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Table 1. Surface Characteristics of the Clomm ercial Activated
Carbons (NORIT) Used in This Study

Activated Carbong

AC-1 ACZ AC-3
(ROH 0.8)  (PACZ00) (Darco 12 =< 40)
Soet (ML) 1024 (1100 1346 616 (850%)
Fore (mLig) 0,625 0713 0.637
Voo (=08 mm) (mLig) 0132 0,139 0.035
mean pore diam (nm) 2.4 2.1 4.1
iodine munber S60 (10004 1060 ($00%) 635 (800%)
methylene blue (g/(100 g 22.3 (229 410 17.4
pHpz e 2.0 27
Surface Groups (mequin'g)
carbozxyl 02 03 0.4
phenolic 4.2 30 0.3
lactone 0.1 0.0 0.3
carbonyl 0.5 4.6 0.9
bazic groups 2.1 12 0.5

# Table data provided by NORIT.

impurities from carbohydrate products, having been tested for
the detoxification of xylose solutions from the acid hydrolysis
of eucalyptus wood before fermentation to xylitol,'® for the
recovery of xvlitol from the fermented hydrolyzates of sugarcane
bagasse,'® for the selective recovery of ferulic acid from
hydrolyzates of sugar-best pulps,!™? for the separation of
maltopentacse from other malto-cligosaccharides,!® and for the
decolarization of sugar solutions® and xylo-oligosaccharides 2!
However, so far, there has been no detailed study of the
performance of activated carbons for the removal of lignin-
derived impurities from crude xylo-oligosaccharide solutions
or of the characteristics of the carbons that favor the selective
adsorption of lignin-related impurities.

In this paper, we study the performance of three commercial
activated carbons for the purification of xylo-oligosaccharides
by the selective adsorption of lignin-derived compounds and
other impurities. Equilibrium experiments were conducted to
obtain the adsorption isotherms, and the results were comrelated
with the physicochemical properties of the carbons. Continuous
adsorption experiments were conducted in a packed-bed column
to obtain the breakthrough curves for xylo-oligosaccharides and
lignin-derived impurities.

Experimental Section

Materials. Samples of three commercial activated carbons
supplied by NORIT (NORIT, the Netherlands) were tested
for the purification of the xylo-oligosaccharides: ROX 0.8
(AC-1), PAC200 {AC-2), and Darco 12 = 40 {(AC-3). ROX
0.8 is an extruded granular activated carbon used for decoloring
starch hydrolyzates and sugars. PAC200 is a powdered carbon
used for removing taste, odor, and color from water and
industrial process applications. The 12 x 40 carbon is a general-
purpose granular carbon grade used in a variety of applications
including the purification of fine chemicals and food. For the
equilibrium experiments, ROX 0.8 and Darco 12 x 40 were
ground and sieved to 0.2 mm, while PAC200 was used directly.
In the column tests, all the carbons were used as received. The
surface characteristics of the carbons were determined in
samples of pulverized carbon according to the methods detailed
in the analytical methods section (see also Table 1).

Xylo-oligosaccharides were obtained by the autohydrolysis
of grounded almond shells at 179 *C for 23 min. Full details of
the reactor system and the operational procedure have been
provided elsewhere. 2 Xylo-oligosaccharides from two different
reaction batches were used in this study. The first baich
comprised solid xylo-oligosaccharides recovered from the
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autohydrolysis solution by spray drying. This procedure removed
water and most of the volatile impurities such as furfural and
acetic acid, leaving dry xylo-oligosaccharides (XOs) that still
contained all the nonvolatile impurities, such as monosaccha-
rides, organic exiractives, lignin-derived phenolics, and inorganic
salts. This sample was used for the adsorption equilibrium tests.
The second batch comprised an XO solution prepared by
autohydrolysis under the same conditions as the first but used
directly for the continuous adsorption tests in packed columms.
It had a total solids concentration of 35.2 g/L.

Adsorption on Activated Carbon. Adsorption equilibrium
was measured in a batch system. A sample of the xylo-
oligosaccharides of the first reaction batch recovered by spray
drying was dissolved in deionized water at a concentration of
20 2/L.. Aliquots of 10 mL of this solution were placed in 20
mL test tubes, and the appropriate amount of activated carbon
was added (from 15 to 500 mg). The tubes were capped and
placed in a water bath at 30 °C, attached perpendicularly with
clamps to a horizontal revolving shaft that had a rotating speed
of 2 rpm. After 24 h, the tubes were removed from the bath
and the mixture was centrifuged at 4000 rpm for 20 min to
precipitate the activated carbon. A sample of the supernatant
liquid was filtered through a 0.22 pan nylon syringe filter, placed
in an encapsulated HPLC vial, and stored at 5 °C until analysis.

Column tests were performed at room temperature (21 £ 1
“(Z) using around 22 g of granular activated carbon packed on
a 55 mL column, with an inner diameter of 20 mm, made of
metacrylate tube and PVC fittings. Activated carbon was
submerged in boiling water for 15 min to remove air and fine
particles and then extracted and poured immediately into the
column, which had previously been filled with water to avoid
entrapping air in the carbon bed. The column had wire mesh
plates at both ends to prevent the entrainment of carbon particles
and was operated in up-flow mode to reduce channeling. The
solution of crude xylo-oligosaccharides from the second reaction
batch was fed at 6 mL/min with a Watson-Marlow 313F
peristaltic pump (Watson-Marlow Bredel, USA), which led to
a residence time of 0.15 h. At the end of the experiment, the
feed was switched to deionized water for 1 h to clean the
column. The product was collected in four fractions—from 0 to
2h {F1, 13.1 bed volumes circulating through the column), from
2 to 4 h (F2, 26.2 bed volumes), from 4 to 5.5 h (F3, 36 bed
volumes), and the washing solution—and the dissclved solids
in each fraction were recovered by lyophilization. Also, samples
of 2 mL were withdrawn from the outlet stream throughout the
experiment, filtered through a 0.22 ym nylon filter, and analyzed
by gel permeation chromatography/high-performance liquid
chromatography (GPC/HPLC) to determine the instantaneous
composition of the product stream, as described below.

Amnalytical Methods. The surface area and porosity of the
activated carbons were determined from their nitrogen adsorp-
tion—desorption isotherms obtained at 77 K in an ASAP 2020
surface analyzer (Micromeritics, USA). The samples were
previously degassed at 523 K for several hours. N, adsorption
data for P/P, from 1077 to 0.99 were analyzed according to (i)
the BET method?? for calculating the specific surface area, Sper
and (i) the oz method® using Carbopack F Graphitized Carbon
Black as reference material to calculate the uliramicromicropore
volume? (pore diameter = 0.8 nm), Fjuwic. The total pore
volume, Fuss, was calculated from nitrogen adsorption at a
relative pressure of 0.99. The average pore diameter was
calculated from the total pore volume and the surface area with
eq 1. The point of zero charge (PZC) was determined by mass
titration.2® Various amounts of activated carbon were added to
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a 10 mL solution of 0.1 M NaCl to obtain mixtures with 0.05,
0.1, 0.5, 1.0, and 10% of carbon by weight. The bottles were
sealed to eliminate any contact with air and stitred ovemnight.
The equilibrium pHs of the suspensions were measured after
24 h of contact time. The PZC value of the activated carbon
was taken as the equilibrium pH of the suspension with the
highest concentration of carbon when the change in pH with
carbon concentration was low. Methylene blue (C)¢H,:CIN;S-
2H;0, MB) serves as a model compound for checking the
adsorption of medium-size organic molecules from aqueous
solutions. A 30 mL portion of a 3.2 mM solution of MB
{Scharlau Chemie, Spain) and approximately 50 mg of activated
carbon were used in adsorption experiments. The solutions were
stirred overnight and filtered to remove the activated carbon in
suspension before analysis. The equilibrium concentration of
MB in the solution was measured by spectrometry at 664.8 nm
in a Dinko Instruments 8500 spectrometer (Dinko Instruments,
Spain). The amount adsorbed was calenlated from the change
in concentration of the solution. The iodine number was
provided by NORIT. The oxygenated acid surface groups were
determined according to the method of Boehm,?é and the basic
groups were determined by titration with hydrochloric acid. A
25 mg portion of carbon was mixed with 25 mL of sach of the
following solutions: 0.1 N sodium hydroxide, 0.1 N sodium
carbonate, 0.1 N sodium bicarbonate, 0.1 N sodium ethoxide,
and 0.05 N hydrochloric acid. The vials were sealed and stirred
for 48 h, and the solutions were filtered. Samples of 5 mL were
taken. These were titrated with 0.05 N HCl or 0.1 N NaOH to
determine the excess of base or acid, respectively. The number
of acidic sites of each type was calculated under the assumptions
that sodium ethoxide neutralizes all the acidic groups (i.e., the
carboxylic, phenolic, lactonic, and carbonyl groups), that NaOH
neutralizes the carboxylic, phenolic, and lactonic groups, that
Na,CO; neutralizes the carboxylic and lactonic groups, and that
MNaHCO; neutralizes only the carboxylic groups. The number
of surface basic sites was calculated from the amount of HCI
consumed by the activated carbon.

