentration. After 1 hr, the solution was poured
off and the sample washed several times with water. Sorbed Pb was removed
by three extractions with 10 mL of a 0.01 M EDTA solution containing 0.01 M
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Ca to regenerate the LP. The sample was then washed with water and reused
by adding a fresh 0.1 mM lead solution.

In a preliminary column operation to remove Cd, 1.2 g of LP-50 strips
were cut into chips ca. 1.3 x 2 x 2mm? and put in a 1.5 cm diameter column
giving a height of 10cm. A solution of 0.10mM Cd was put through the
column. For Pb, strips of LP-50 were scraped on a stainless steel screen
(100 holes per in.?) giving particles 1.5-2.2mm in size. An 8-mm diameter
column was packed with 2.0 g of this material giving a height of 9.0cm. A
1.0 mM solution of Pb was passed through this column at 1 mL per 5 min. In
both cases, metal concentrations of 10 mL eluent samples were measured.

RESULTS AND DISCUSSION
Analysis Method and Stoichiometry

The preparation of CaLg powder involved treating a suspension of the acid
form of lignin with solid calcium hydroxide followed by several washings. It is
important to know whether the Ca remained on the sample, and hence was
available for ion exchange. Suspensions of Calg-30, CalLg-50, and Cal.g-80
powder were analyzed by AA and found to contain 405, 650, and
800 pmol Ca/g. Comparison of values calculated from weights of Ca(OH),
used, 405, 676, and 1080 wmol Ca/g, respectively, show that all Ca was
retained by the two lower Ca-containing samples. Experiments were, there-
fore, done on samples prepared from CalLg-50 or powders of lesser Ca content,
which were also easier to form into strips than CalLg-80.

Since heavy metal uptake is more easily determined by measuring the
decrease in solution concentration, control experiments were done to compare
these values with those from direct analysis of the solids. A 50-mg sample of
LP-50 was stirred with 20 mL of 0.4 mM Pb for 3 hr. Metal uptake by decrease
in solution concentration was 656 umol/g. The Pb content of the solid,
measured by successive extractions with 10 mL of 0.01 M EDTA, showed a
comparable value of 608 pmol/g sorbed. An experiment with material heated
at 70°C for 20 min, 120°C for 20 min, 140°C for 5 min, and then 160°C for
5min showed similar results with 528 pmol/g sorbed by solution decrease
and 468 pmol/g by analysis of the solid. Uptakes measured by solid analysis,
while lower perhaps due to incomplete solid dissolution, are close enough (7%
and 11%) to solution measurements to justify use of concentration decrease as
a valid measure of uptake.

The stoichiometry of divalent Pb uptake by LP-50 strips was determined
by stirring samples with solutions of Pb and measuring both Pb uptake by the
sample (by decrease in solution concentration) and Ca release (by decrease in
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amount of Ca on the sample). The ratio of Pboyn: Capgpr was found to be
1.2 + 0.1 for solutions initially 0.10, 0.30, and 1.0 mM in Pb. The ratio for
LP-30 material was 1.1 4+ 0.1. This stoichiometry result over a tenfold
range of initial Pb concentration demonstrates that one Ca”" is released for
one Pb>" sorbed. The Pb uptake process for divalent Pb on LP material is,
therefore, one of ion exchange [Eq. (3)], not simple adsorption, as also
found for lignin powder.!'®!

Pb’* 4 Ca-LP == Ca’*" + Pb-LP (3)

The 1: 1 ratio of Pboy : Caggg is also apparent in results plotted in Fig. 1 for a
higher Pb range of 0.50—10 mM.