- Vo0
d = 4= (1)
P Sepr

Solid xylo-oligosaccharides were analyzed for their ash
content (ASTM D 1102-34 standard method) and for carbohy-
drates, acetyl groups, and lignin. A sample was dissolved in
dejonized water and analyzed (i) by HPLC to quantify the free
monosaccharides (glucose, xylose, and arabinose), acetic acid,
furfural, and hy droxymethyl furfural (HMF) and (ii) by HPLC/
GPC to determine the molar mass distribution. Another sample
of the XOs was dissolved in 4% sulfuric acid and was
quantitatively hydrolyzed at 120 °C for 45 min to convert the
oligosaccharides into their constitutive monomers. The hydro-
Iyzate was analyzed by HPLC, and the amount of xvlo-
oligosaccharides was estimated from the monosaccharides and
acetic acid liberated by the quantitative hydrolysis. Lignin was
measured as the insoluble residue after the quantitative hy-
drolysis (Klason-type lignin) by the TAPPI UM 250 method
for the acid-soluble lignin. The XO solution from the autohy-
drolysis reactor (2nd batch of XO) was analyzed with the same
procedures. HPLC analyses were performed with a Bio-Rad
HPX 87H column at 30 °C (Bio-Rad Laboratories, USA) in an
Agilent 1100 series chromatograph (purchased from Agilent,
Barcelona, Spain). The solvent was 0.005 M H,50, at a flow
rate of 0.5 mL/min. An Agilent 1100-DAD ultraviolet (V)
diode-array detector and an Agilent 1100-RID refractive index
(RI) detector were connected in series. The UV detector was

used to quantify firfural and HMF in the samples that contained
low concentrations of these compounds. The BRI detector was
used for the samples with high concentrations of furfural and
HMF and for carbohydrates. The molar mass distribution of
the xylo-oligosaccharides was determined by GPC using the
same chromatograph and the GPC add-on of the LC Chemsta-
tion software (purchased from Agilent, Barcelona, Spain). The
analyses were performed with a TSKGel G3000PWXL column
{Toso Haas, purchased from Telnokroma, Barcelona, Spain}
at 25 °C using 0.5 mL/min of a 0.05 mol/L solution of KNO;
with 83 mg of sodium azide as solvent and the refractive index
detector. The system was calibrated with xvlose, glucose, and
low-polydispersity standards of malto-oligosaccharides and
dextrans (Fluka). In all cases, the samples were filtered through
a 0,22 yum nylon syringe filter prior to HPLC analyses.

Results and Discussion

Adsorption Equilibrivm Tests. Adsorption equilibrium tests
were developed using a sample of crude xylo-oligosaccharides
cbtained by spray drving of the hydrolysis liquor (batch 1). This
sample comprised 58.3% xylo-oligosaccharide, 5.0% monomer
products (2.4% xvlose, 1.5% arabinose, 0.78% glucose, 0.27%
HMEF, and trace amounts of acetic acid and furfural}, 4.8% ash,
and 16% Klason-type lignin. The remaining 14.9% of the solid
was made up of compounds from the almond shells that were
solubilized during the autohydrolysis reaction, e.g., extractives,
low molar mass phenolics from lignin, and byproducts from
the degradation and condensation of monosaccharides and
furfural, which were not identified with the analytical procedures
we used.

The adsorption of the carbohydrate and lignin-derived frac-
tions of the xylo-oligosaccharides on activated carbons was
tested at 30 °C using a constant concentration of crude xylo-
oligosaccharides of 20 /L in deionized water and concenira-
tions of activated carbon of 1.5, 3.3, 10.0, 16.7, 30.0, and 50.0
g./L. Figure 1 shows the GPC chromatograms of the feed
solution. The UV signal at 254 nm was atiributed to the pres-
ence of compounds derived from lignin and extractives and from
their condensation with furfural, HMF, and other carbohydrate-
degradation products, which accounted for around 30%% of the
mass of the sample. We assumed that the signal of the refractive
index detector was caused mainly by carbohydrates and
inorganic salts (soluble ashes), since they constituted nearly 70%%
of the mass in the crude xylo-oligosaccharides, though all the
species in the mixture contributed to the signal of this nonselec-
tive detector. The retention times for narrow standards of
dextran, malto-oligosaccharides, and xylose are included in
Figure 1 for comparison. The RI signal shows that the xylo-
oligosaccharides had a molar mass below 50 kDa. The most
abundant species had a molar mass of between 1 and 5 kDa.
There was also a small fraction of the mixture with a molar
mass of below 0.15 kDa (xylose). Some of this was inorganic
salts (ashes) that eluted after monosaccharides in this chro-
matographic system. Data from the UV signal revealed two
important facts. First, a significant amount of lignin-derived
products eluted at the same interval of retention time as did the
xylo-oligosaccharides. This was in agreement with the existence
of phenolic side groups such as ferulic acids and lignin
fragments, which are directly attached to the xylan backbone
chains.?” Second, almost half of the lignin-derived products were
eluted at a retention time that was well above that of xylose
{0.15 kDa). These products were low-molar mass phenolics that
eluted from the chromatographic column with a different pattern
from that of oligosaccharides, partly because they may have
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Figure 1. GPC chromatograms (time in log seale) for the xylo-oligosac-
charides remaining in solution in the equilibrium adsorption experiments
af 30 °C and different loads of the AC-1 acfivated carbon. The UV signal
at 254 nm (top) iz cansed by lignin-derived phenolics, while the refractive
index signal (bottom) is mainly atfributed to carbohydrates (oligomers and
I ONOIM e18).

hy drodynamic volumes in 0.05 mol/L. KNO; that are lower than
those of carbohydrates of equivalent molar mass, but mainly
because of adsorption on the gel of the GPC column, which
increases the elution time. Palm and Zacchi’® observed the
adsorption of lignin-derived compounds from wood autohy-
drolysis on the gel of filtration columns.

Figure 1 also shows the GPC chromatograms for selected
samples of the xylo-oligosaccharide solution treated with
AC-1. The low molar mass lignin-derived products, which have
the longest elution times in the GPC system, are preferentially
adsorbed when small amounts of activated carbon are added to
the solution. Figure 1 shows that they were completely adsorbed
when 16.7 g4/L was used. The lignin-products in the range of
the elution time of oligosaccharides were also adsorbed, but
they were still detected even at 50 g4 /L since they are linked
to xzylose in xylo-oligosaccharides. The adsorption of the
carbohydrate fraction was less significant. Below a carbon load
of 16.7 gac/L, only species with a molar mass of below 0.5
kDa were adsorbed. At a higher carbon load, there was a
reduction in the signal of the sample at all molar masses, but
even at 30 g, /L, the total amount of carbohydrates adsorbed
was still below 4(%4. The same qualitative trends were cbserved
for the other activated carbons we tested.
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Figure 2, Eelation between the reduction in the concentrations of lignin-
derived phenolice and carbohydrates at equilibrinm for various loads of
activafed carbon at 30 °C. Error bars are confidence intervals at the 95%
probability level

The reductions in the concentrations of lignin-derived prod-
ucts and carbohydrates (rd;} were calculated from the areas of
the GPC chromatograms by assuming constant response factors
{eq 2), and the amounts of each solute adsorbed were calculated
from a mass balance for the batch system using eq 3, in which
j indicates lignin-derived products or carbohydrates, Co; (g/L)
is the concentration of solute in the feed, &; (g/L) is the
equilibrium concentration of species f in the solution, Ch.;
(g/gac) is the concentration of solute / adsorbed on the activated
carbon at equilibrium, # is the mass of activated carbon (gac),
and ¥ is the volume of the solution (L). Figure 2 shows the
reduction in the concentrations of lignin-derived products and
xylo-oligosaccharides in solution for the three activated carbons
we tested. Lignin-derived products were preferentially adsorbed
over the carbohydrate fraction, especially at low concentrations
of AC when the low molar mass aromatics were adsorbed. For
instance, when 70% of the lignin-derived compounds were
adsorbed, around 80% of the carbohydrates were still in solution.
When over $0%% of these compounds were adsorbed, the
adsorption of carbohydrates dramatically increased.

The adsorption of mixtures of organic solutes onto activated
carbons is a complex process that is determined by the chemistry
of the carbon surface, the interactions between the solutes and
the surface, the interactions of the solutes with the solvent, and
those of the solvent with the carbon surface. The molar mass
of the solute and the distribution of pore diameters of the carbon
also play a significant role in determining the fraction of carbon
surface that is actually accessible to a specific solute. The
preferential adsorption of lignin-derived species over xylo-
oligosaccharides may be attributed to several factors. Lignin-
derived species are substituted phenolic monomers and oligo-
mers that are more hydrophobic than carbohydrates. Xylo-
oligosaccharides will therefore be more stable in water solution
than lignin-derived products especially if, as in activated
carbons, the surface of the adsorbent is predominantly hydro-
phobic.

Average pore diameters were 2.4, 2.1, and 4.1 nm for AC-1,
AC-2 and AC-3, respectively. Table 2 shows that the activated
carbons had a significant fraction of micropores, while Figure
3 shows that the pore volume distribution, which was calculated
with the density functional theory (DFT) model,?® was different
for the three carbons. Most of the mesopore volume in the AC-1
carbon corresponded to pores with diameters from 2 to 10 nm,
and the rest corresponded to large mesopores (30—350nm). The
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Table 2. Freundlich Isotherms: Results for the Adsorption of the Carbohydrate Fraction and the Lignin-Derived Products on Comm ercial

Activated Carboms®

ACHL (ROX 0.9)

AC2 (PAC200) AC-3 (Darco 12 x 40)

Hylo-oliogosaccharides

1004+ 0,13

n
oo LY (g ogtt™710] 0.0148 £0.0046

0.81+0.11
0.0324 & 0.0024

0,66 £+ 0.09
0.0249 £ 0.0054

Lignin-Derived Products

n 0.82 +£0.06
Eyp[ LM (g cghii—1n] 0.145 £0.008

@ Confidence intervals were calenlated at ¢ = 0.05.

0.030

0.025

0.020

Incremental pore
volume (cc/g)
o
L=}
=2
o

Pore diameter (nm)

Figure 3. Pore wolume distributions for the three activated carbons nsed
in this study.

A -2 carbon had the largest mesopore pore volume, but it had
more pore volume than the AC-1 in the zone of small mesopores
and a similar amount of large mesopores. Finally, the AC-3
carbon had very low volume in the small mesopore region, and
most of its mesopore volume cotresponded to large pores, from
10to 50 nm. Around half of the lignin-derived compounds and
associated impurities that are present in the crude xylo-
oligosaccharides had a low molar mass (ie., around 0.1 kDa)
and were easily adsorbed in the three activated carbons, since
their entire surface was accessible to these small solute
molecules. On the other hand, xylo-oligosaccharides and some
of the lignin-derived impurities had molar masses from 1to 50
kDa, which is roughly equivalent to an interval of molecular
diameters from 2 to 10 nm. The area available for the adsorption
of the oligomers was therefore dependent on their molar mass:
the larger the molar mass, the lower the area they could access.
This effect should be more important for carbons AC-1 and
AC-2, which have a significant fraction of pores below 10 nm.

However, solute size and the pore diameters are not the only
variables governing adsorption. If we compare the GPC chro-
matograms in Figure 1 for xylo-oligosaccharides and lignin
products at a high concentration of carbon AC-1, we can see
that the reduction in the concentration of high molar mass solutes
was much greater for the lignin products than for xylo-
oligosaccharides. The presence of carboxylic and other acidic
groups on the surface of the carbon has a definite effect on the
adsorption of phenol, since it favors the chemisorption of phenol
but hinders physisorption.?! We may expect the same to be true
for the lignin-drived phenolics present in the crude xvlo-
cligosaccharides. Finally, electrostatic interactions between
charged solutes and the surface of the carbon must also be
considered. The pH of the xvlo-oligosaccharide solution was
5.7 due to the dissociation of the acetyl groups in the backbone
chain of the xylo-oligosaccharides and the carboxyl groups in
ferulic acids and in some lignin-derived products. Since this
pH is below the pH of zero charge of the activated carbons (3
< pHepze = 8.7), we can expect the surface of the carbons to
have a positive charge disiributed among the basic superficial
groups.*! This should create favorable electrostatic interactions

0.82 £0.05
0.184 £0.009

0.62 £ 0.03
0.134 £ 0.007

between the positive surface and the negatively charged solutes
such as the xylo-oligosaccharide chains that contain dissociated
acetyl groups.

d.=1 CeJ
g, =1-— COJ' @)
V
CSBJ . ;(COJ - Ca,;) (3)
lnCSeJZMKernjlnCBJ “h

Regardless of the complexity of the phenomena involved in
the competitive adsorption of mixtures of polydisperse oligomers
with dissimilar chemical structures, simple models can provide
some insight into the factors that have a determining influence
on the selective adsorption of ligninrelated species over xylo-
oligosaccharides. Adsorption equilibrium was modeled through
the Freundlich isotherm, which relates the concentration of a j
solute at equilibrium (C: ;) to the concentration of § adsorbed
on the surface (Cse;). The unit-capacity parameter, &, is a
measure of the degree of strength of adsorption, and s, the site-
energy parameter, is an indication of the heterogeneity of the
surface adsorption sites. The closer the value of #; is to unity,
the more homogeneous is the energy of the surface sites. The
Freundlich isotherm was linearized to calculate the constants
#; and K; (eq 4). Figure 4 shows the linearized isctherms, and
Table 2 shows the best-fit values of #; and K, for the three
activated carbons and their confidence intervals at 95% prob-
ability. Calculations were done using the robust linear regression
algorithm implemented in the rebustfif function of the statistics
toolhox of MATLAB (MathWorks Inc., USA). The isotherm
provided an acceptable description of the adsorption of both
the lignin-derived products and carbohydrates for the three
activated carbons, since the model predictions fell within the
scattering of the experimental data.

Possible correlations between the main properties of the acti-
vated carbons and the parameters of the Freundlich equation
for xylo-oligosaccharides and lignin-derived products were
analyzed. Figure 5 shows that the unit-capacity parameter for
xylo-oligosaccharide adsorption (£xo) increased with the meso-
pore volume of the activated carbon, while the site-energy
parameter increased linearly with the concentration of basic
surface groups. The carbons with more developed mesoporous
structures had more surface area available for the adsorption of
xylo-oligosaccharides with larger molar mass, thus giving higher
values for the wmit-capacity parameter of the Freundlich
isotherm. Also, the higher the number of basic surface groups
on the surface, the stronger the electrostatic interactions between
the dissociated acetyl groups of the xylo-oligosaccharide chains
and the positively charged surface, thus increasing the site-
energy parameter #xp for xvlo-oligosaccharides adsorption. The
Kip parameter for the lipnin-derived phenolics grew with the
total concentration of acidic superficial groups. In studies on
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Figure 4, Freundlich izotherms for the adsorption of lignin-derived
phenolics (open symbols) and xylo-olisosaccharides (golid symbols) on the
three activated carbons at 30 °C.

phenol adsorption from acidic water solutions, the increase in
the unit-capacity parameter with the concentration of acidic
surface groups has been explained by the existence of two
parallel routes: physical adsorption and acid-catalyzed chemi-
sorption.*® We may expect the contribution of chemisorption
to the overall adsorption of the low molar mass phenolics present
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in the complex mixture of ligninrelated products to become
more important as the number of acidic surface groups increases,
thus increasing K r. In contrast, the site-energy parameter, #1p,
did not have a clear correlation with the concentration of acidic
surface groups. Promoting the surface acidic groups by oxidation
of an activated carbon reduces the adsorption of phenol from
aqueous solution.*! More acidic groups should favor chemi-
sorption, but they lower physical adsorption becanse the acidic
groups act as electron acceptors and lower the m-electron density
in the carbon planes, thus decreasing the interaction between
the aromatic rings and the carbon basal planes. Since physical
adsorption is the dominant mechanism, the overall consequence
is lower phenol adsorption and a decrease in the site-enerpy
parameter, #, of the Freundlich isotherm.?® In our case, it seems
that #1p increased for activated carbons sith more acidic surface
groups, though the values of arp for AC-1 (0.82 £ 0.06) and
AC-2 (082 £ 0.05) were statistically the same even if they
had different concentrations of acidic surface groups (6.0
mequiv/g for AC-1 and 7.9 mequiv/g for AC-2). This behavior
may be caused by the different nature of the predominant acidic
groups in each carbon, which were manufactured from a variety
of raw materials using different methods of activation. Phenols
are the main acidic group in AC-1 (4.2 mequiv/g), while in
A -2 the main group is carbonyls (4.6 mequiv/g). The relative
importance of the chemisorption and physical adsorption paths
will therefore be different in each carbon due to the different
acidity of these groups. Finally, no direct correlations of the
Freundlich parameters with other properties of the activated
carbons such as the surface area or the total pore volume were
observed.

On the basis of the analysis of the Freundlich isotherms, the
purification of xylo-oligosaccharides will require activated
carbons with unit-capacity and site-energy parameters that are
low for xylo-oligosaccharides and high for lignin-derived
products. The AC-1 carbon, with a K1p/Kx0 of 9.8 £ 3.6, had
a slightly better ratio of unit-capacities than AC-2 (5.7 £ 1.8)
and AC-3 (5.4 £ 1.4), while the ratio #Lr/xo did not present
significant differences due to the large scattering of the results
(0.82 £ 0.17 for AC-1, 1.01 & 0.20 for AC-2, and 0.94 £ 0.20
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Figure 5. Variation in the constants of the Freudnlich isotherms of lignin-derived compounds and wylo-oligogaccharides (&pp) with the sarface properties

of the activated carbons The lines only indicate frends.
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Figure 6, Adsorption ofthe erade xylo-oligosaccharides from reaction batch
2 on an AC-1 activated carbon column: brealdhrough eurves for carbo-
hydrates (%) and lignin-derived products (O,

for AC-3). In general, a suitable activated carbon should have
small mesopore diameters, a low volume of mesopores, and a
low concentration of basic surface groups to limit xvlo-
oligosaccharide adsorption. It should also be highly microporous
and have acidic surface groups to favor the adsorption of the
lignin-related products (high £ p).