Capacity for Lead (Pb)

Since, Pb uptake occurs by an ion exchange equilibrium [Eq. (3)], the
total capacity of a given LP sample cannot be obtained by a single batch exper-
iment in which the reverse reaction limits the amount of Pb that can be sorbed.
To measure Pb capacity for a given sample of LP, 0.70 g of LP-50 chips was
stirred with 20 mL of 0.10 M Pb. After 1 hr, the released Ca from that equili-
bration was measured in a filtrate. The solid sample was then treated with a
fresh 20 mL of 0.10 M Pb, and the process was repeated. After 11 extractions
of Ca by Pb uptake, additional Ca released was negligible. The sample was
then analyzed for total Pb sorbed by adding amounts of Pb extracted from

400 + O
)
300 4
oL
g 21 ® Pb ON
=2
100 O Ca OFF
0 L v v LS L]
0 2 4 6 8 10

[Pb], mM

Figure 1. Pb uptake and Ca released after 8 hr from 0.20 g LP-50 strips immersed in
20 mL of various Pb solutions.
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the sample by three treatments with 10 mL of 0.01 M EDTA and the small
amount in the residual solid. The Pb capacity for this sample is on the order
of 350 wmol/g as shown by data in Fig. 2, in which cumulative Ca released
is plotted against the number of Pb treatments.

Further evidence for the ion exchange process for Pb is evident in the
observation that the 334 umol/g Pb content of the sample after these 11 treat-
ments is essentially the same as the 340 pumol/g of cumulative Ca released
(see points for final treatment in Fig. 2). Comparing these values with the
theoretical amount of Ca present in 676 umol/g shows that about half of
the Ca in LP-50 is available for exchange by Pb.

Uptake of Cadmium (Cd)

An initial experiment with CalLg powder showed that Cadmium (Cd)
could be sorbed by this material. A 20-mg sample of Calg-50 powder was
added to 25 mL of a 0.50 mM Cd solution. After stirring for 1 hr, 460 pwmol/
g Cd were removed from solution. Since that sample contained 676 pmol/g
Ca initially, 68% of the Ca was available for displacement by Cd. The LP-
50 samples prepared with heat treatments ranging from 70°C to 160°C also
effectively removed Cd from solution. In all cases, final uptakes of ca. 65%
and 50% were found for 0.20 mM and 0.50 mM solutions, respectively.

The stoichiometry of Cd uptake by LP-50 strips was determined as
described above for Pb by stirring samples with solutions of Cd and measuring
both Cd uptake by the sample and Ca release to the solution. The results simi-

400 -4
300 4
V)
2 200 4
g ® Pb ON
=
100 4 O Ca OFF
(cumulative)
0 ¥ L L LJ v L
0 2 4 6 8 10 12

extraction number

Figure 2. Cumulative Ca released from 0.70 g of LP-50 chips repeatedly extracted
with 20mL of 0.1 M Pb. After the final treatment, the amount of Pb on the sample
was measured.
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lar to those in Fig. 1 were obtained for solutions initially 2.0 mM and 4.0 mM
in Cd, namely that the pmol of Ca released was the same within experimental
error as the pmol of Pb taken up. Hence, the process for Cd is also ion
exchange and not adsorption.

Batch Versus Column Operations

Reduction of toxic metal concentrations to EPA limits is not possible in a
single batch experiment, since the metal concentration would be given by the
equilibrium amounts determined by ion exchange equilibrium such as Eq. (3).
However, in a column operation, successive metal uptakes are possible, as
released Ca is removed by fresh solution passing down the column.

An example with Cd uptake illustrates this difference. In a batch exper-
iment using a 0.2-g strip of LP-50 immersed in 25 mL of a 0.20 mM solution
of Cd, 35% of the Cd remained in solution at equilibrium. However, essen-
tially, all the Cd could be removed in a column, as shown by the following
preliminary experiment. A 0.10 mM solution was passed through a column
containing 1.2 g of LP-50 chips. No measurable concentration of Cd could
be detected in the eluent after 300 mL. This was also the case for an additional
200mL of a 0.20mM solution of Cd, and for ca. 170 mL of a 0.40 mM
solution. These amounts correspond to a negligible Cd concentration after
treating ca. 1.4L of a 0.10 mM solution.

Uptake of Pb by a column was likewise very efficient. A 1.0 mM solution
of Pb was passed through a column containing 2.0 g of LP-50 as small chips.
There was a negligible amount of Pb in the eluent until the breakthrough point
at ca. 280 mL.

LP Formulations Are Reuseable

A considerable advantage to LP would be if strips or chips were reuse-
able. This possibility was tested with a 0.20g LP strip heated at 70°C for
20min and then at 150°C for 10 min. After cooling, it was suspended in
10mL of a 0.10mM solution of Pb. After 1hr, the amount of Pb sorbed
was given by the decrease in Pb solution concentration. To reuse the
sample, the sorbed Pb was removed by stirring with 10mL of 0.01M
EDTA, which also contained 0.01 M CaCl,, to renew the exchangeable
sites.