Column Tests. Column tests were performed with the ROX
0.8 granular activated carbon (AC-1). This carbon was selected
becanse of its slightly better selectivity toward lignin adsorption
and because it was readily available in granular form and more
suitable for column packing than AC-2 and AC-3. The latter
contained fines and caused problems during operation due to
the entrainment of carbon particles and because it led to larger
pressure drops across the bed. Figure 6 shows the breakthrough
curves for an experiment performed using the second batch of
xylo-oligosaccharides solution directly. The solution was fed
at 6.0 mL/min, and a column loaded with 22.0 g of activated
catbon was used. The activated carbon was rapidly saturated
with carbohydrates. Retention for carbohydrates was only 1%
after 60 min (6.55 bed volumes circulated), while retention for
lignin-derived products was over 60%. After 180 min (19.6 bed
volumes), the column was completely saturated with carbohy-
drates and retention was 0.2% but it was still 30%% for lignin
products. Figure 7 shows the GPC chromatograms for samples
of the effluent taken at selected times during the experiment.
The lipnin-derived products of low molar mass were completely
adsorbed on the columm during the first 45 min of the
experiment, which corresponds to 4.91 bed volumes of feed
circulated through the column, but the high molar mass fraction
of lignin products associated to carbohydrates was not adsorbed
completely even when the volume circulated was small (2.18
bed volumes). The carbohydrate fraction had low adsorption,
and there were few differences in the degree of adsorption with
molar mass. The fraction collected during the cleaning of the
carbon bed with deionized water contained both carbohydrates
and lignin-derived species. The latter were detected in the
washing stream even after 60 min of cleaning (6.35 bed volumes
of water), which suggests that they were strongly adsorbed on
the surface of the carbon.

The fractions collected during the experiment were lyophi-
lized to recover the xylo-oligosaccharides (F1, 0—2h; F2,2—4
h; F3, 4—5.5 h; F4, washing, 5.5—6.5 h). The dry product was
weighed to calculate the yield and analyzed for ash, klason
lignin, monomers, xylo-oligosaccharides, and the molar mass
distribution. Table 3 shows that the average concentration of
nonvolatile soluble products decreased from 35.2 g/L in the feed
to 25.2 g/L in the product collected from the column outlet
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Figure 7. Adserption of the crmde rylo-oligosaccharides from reaction batch
2 en an AC-1 activated carbon column: GPC chromatograms (time in log
scale) for the xyleo-olizosaccharides remaining in solution, The UV szignal
at 254 nm {fop) iz cansed by lignin-derived phenolics, while the RI signal
(bottom) is mainly afiributed to carbohydrates (xylo-oligosaccharides and
MONomers).

during the first 2 h of the experiment. Analysis of the recovered
product shows that monosaccharides and xylo-oligomers were
partially adsorbed on the carbon, but the highest adsorption was
for lignin-related products and for furfural and HMF, which
were almost completely removed from the solution. The product
fractions collected afterward (F2? and F3) showed a dramatic
decrease in the capacity of adsorption of the column for
carbohydrates, although some retention capacity was still
observed for furfural, HMF, and lignin-derived species.

The retention for carbohydrates, mainly xylo-cligosaccharides
but also monosaccharides, was calculated by integrating the RT
signal of the GPC chromatograms of the feed and the samples
taken during the experiment, whereas the retention for lignin
and carbohydrate-degradation products (furfural and HMF) was
calculated from the signal of the UV detector at 254 nm.
Retentions for fractions F1—F3 were 20.2, 0.7, and 0.5% for
carbohydrates and 64.3, 30.2, and 16.0% for lignin, in ac-
cordance with the preferential adsorption of lignin products over
carbohydrates we observed earlier. The retentions were also
calculated from the mass and composition of the nonvolatile
products recovered by lyophilization of the fractions F1, F2,
and F3. The resulis were close to those caleulated from the GPC
chromatograms, especially for carbohydrates.
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Table 3. Adsorption on an AC-1 Activated Carbon Column: Composition of the Lyophilized Samples of the Product Fractions Collected
during the Experiment and Retentions Calculated for Xylo-oligosaccharides and Lignin-Related Products (Xylo-oligosaccharide Solution from

Reaction Batch 2)

collected fractions

feed FL{0—2h) F2i2—4h) F3d-35h
avg cone of dissolved products for the fraction (g/L) 332 252 336 339
Composition (3% of the Dissolved Products in the Feed)
glucose 1.76 175
®yloss 3.935 2.81 3.96 397
arabinose 361 2,58 3.58 3357
acetic acid 3.89 174 373 385
fur fioral 0.85 0.01 0.40 0.87
hydroxymethyl firfural 0.43 0.03 0.26 0.3%
xylo-oligosacchar ides 57.8 46.0 593 584
lignin-related products 6.85 2.90 5.55 585
ash 9.02 T.66 T.36 T.60
other (by difference) 11.8 678 0,49 9,84
Retention (% of Feed)
caleulated by integration of the GPC chromatograms {data in Figare 7)
wylo-oligosaccharides (RI signal) 202 07 0.3
lignin-related products (UV signal) 64,3 302 16.0
caleulated from the yield and chemical analysis of lyophilized samples
#ylo-oligosacchar ides® 22,5 0.5 0.9
lignin-related products? 63.9 236 11.4

« Inchiding monosaccharides, acetlc acld, and ash. ® Including firfural and HMF.

Vegas and co-workers have investigated several sequential
treatments for the removal of extractive- and lignin-derived
compounds from the aqueous solutions of crude xylo-oligosac-
charides of barley residues'® and rice husks.!* Afier three
sequential extraction stages with ethyl acetate, 6.2% of the
carbohydrates and 338.2% of non-carbohydrates were removed
from the solution in the case of rice husks, while for barley
residues removal was 15.9% for carbohydrates and 32.9% for
exiractives- and lignin-related products. These values are close
to those we obtained for fraction F2. Further processing of the
ethyl acetate-extracted solutions with a strong anion-exchange
resin increased the removal of non-carbohydrates to 78.2 and
54.0% for rice husks and barley residues, respectively, while
carbohydrate removal was 22.2 and 20.4%. Our results from
the F1 fraction indicate that treatment with activated carbon
provides better results than extraction with ethyl acetate and
that it may even produce a similar degree of removal of non-
carbohydrate compounds to extraction combined with treatment
with anion-exchange resins.

Conclusions

The treatment with activated carbon of raw xzvlo-oligosac-
charide solutions obtained by autohydrolysis of lignocellulosics
is a feasible option for the removal of extractives- and lignin-
derived compounds and carbohydrate-degradation products. The
selective adsorption of lignin products over carbohydrates has
been observed for three commercial activated carbons at slightly
acidic pHs. Selectivity toward lignin adsorption was higher when
the carbon was highly microporous and had small mesopore
diameters, a low volume of mesopores, a low concentration of
basic surface groups to limit xylo-oligosaccharide adsorption,
and acidic surface groups to favor the adsorption of the lignin-
related products. Further studies into the tailoring of the surface
properties of the carbons in order to improve selectivity and
adsorption capacity for lignin-products, and into the regeneration
of spent carbon beds, are under way.
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6 O Conclusiones Generales

6. CONCLUSIONES GENERALES

La preparacion de CA a partir de diferentes tipos de agentes activantes acidos
(H,PO,) o basicos (NaOH y KOH) a partir de lignina Kraft como material
precursor, da como resultado carbones microporosos con altas areas
superficiales, con rendimientos a carbén razonables y con buenas
propiedades para ser utilizados en la descontaminacion de efluentes liquidos
0 gaseosos.

Conocer el efecto que la variaciéon de las condiciones de operaciéon produce
es muy importante para poder controlar las caracteristicas finales del
producto, que depende de la aplicacion que se le quiera dar. Para ello, es
importante conocer el mecanismo de activacion quimica que tiene lugar. En
el caso de la activacion con acido fosférico y a partir de datos experimentales,
se han explicado los procesos reactivos que tienen lugar durante la pirdlisis
mediante una serie de reacciones de pseudoprimer orden, como resultado de
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la simplificacién de los multiples procesos reactivos involucrados en la
descomposicion térmica que se ajusta correctamente a los escasos datos
bibliograficos obtenidos.

El mecanismo de reaccién que se propone se compone de dos etapas. En
primer lugar, la mezcla entre la lignina y el acido fosférico dan lugar a un
complejo generado por la reaccidon entre el acido y los sitios reactivos de la
lignina que puede durar aproximadamente una hora a temperatura ambiente y
que se finaliza antes de comenzar el proceso térmico.

Posteriormente y una vez se comienza con la pirdlisis de la muestra, se
produce la conversiéon del exceso de acido en P,O; después de haberse
eliminado por completo el agua presente en la mezcla. La formaciéon de este
compuesto esta involucrada con el desarrollo de la estructura interna de la
muestra ya que actia como proteccion de la estructura y cuando
seguidamente se evapora y produce la combustioén de la muestra. Finalmente,
la pirdlisis completa del complejo generado en el primer paso, da lugar al CA
definitivo y volatiles con lo que se acaba de desarrollar la estructura interna
del producto final.

Una vez determinado los fenémenos que se producen en la activacion
quimica, es necesario conocer como afectan las condiciones de operacion a
las propiedades finales del carbon.

En el caso de la activacion con H,;PO,, los parametros estudiados son tres: el
tiempo de impregnacion, la temperatura de activacion y la cantidad de acido
empleado.

Por un lado, la reaccién de impregnacion se completa en una hora y tiempos
mayores no tienen ninguna influencia en la producciéon de carbén, al igual
que la realizacién de isotermas localizadas durante el proceso pirolitico.

Respecto a la relacion entre la cantidad de acido fosférico afiadido y la de
lignina Kraft, existe un maximo en el cual se produce la reaccion completa de
la lignina, situado en valores entre 0.8 y 1.0, y es a partir de este valor, no se
producen cambios en el proceso de pirdlisis que afecten a sus propiedades
mas importantes. A relaciones mayores de 1.4 comienza a disminuir el area
superficial BET y el volumen total de poros promovido por el agresivo
ataque del 4cido fosférico. El uso de acido fosférico en exceso produce
oxidos de foésforo que protegen la estructura del carbon de la oxidacion
externa y cuando esta especie se evapora a temperaturas mayores de 580°C, el
carbon se oxida totalmente en aire mientras que en presencia de nitrégeno, la
produccion de carbén se mantiene constante.
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Por ultimo, el aumento de la temperatura de activaciéon de 400°C a 600°C
produce un decremento en el volumen de ultramicroporos pero un aumento
de la microporosidad total y es a esta temperatura, 600°C, donde se encuentra
un optimo para el desarrollo de la porosidad en este tipo de procesos. A
partir de este punto, seguir aumentando la temperatura conlleva la reduccién
del volumen total de poros y de area superficial BET debido al colapso y al
exceso de oxidacion del material.

Por tanto, excepto el tiempo de impregnacion, el resto de parametros tienen
una importante influencia en las caracteristicas finales del CA. La
disminucién de superficie BET viene acompafiada de un descenso
considerable del rendimiento a carbén y se puede concluir que el valor
optimo respecto al desarrollo de la porosidad a una temperatura de 450°C
esta entre 1.2 y 1.4. El efecto del tiempo de impregnaciéon es menos
importante aunque su aumento provoca una ligera disminucién del area
superficial y del volumen total de poros. Este efecto tiene mas importancia
cuando se utilizan también altas temperaturas debido a la descomposicion de
los enlaces entre el carboén y los fosfatos y polifosfatos.

A parte de las condiciones de operacion, otro factor que puede afectar a las
condiciones finales del CA es la cantidad de cenizas que contiene la lignina
Kraft, tal y como se suministra, en comparacién con su uso una vez
desmineralizada, es decir, después de proceder a un pretratamiento acido.

Los analisis realizados por SEM y por espectroscopia de infrarrojo
demuestran que el proceso de desmineralizacion de la materia prima produce
un aumento en la polimerizaciéon de la lignina y reduce la interaccién entre
ésta y el acido fosférico. De esta manera, se ven afectadas las propiedades
finales del AC-P de tal forma que al aumentar la temperatura de pirdlisis,
aumenta el rendimiento a carbén, la aromaticidad, el area superficial y la
cantidad de grupos superficiales en los CA preparados a partir de LK,
mientras que la tendencia es opuesta para los CA preparados a partir de LK.

En el caso de la activacién quimica con NaOH y KOH, el uso de hidréxidos
alcalinos en este tipo de procesos esta desarrollando un incremento de
interés, por esta razon la posibilidad de preparar CA microporosos a partir de
lignina Kraft desmineralizada y KOH o NaOH es parte fundamental de esta
memoria.

En este caso, las condiciones de operaciéon estudiadas son cinco: la
temperatura de activacion, la relaciéon entre agente activante y precursor, el
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tiempo de impregnacion, el flujo de nitréogeno empleado como atmosfera
dinamica en el proceso y por tltimo, la velocidad de calentamiento.

La temperatura de activaciéon es uno de los parametros que mas influencia
tiene en este tipo de activaciones. A medida que ésta aumenta y
esencialmente a partir de 750°C, los carbones pasan de ser esencialmente
microporosos a aumentar la cantidad de mesoporos, ya que a altas
temperaturas se produce el colapso de la estructura interna provocando la
transformacion de los poros mas pequenos en poros mayores. A partir de
700°C, se produce un desarrollo pronunciado de la quimica de superficie. En
el caso de la acidez, este aumento viene dado por la presencia de fenoles,
alcoholes y carbonilos, aunque depende del tipo de hidréxido empleado
como agente activante.

La relacién de la cantidad afiadida de agente activante y lignina Kraft tiene un
efecto muy marcado en la produccién de carbon y en el area superficial BET.
El aumento de este parametro, disminuye el rendimiento a carbén obtenido
ya que la reacciéon de activaciéon se ve favorecida y por tanto, se generan mas
volatiles que a su vez desarrollan la estructura interna. El aumento de
hidréxido incrementa el contenido de especies oxigenadas en la superficie del
carbon favoreciendo su oxidacion y desarrollando tanto la acidez superficial,
fundamentalmente mediante fenoles, alcoholes y carbonilos, como la
basicidad superficial.

El tiempo de activacion no tiene una influencia destacable, ya que
principalmente favorece la descomposicion de sales superficiales dando lugar
a Oxidos de carbono que colaboran al desarrollo de la estructura interna de
los este tipo de AC. En este caso, no hay un efecto claramente definido sobre
el desarrollo de la quimica superficial ya que si es cierto que se produce un
aumento general de la basicidad, el desarrollo de la acidez depende del agente
activante utilizado. El uso de hidréxido de potasio favorece el desarrollo de la
acidez mediante fenoles y lactonas pero si se utiliza hidréxido de sodio, la
acidez disminuye.

El caudal de nitrégeno empleado no es un factor importante en la activacion
con hidréxidos. Su funcién principal es la de facilitar la eliminacién de los
volatiles que se generan durante el proceso térmico aunque si se aumenta de
manera pronunciada, y a temperaturas bajas, provoca también la eliminacion
de agente activante (hidréxido y otras especies como 6xidos de carbono y
agua) disminuyendo ligeramente la activacion. La quimica de superficie se ve
afectada de igual manera, produciendo variaciones poco significativas de la
acidez y la basicidad superficial.
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Respecto a la velocidad de calentamiento, su aumento produce
disminuciones en el area superficial ya que durante el proceso de activacion
térmica, el hidréxido se funde y la superficie especifica aumenta, el tiempo de
contacto con el carbon es menor y disminuye la activaciéon producida.

En general, los factores que influyen en mayor manera en los parametros de
estudio son la temperatura de activacion y la relaciéon de la cantidad entre
agente activante y lignina Kraft que maximizan el area BET hasta 3000m*/g
aproximadamente, con un volumen de microporos de 1.5 cm’/g, a 700°C y
una R de 3.

Finalmente, una vez se tienen caracterizados los CA preparados por
diferentes métodos, estos se pueden aplicar en el campo mas adecuado. Una
de las principales aplicaciones de estos carbones esta en la adsorcion de
contaminantes, como metales pesados o componentes organicos en sistemas
liquidos.

En este campo, los carbones preparados a partir de la activacién quimica con
acido fosférico, también poseen una desarrollada acidez superficial,
caracteristica que combinada con su buena PSD, asegura una adsorcion
favorable de iones metalicos en solucion. La temperatura de carbonizacién es
el factor que afecta de manera mas significativa ya que, como se ha visto
anteriormente, cambia la porosidad del material y degrada la acidez
superficial. Las condiciones de preparacion del AC-P maés adecuadas para
maximizar la adsorcion de cobre (65 mg Cu/g) son de 500°C de temperatura
y una P/L de 1.4.

Optimizar la producciéon de AC-Na para maximizar su capacidad de
adsorcion de componentes organicos es posible mediante técnicas
estadisticas para el disefio de experimentos. La técnica seleccionada fue la
Metodologia de Respuesta de Superficie debido a que agrupa técnicas tanto
matematicas como estadisticas que resulta de gran ayuda cuando se analizan
sistemas donde hay una variable respuesta, la adsorciéon de azul de metileno,
que se ve afectada por varias variables. Como resultado, se obtuvo un carbén
activado que adsorbe mas azul de metileno que los carbones comerciales
utilizados para comparar a unas condiciones de 783°C, un contenido de
lignina Kraft desmineralizada en la mezcla inicial del 26.4 %, empleando 200
cm’ N,/min. A estas condiciones, la capacidad de adsorcién obtenida fue de
940 mg AM/g CA, la cual se correlaciona con el volumen de microporos de
las muestras analizadas y, en menor manera, con la quimica de superficie,
influencia que depende de la naturaleza acida o basica del compuesto
organico empleado.
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Para el estudio de la eliminaciéon de componentes organicos en efluentes
liquidos, fenol y benceno, la quimica de adsorciéon obedece a una reaccién de
pseudo segundo orden la cual es mas favorable para el fenol que para el
benceno. Los CA que se han empleado como adsorbatos en estos analisis
son tres carbones derivados de la lignina Kraft y activados con los tres
agentes activantes presentados en este estudio, NaOH, KOH y H,PO,. No
se puede determinar que modelo de adsorcién, Freundlich, Langmuir o
Tempkin, describe mejor el proceso fisico que tiene lugar ya que los tres
proporcionan buenos ajustes. Las capacidades de adsorciéon maximas que se
alcanzan han sido de 170 mg fenol/g y 20 mg benceno/g para el carbon
activado con NaOH, 165 mg fenol/g y 20 mg benceno/g para el carbén
activado con KOH y 60 mg fenol/g y 8 mg benceno/g para el carbén
activado con H,PO,.