Results in Table 1 show that the Pb extraction by EDTA completely
removed sorbed Pb, with a ratio for Pbgy : Pbopr of 0.96 + 0.16 for eight
cycles. Of more importance is the observation that the amount of Pb sorbed
was essentially the same for each cycle of reuse, showing that the efficiency

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 5



10: 08 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

Novel Formulation of Kraft Lignin 1543

Table 1. Reuse of an LP-50 sample.

Cycle 1 3 5 8

Pb sorbed (pmol) 0.54 0.62 0.73 0.50
Pb off by EDTA (mol) 0.77 0.61 0.69 0.56
Ratio Pboy : Pborr 1.42 1.00 0.92 1.12

Note: A 0.20g strip of LP-50, 1.3 x 4 x 10mm?, was immersed in
10 mL of a stirred 0.10 mM solution of Pb. After 1 hr, the amount of
Pb sorbed was given by the decrease in solution concentration. The
sorbed Pb was then extracted from the sample by ETDA extraction.
Fresh Pb solution was added and the process repeated for a total of
eight cycles.

of Pb uptake is not diminished by repeated use. The EDTA, or other possible
complexing agents, can be regenerated by stripping off Pb with acid. Precipi-
tation of Pb from a concentrated solution can lead to its removal.

Recovery of DMF

To determine whether DMF could be recovered for recycling, a strip of
LP-20 was heated at 160°C for 20 min (to constant weight), and the weight
loss corresponded to the amount of DMF used in the preparation. In a
second experiment, a strip was heated to 120°C and held at that temperature
for 20 min. A stream of nitrogen passing over the sample in a glass tubing
was cooled at dry ice temperature, and the weight of condensed gases was
essentially the same as weight loss by the sample. These experiments show
that DMF used in sample preparation can be removed from the solid LP and
can be available for recycling. The rate of DMF loss was determined by
weight loss from a strip at a given temperature for various times. From
Fig. 3, it can be seen that most of the weight loss at 100°C occurs in the
first 15 min.

CONCLUSIONS

The present work describes a novel formulation of kraft lignin which
shows considerable potential in applications to remove toxic metals from
polluted waters. A by-product in paper production, the commercial lignin
can be converted to a Ca-loaded material and then formulated as strips or
chips of high structural stability to water. Several advantageous properties
of this material include 1) high capacity for toxic metal uptake, which occurs
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100 «
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% DMF release
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0 20 .40 60
time, min

Figure 3. Rate of DMF release at 100°C as a percentage of the amount used in sample
preparation. For a control (Lg), the same procedure for making LP materials was used
on lignin (Indulin AT) with no Ca.

by an ion exchange process; 2) suitability for use in columns in order to
decrease concentrations below that possible in batch operations; 3) ability
to be reused; and 4) recovery of solvents used in preparing the material. Future
work could involve scale-up methods of preparation and also investigations of
less expensive chemicals for preparation of the material and chelating agents
for its regeneration.

REFERENCES

1. Jefters, T.H.; Ferguson, C.R.; Bennett, P.G. Biosorption of metal contami-
nants from acidic mine waters. In Mineral Bioprocessing; Smith, R.D.,
Misra, M., Eds.; The Minerals, Metals, and Materials Society: Warrendale,
PA, 1991; 289-298.

2. Crist, R.H.; Martin, J.R.; Crist, D.R. Interaction of metal ions with
acid sites of biosorbents peat moss and Vaucheria and model substances
alginic and humic acids. Environ. Sci. Technol. 1999, 33 (13),
2252-2256.

3. Crist, R.H.; Martin, J.R.; Chonko, J.; Crist, D.R. Uptake of metals on peat
moss: an ion exchange process. Environ. Sci. Technol. 1996, 30 (8),
2456-2461.

4. Guibal, E.; Jansson-Charrier, M.; Saucedo, I.; Le Cloirec, P. Enhance-
ment of metal ion sorption performances of chitosan: effect of the struc-
ture on the diffusion properties. Langmuir 1995, 71 (2), 591-598.