Sin embargo, estos carbones pueden tener otro campo de aplicacion como es
el de aditivo en membranas o la purificaciéon de oligosacaridos. Asi, el AC-P
también se ha utilizado para obtener membranas poliméricas compuestas,
etapa previa a la obtencién de reactores de membranas enzimaticos,
utilizando el carbén inmovilizado en la matriz polimérica para adsorber
enzimas directamente, o a través de un metal, cobre en este caso, gracias a su
buena capacidad de adsorciéon. A pesar que existen muchos ambitos de
aplicaciéon para este tipo de membranas, en este caso particular, se han
utilizado para obtener y separar azucares de muy bajo peso molecular
(cercanos al del mondémero) a partir de aztcares de tamafio superior.

El uso de AC-P en las membranas permite buenas capacidades de separacion
cumpliendo con el objetivo especificado, y a pesar de que localmente se
obtuvo mejor adsorcién de enzima con el uso del metal, no se pudo concluir
que en general, la utilizacion de éste implicara mejores resultados. En este
sentido, son necesarios mas experimentos.

Por ultimo, el uso de catbones comerciales en el tratamiento de xilo-
oligosacaridos obtenidos a partitr de la autohidrdlisis de materiales
procedentes de biomasa es factible ya que permite eliminar componentes
derivados de la lignina y extractivos. Este proceso debe llevarse a cabo
mediante adsorbatos con pH acido y de gran superficie especifica, es decir,
muy microporosos y con mesoporosidad poco desarrollada. Las
caracteristicas del carbéon necesario para llevar a cabo este tipo de
operaciones se adecuan a los carbones obtenidos para la realizacion de esta
tesis. Por tanto, en los siguientes pasos a seguir en este campo de
investigacion parecen adecuados el uso de AC-P, AC-K y AC-Na.
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Porcentaje de masa pérdida debido a la reaccion entre el acido
fosférico y la lignina

Factor de referencia usado en el método Oy

Coeficiente de reaccion

Orden de reacciéon para la activacion de la lignina
Orden de reaccion para transformacion de agua
Incremento de temperatura (°C)

Micrémetros

espectroscopia de absorcién atémica

Carb6n Activo

Carbon activado quimicamente con hidréxido de potasio
Carboén activado quimicamente con hidréxido de sodio
Carboén activado quimicamente con acido fosférico
Fibras de carbén activo

Agente activante

Analisis térmico diferencial

Atmésfera utilizada durante el proceso de pirdlisis
Reflexién total atenuada

Constante de Langmuir referente a la energfa de adsorcion
(1/mg)

Codificacion segin Bruneaur, Deming, Deming y Teller

Teoria de Brunauer-Emmett-Teller

Grados centigrados

Cantidad de carbono (%)

Normalidad del filtrado residual

Concentracion de la especie j en el equilibrio
Concentracion de soluto en la alimentacion
Concentracion de la especie j adsorbida en la superficie
Concentracion en el equilibrio (mg/1)

Concentracion del complejo lignina-acido fosférico
Concentracion de acido fosforico
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Cys Concentracion de agua
CA Carbon Activo
CEC Capacidad de intercambio de cationes (meq/g)

d

d_p Diametro medio de poro

DAD Detector de diodo

df/dt Velocidad de reaccion de la disminucion de la fracciéon masica
inicial restante en el sélido

DFT Teotia de la densidad funcional

DMF dimetilformamida

DR Ecuacién de Dubinin-Radushkevich

DRX Difraccién de rayos X

c

E, Energia de activacion (kJ/mol)

Eo Energia caracteristica entre el nitrégeno y el carbén (k] /mol)

EMR Reactor enzimatico de membrana

Fraccion de masa inicial restante en el sélido

£ Fraccion de masa inicial restante en el sélido al final de la
termogravimetria

fiiCal Valor calculado de f en un momento i

£ Valor experimental de f en un momento i

fic Fraccion de masa inicial de carbon activo restante en el sélido
final

f; Fracciéon de masica de la especie j respecto a la masa inicial de la
muestra

fip Fraccion de masa inicial de lignina restante en el sélido final

£, po Fraccién de masa inicial de lignina en el sélido inicial

for Fraccién de masa inicial de acido fosforico restante en el sélido
final

oo Fraccion de masa inicial de 6xido de fésforo restante en el
solido final

£, Fracciéon de masa inicial de agua restante en el solido final

£ Fracciéon de masa inicial de vapor restante en el sélido final

Fraccién de masa inicial de agua en el solido inicial
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g

g Gramos

Zic Gramos de carbon activado

GA Gases ligeros

GPC Cromatografia de permeacion de gel

Adsorcién inicial
Constante de Freundlich relacionado con la intensidad de

':T‘U‘b‘

adsorcion

h Horas

H Cantidad de hidrégeno (%)

H Tipo de carbén con pH basico

HK Método de Horwath-Kawazoe

HMF Hidroximetil furfural

HPLC Cromatografia liquida de alta precisién

1

IMAC Técnica de cromatografia de afinidad con i6n metalico
inmobilizado

IR Espectroscopia de infrarrojo

ISO International Organization for Standardization

IUPAC International Union of Pure and Applied Chemistry

k Constante de reaccioén

k Parametro de Langmuir relacionado con la intensidad de
adsorcion

K Grados kelvin

K Factor de frecuencia (1/s)

ke, K Constante de Freundlich relacionado con la capacidad de
adsorcion

ki p Constante de Arrenhius para la volatilizacion de la lignina
activada

k, Constante de Arrenhius para la volatilizacion del agua

kD Kilodalton

kg Kilogramo
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1

1 litro

L Lignina

L Tipo de carbén con pH acido

Lo Amplitud media de los microporos (nm)
LK, KL Lignina Kraft

LK, Lignina Kraft desmineralizada

LP Complejo lignina-acido fosférico

LP Productos derivados de la lignina

m

m Masa de carboén activado

M Molaridad (moles/litro)

Moo Masa residual al final de la termogravimetria
M, Masa inicial de la muestra

my, p Masa inicial de lignina activada
m,, Masa inicial de agua

mp Masa de lignina activada

m, Masa de agua

MB Azul de metileno

mequiv Miliequivalentes

mg Miligramos

min Minutos

mM Milimolar

ml, mL Mililitro

MW ¢ Masa molar de carbon activo
MW, Masa molar de la especie j

MW, Masa molar aparente de la lignina
MW, Masa molar de acido fosforico
MW, Masa molar de 6xido de fosforo
MW, Masa molar de complejo lignina-acido fosférico
MW, Masa molar de vapor

MWCO Peso molecular del cut-off

n

N Cantidad de nitrégeno (%)

N Normalidad (equivalentes/litro)
n(i) Nuamero de puntos
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o, Constante de Freundlich

nm Nanoémetros

NOC Componentes organicos no i6nicos
o

@) Cantidad de oxigeno (%)

P Cantidad de fésforo (%)

P/L Relacion masica entre acido fosférico y materia prima
P/Po Presién relativa

PA Acido fosférico

PAS Detector fotoacustico

pH Concentracion de iones [H']
pHp,c Potencial de carga cero

pK Constante de equilibrio dcido-base
PO Oxido de fésforo

POS Evaporaciéon de 6xido de fosforo
PSD Distribucién de tamafio de poros
PSt Polisulfona

PVC Polivinilo clorado

Q, Constante de Langmuir referente a la capacidad de adsorciéon
qe Cantidad adsorbida en el equilibrio (mg/g)

Qne > I Cabal de nitégeno (cm’/min)

q, Cantidad adsotrbida en un tiempo t (mg/g)

r

R Relacion masica entre agente activante y materia prima
t Velocidad de calentamiento (°C/min)

R, Parametro de equilibrio de Langmuir

rd, Reduccion de la especie |

RI Indice refractivo

RID Detectro de indice refractivo

RMN Resonancia magnética nuclear

rpm Revoluciones por minuto

RRIFT Reflectancia difusa
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S

S Cantidad de azufre (%)

Spir Area superficial efectiva (m*/g)
SEM Microscopia electronica de barrido
t

t Tiempo (h 6 min)

T Temperatura (°C)