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 5



10: 08 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

Novel Formulation of Kraft Lignin 1545

5.

10.

11.

12.

13.

14.

15.

16.

Teles de Vasconcelos, L.A.; Gonzalez Beca, C.G. Adsorption equilibria
between pine bark and several ions in solution. European Water Pollution
Control 1994, 4 (1), 41-51.

. Guibal, E.; Roulph, C.; Le Cloirec, P. Infrared spectroscopic study of

uranyl biosorption by fungal biomass and materials of biological origin.
Environ. Sci. Technol. 1995, 29 (10), 2496-2503.

. Volesky, B. Removal and recovery of heavy metals by biosorption. In

Biosorption of Heavy Metals; Volesky, B., Ed.; CRC Press: Boca
Raton, FL, 1990; 7—44.

. Lalvani, S.B.; Wiltowski, T.S.; Murphy, D.; Lalvani, L.S. Metal removal

from process water by lignin. Environ. Technol. 1997, 18, 1163-1168.

. Srivastava, S.K.; Singh, A.K.; Sharma, A. Studies on the uptake of lead

and zinc by lignin obtained from black liquor—a paper industry waste
material. Environ. Technol. 1994, 15, 353-361.

Bailey, S.; Olin, T.J.; Bricka, R.M. Low-Cost Sorbents: A Literature Sum-
mary; U.S. Army Engineer Waterways Experiment Station: Vicksburg,
MS, 1997; Technical Report SERDP-97-1.

Marton, J. Reactions in alkaline pulping. In Lignins Occurrence, For-
mation, Structure, and Reactions; Sarkanen, K.V., Ludwig, C.H., Eds.;
Wiley: New York, 1971; 679.

Stumm, W. Chemistry of the Solid—Water Interface; Wiley: New York,
1992; 90-93.

Morel, F.M.; Hering, J.G. Complexation; and Reactions on solid surfaces.
In Principles and Applications of Aquatic Chemistry, Wiley: New York,
1993; Chapters 6 and 8, 391-393, 514-519.

Meyer, J.S. A mechanistic explanation for the In(LC50) vs. In(hardness)
adjustment equation for metals. Environ. Sci. Technol. 1999, 33 (6),
908-912.

Crist, R.H.; Martin, J.R.; Carr, D.; Watson, J.R.; Clarke, H.J.; Crist, D.R.
Interaction of metals and protons with algae. 4. Ion exchange vs. adsorp-
tion models and a reassessment of scatchard plots; ion exchange rates and
equilibria compared with calcium alginate. Environ. Sci. Technol. 1994,
28 (11), 1859-1866.

Crist, R.H.; Martin, J.R.; Crist, D.R. Heavy metal uptake by lignin: com-
parison of biotic ligand models with an ion exchange process. Environ.
Sci. Technol. 2002, 36 (7), 1485-1490.

Received November 2003
Accepted January 2004

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 5



Downl oaded At: 10:08 25 January 2011

Request Permission or Order Reprints Instantly!

Interested in copying and sharing this article? In most cases, U.S. Copyright
Law requires that you get permission from the article’s rightsholder before
using copyrighted content.

All information and materials found in this article, including but not limited
to text, trademarks, patents, logos, graphics and images (the "Materials"), are
the copyrighted works and other forms of intellectual property of Marcel
Dekker, Inc., or its licensors. All rights not expressly granted are reserved.

Get permission to lawfully reproduce and distribute the Materials or order
reprints quickly and painlessly. Simply click on the "Request Permission/
Order Reprints" link below and follow the instructions. Visit the

U.S. Copyright Office for information on Fair Use limitations of U.S.

copyright law. Please refer to The Association of American Publishers’
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted,
reposted, resold or distributed by electronic means or otherwise without
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the
limited right to display the Materials only on your personal computer or
personal wireless device, and to copy and download single copies of such
Materials provided that any copyright, trademark or other notice appearing
on such Materials is also retained by, displayed, copied or downloaded as
part of the Materials and is not removed or obscured, and provided you do
not edit, modify, alter or enhance the Materials. Please refer to our Website

User Agreement for more details.

Request Permission/Order Reprints

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081SS120030781