Ta, T.,, Temperatura de activacion (°C)
TEM Microscopia electronica de transmision
TG Termogravimetria

TP, tow Tiempo de activacion (h)

TPD, TPDR  Desorcién a temperatura controlada

u

uv Ultravioleta

| 4

A% Volumen

Vors Vior Volumen de microporos calculado segin  Duvinin-
Radushkevich (cm®/g)

V acroporo Volumen de macroporos (cm’/g)

V pesoporo Volumen de mesoporos (cm’/g)

V picroporo Volumen de microporos (cm’/g)

Vo Voo View  Volumen total de poro (cm’/g)

Va micro Volumen de microporo calculado por el método O (crn3 /g)

O super Volumen de supermicroporo calculado por el método Oy

(cm’/g)

Ve Volumen de ultramicroporo calculado por el método Qg (cm’/g)

VO Volatiles

w

\4 Agua

WS Agua evaporada
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z
X Indice de iodo
M
X, Parametro de Langmuir relacionado con la maxima capacidad
de adsorciéon (mg/g AC)
XO(s) Xylo-oligosacarido(s)
XPS Espectroscopia fotoelectronica de Rayos X
XRF Fluorescencia de rayos X
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Compuestos quimicos

C

C,.H,CIN,S 2H,0

CO
CO,
Cu (II)

CuCl, 2H,0

H,
HCl
H,0
HPO,
H,PO,
H,P,O,

Hﬂ+ ZPﬂO 3n+1

H,SO,
He

L

K
K,CO,
KNO,
KOH
K,0O

Na

NaCl
Na,CO;,
NaHCO,
N3, O

NaOC,H;

NaOH
Na,S
Na,SO,

P,0O;
/n
7ZnCl,

Carbono

Azul de metileno (cloruro)

Monoéxido de carbono
Diéxido de Carbono
Cobre (II)

Cloruro de cobre dihidratado

Hidrégeno

Acido clothidrico
Agua

Acido metafosforico
Acido fosférico
Acido pirofosférico
Acido polifostoérico
Acido sulfirico
Helio

Yodo

Potasio metalico
Carbonato de potasio
Nitrato de potasio
Hidréxido de potasio
Oxido de potasio
Nitrégeno

Sodio

Cloruro de sodio
Carbonato de sodio
Bicarbonato de sodio
Oxido de sodio
Etoxido de sodio
Hidroéxido de sodio
Sulfuro de sodio
Sulfato de sodio
Oxigeno

Oxido de fésforo
Zinc

Cloruro de zinc
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ANEXOS

Anexo A.
Use of Kraft lignin for Cu(Il) removal in industrial water.

Anexo B.
Activated carbons prepared from Kraft lignin by phosphoric acid
impregnation.

Anexo C.
Removal of Cu (II) from aqueous solutions by adsorption on activated
carbons prepared from Kraft lignin.

Anexo D.
Uptake of Cu(Il) and Zn from aqueous solution by Kraft lignin.

Anexo E.
Highly microporous carbons prepared by activation of Kraft lignin
with KOH.

Anexo F.
Enzymatic composite membranes based on carbon/polysulfone.

Anexo G.
Influence of the ash content on the microporosity of activated carbons
derived from Kraft lignin.
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ANEXO A

USE OF KRAFT LIGNIN FOR CU (II) REMOVAL IN
INDUSTRIAL WATER.

9™ MEDITERRANEAN CONGRESS (POSTER).

BARCELONA - CATALUNYA (2002).
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USE OF KRAFT LIGNIN FOR Cu(IT) REMOVAL IN INDUSTRIAL WATER

E. Novellon, V. Fierro*, V. Torné, R. Garcia-Valls, D. Montané

Departament d'Enginyeria Quimica. Grup de Biopolimers Vegetals. Escola Téenica Superior d'Enginyeria Quimica. Universitat Rovira 1
Virgih. Campus Sescelades 43007 Tarragona, Espafia. e-mail:vlierrof@etseq.urv.es Tel. 977558546

The presence of heavy metals in industrial wastewater is one of the EXPERIMENTAL
major sources of aquatic pollution since they are non biodegradable and
eccumulate in living tissues, thus becoming concentrated througheut
the food chain.

150 mg of lignin are added to each 250-m|
Erlenmeyer flask containing 150 ml of

The Kraft process produces a residue call as black liquors composed by
lignin (30-40%) and other inorganic compounds, after evaporation black
liguors are burnt to recover ener?y and the remaining inorganic
reactants. The separation of Kraft lignin could be an alternative to
incineration since lignin is a bountiful and reneweble resource that can
be used as feedstack for the fabrication of complexing agents as it can
contain active sites (carboxyl, hydroxyl, sulfonate or amine groups)
responsible for the complexation of metal ions.

deionized water. Varying amounts of Cu(IT)
Chloride (pa. quality from Aldrich) are
added to each flask and maintained under
stirring for 24h at 25°C, The resulting
Cu(II) concentration is analyzed by atomic
absorption (AA). The amount of adsorbed
copper is obtained by calculating the
difference of each concentration before
and after adsorption,

Experimental set up

The purpose of this work is to test the ability of a commercial lignin
(Kraft lignin - Curan 1052 provided by Lignotech Ibérica S.A.) os a
complexing/edsorption agent to remove copper ions.

RESULTS
40 Comparasion of adsorption capacity of Cu(II) onto varius adsorbents
o e P4 Maximun Cu(II) removal is obtained at pH=6 Adsorbent Qg (mg g) Reference
E‘ 20 7;/" " Palymerized onion skin 7.55 Kumar et al. 1981
% T s 2:((-591!?}1 q-‘:gium copocity Rice hull 5.58 Suemitsu et al. 1986
10 mg/l) equilibrium concentration Melon seed husk 59 Okieman et al. 1989
i Sl ing/a) ovserption sopacity Red mud 15.0 Zouboulius et al. 1993
0 B s i Fly ash 0683 Viswekarma et al. 1989
o 50 100 150 200 Ash treated with NaCl 14.54 Hawash et al. 1994
. Fe(TIT)/Cr(ITT) hydraxide 22.94 Namasivayam et al. 1994
(mg/1) Peanut hull carbon 53.65 Periasamy et al. 1995
Soyabean hull 89.52 Marshall et al. 1995
12 Bituminous coal 6.47 Singh et al. 1957
10 e pH Q, (mg/g) b (/mg) n Ry Aspergillus niger 11 Kapoor et al. 1997
£ g pHE Crab shel| 55.88 An et al. 2001
5 - 4 935 0.11 096 050 Coirpith carbon 625 Kadirvelu et al. 2001
g 5 N 5 1938 013 0.99 029 Kraft lignin (pH=6) 27.4 This work
2 6 2740 0.18 0.99 0.17 Kraft lignin shows an intermediate capacity for Cu(II) removal
[
0 100 200  Cu(II) removal data fit adequately the
Ce tng/) Langmuir isoterm
CONCLUSIONS

This study shows that lignin is a good agent for removing Cu(II). As it is used without further modification, its application in the treatment of
polluted water could be commercially viable.
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ANEXO B

ACTIVATED CARBONS PREPARED FROM KRAFT
LIGNIN BY PHOSPHORIC ACID IMPREGNATION.

CARBON (POSTER).

OVIEDO — ESPANA (2003).
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Activated Carbons Prepared from Kraft Lignin by Phosphoric
Acid Impregnation

V. Fierro, V. Torne, D. Montané and J. Salvadé

Departament d' Enginyeria Quimica, ETSEQ, Universitat Rovira i Virgili, Avinguda dels Paises Catalans 26, Campus Sescelades,
Tarragona 43007, Spain e-mail:vfierro@etseq.urv.es Tel: +34 977 55 85 46 Fax: +34 977 55 85 44

Lignin can be used as precursor for activated
carbon as it has been reported on physical
activation of eucalyptus Kraft lignin by CO, partial
gasification' and on chemical activation of this
precursor by using zine chloride?, However, the use
of ZnCl, has declined due to the environmental
problems® and phosphoric acid is preferred as
activating-dehydrating agent.

Here we examine the influence of preparation
conditions (carbonization temperature, phosphoric-
lignin weight ratio and impregnation time) on the
carbon vyield, surface area and pore size
distribution,

RESULTS AND DISCUSSION

EXPERIMENTAL

Lignin Analyses (wt %)

Proxi [t % humi tal fus "
Moisture 14.45 Corbon  59.46
Ash 980 Hydrogen 507
Volatile matter 44.93 Mitrogen 005

Fixed corbon® 3112 5

ulfur 215

Obygens 3327

Impregnation

Carbonization

*Extimated by dotferamce

Washing

P/L=07-175

PAL = weight ratss f phoaphoric scid 1o lignin

T= 400-650°C
under air atmosphere
for 2h

until neutral pH

Surface area and pore size characterization were performed using a Micromeritics
ASAP2000 gas adsorption surface area analyzer. The specific surface area of the
samples was determined from the nitrogen isotherms at -196°C and by using the BET
equation. Micropore volume was determined using t-plot, mesopore volume using the BJH
equation and total volume of pores was calculated at a relative pressure (p/p®) of 0.99.

/ Effect of the carbonization temperature

Increasing carbonization temperature carbon yield decreased

1800 L 400

the aebrvnted corbons wifh the corbenization

\ temperaturs (P/L214 and 1h impregration tme] Impregnation feme)

S T
1400 A . ] - PR I Y,
- . i, P
g = * e T
“mi200 o ”5 & 100 ,ﬁ:::--.::.:: e
R LY - TN
F oo L ¥ mi 320
E
500 k. P10
400 ] 00
M0 400 800 600 700 e 0z o4 o6 08 1
RET s fics aree amd 1abbh yiald evolation of Metrogen sdsorstion satl of activated carbose

prepered at differest temperetures (P/L:14 ond 1h

from 49% at 400°C to B% at 650°C.

e Sger increased between 400 and 600°C, with a maximum of more
than 1350m?g! at 600°C. At higher temperatures the surfaces
areas were considerably reduced.

N, isotherms approached type I (Langmuir) with small upward
bending at higher pressure, indicating an essentially microporous
character with some contribution of wider pores.

//_ Effect of the phosphoric/lignin (P/L) weight ratio

P/L ratio strongly affects the pare\

1400

BET garface arwa s Efboon yiald of he
setivated corbons as & function of the P/L
rtie (TH4B0°C and Lh impregnetion time)

and Lk impregnation fime}

o
14, adsorption isotherms b sctivated carbone
impregrated with different P/L ratos (T=450°C

1200 e -
™ i ’
<1060 - g
am - g = Bis
el M T 5 l" ;.” |1 Il- L"
400 ° 100 r - 0+
05 1 13 z o ez o4 o8 08 1 0 178

a2 & function of 1

Migro- ), mees- (ul,

1 *}{ 14

he F/L ratia (T=AS0°C and

impregration time)

structure,

Low P/L ratics promotes the creation of
[ | micropores whereas P/L>10 slightly affect
to the pore size distribution,

P/L ratio has a clear effect on the total
volume of pores, there is a optimum for the
od mecrapores ) e development of porosity at P/L=1.2,

o

Effect of the impregnation time

~ L

1400 4,

=
& goa

-2 1200 4" % .Eo.a

. b e

¥ 1000 { o 04

Increasing impregnation times reduces BET surface areas md\
the total pore volume,

Impregnation time also affects to the pore size distribution of

activated carbons,

J

200 e v go,a i,,| il = The effect of impregnation time is more important at high
s00 or——1 | carbonization temperatures due to decomposition of phosphate
W e i hmﬁ: s a8 :::u":p:;llymphosphh bridges crosslinking parts of the carbon
Evolation af the eurtace aree with the impregnation Micre- 1), mesc- (8], ond macropoross i8] volume sx =
tima (P/L214) function of the impragnation tese [T2600°C and P/l 14!
CONCLUSIONS

Pyrolysis of lignin impregnated with phospheric acid preduces essentially microporous activated carbons.
A carbonization temperature of 450°C together with a P/L ratio of 1.2 and low impregnation times produce activated carbons with high

specific surfaces areas and reasonable yield.

REFERENCES
[1] 7. Rodriguez-Mirasol, T. Cordera, J.J. Rodriguez, Corbon 31 (1993) 67-95.

[2] E Gaonzalez Serrona, T. Corders, . Rodriguez-Mirossl, 1.7 Rodriguez Ird. Eng. Chem. Res. 36 (1997) 4832-4838

[3]H. Teng, T.5. Yeh, LY. Heu, Corbon 36 (1598) 13871395,

335



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ

ISBN: 978-84-6dEPEGRS10M, caracterizacion y aplicaciones de carbones activados B

DL.T.1387-2007

336



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ

ISBN: 978-84-690-7600-2 O Anexos

DL.T.1387-2007

ANEXO C

REMOVAL OF CU (II) FROM AQUEOUS SOLUTIONS BY
ADSORPTION ON ACTIVATED CARBONS PREPARED
FROM KRAFT LIGNIN.

CARBON (POSTER).

OVIEDO - ESPANA (2003).
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Removal of Cu (II) from Aqueous Solutions by Adsorption on
Activated Carbons Prepared from Kraft Lignin

V. Fierro, V. Torne, D. Montané and R. Garcia-Valls

Departament d'Enginyeria Quimica, ETSEQ, Universitat Rovira i Virgili, Avinguda dels Paisos Catalans 26, Campus Sescelades,
Tarragena 43007, Spain e-mail:vfierro®etsequrv.es Tel: +34 977 55 85 46 Fax: +34 977 55 85 44

The presence of heavy metals in
industrial wastewater is one of the
major sources of aquatic pollution since

they
accumulate in living tissues.

This work was undertaken to study the
feasibility of the
activated carbon produced from Kraft
lignin by chemical activation' with
phosphoric acid for the removal of

heavy metal cations from water
solutions, The influence of
carbonization temperature and

phespheric acid to lignin weight ratio on

are

non  biedegradable

EXPERIMENTAL

Lignin Analyses (wt.%)

and Proximate (st humid basis)

Elemental jwt %, ash mnd maisture frea)

Moisture 14.45 Corbon 5946
Ash 9.50 Hydrogen 507
Valatile matter 44.93 Mitrogen 005
Fixed carbon® 3112 215

Oxygen® 3327

utilization of

Cu adsorption are analyzed,

“Tetmaied by Sarence

RESULTS AND DISCUSSION

The Langmuir mode! was applied to the
experimental equilibrium date:
Gl = VX K+ /X,

X, and K in are parameters related to
the maximum adserption capacity and
intensity of adsorption, X, was used to
study the effect of T and P/L ratio on
Cu adsorption.

The Langmuir isotherm model describes
satisfactorily Cu odsorption on the
carbon prepared from Kraft lignin.

&
5
34
3
5’ R« 0.998
1
] ™ - -
om0

100 150 200 250
Ce (mg/M)

Langrmuir isatherm for the sorphion of Cu
on carbion prepared of 450°C and P/L3L4
{Cu initie) concentratien: 10-290 ppm)

|Effect of the P/L ratio (T= 450°C)

4

The specific surface area of the carbons was
determined from the nitrogen isotherms at 77K and
by using the BET equation. Micropore volume was
determined using t-plot, mesopore volume using the
BJH equation and total volume of pores was
caleulated at a relative pressure (p/p°) of 0.99.
Cation exchange capacity (CEC) was measured, after
adding NaOH in excess, by titration with HC| and
expressed in meq H" g™,

Functional groups increase with P/L
i g ratic but the value remains
L : proximately constant from P/L=1.0.
w2 As HPO, reacts with the hydroxyl
i groups of lignin it would exist a
1 maximum in the P/L ratio and so a
maximum in the phosphorous-
° c ining acids attached to the
0.5 1 1.5 2 surface
PiL
&0 1800
The high CEC together with the no » ® — 1000
existence of dif fusional 'E 3
limitations in carbons at P/L=175 3§ —7. . 10
explain the slight decrease in %04 % =f [l
copper adsorption even if the Sz w00 F
surface area decreased greatly wd 500
from 959 mig! at P/L=14 to 704 9 . . o
még! at P/L=1.75. 0.8 L 15 3

CONCLUSIONS

As temperature

phosphate  and polyphosp
bridges acting as crosslinking
parts of the carbon structure
decompose and it also could affect
to surface phesphorous compounds

increases
P

that are degraded.
™ 1600
“ T 1400
ga] v e
“ wgn” s |00
an ¢ - [ 1000 'i
2 W LY a
[ 800
° 80

300 400 500 400 700
T(*0

Adsorption of Cu on carbon
proceeds via a pseudo-second
order mechanism

t/g,= 1/h+1/q, t

where h is the initial sorption, q, is
the equilibrium sorption capacity
and the rate constant k can be
determined experimentally from
the slope and intercept of a plot of
t/q, versus t being h = k g%

Impregnation

Carbonization

P/L=0.7-1.75

T= 400-650°C
under air atmosphere
for 2h

until neutral pH

varying amounts of Cu(IT)
_ stirred for 24h at 25°C
Cu(IT) analysed by AA

_Effect of the carbonization temperature (P/L=1.4)

0 400 500 600 700
T %
The concomitant effects of T on
the CEC and on BET surface
explain  the existence of a
maximum in Cu adsorption for
activated carbons prepared at
temperatures between 450 and
550°C. At temperatures higher
than 600°C, the shrinkage of the
structure together with the
decreasing tendency of CEC with
temperature would explain the Cu
adsorption observed.

L -
ol o
g ¥ = 0,039 + 0,086
R RY = 0599 »
¥ -
B ¢ 4
4 I’ ¥ = 0.032x + 0.066

l -~ R = 0.999

0

[ 20, o 100 150

Poeude-seeond order sorption kineties for the
sorption of Cu™ fons &b 300 K end initiol
concantrations: €, = S0ppm: m , £, ¢ K0pp

Activated carbons produced from Kraft lignin can be tailored to have a high surface concentration of acidic groups and a pore size
distribution favorable for adsorption of metallic ions from solutions. Carbonization temperature strongly affects to metal adsorption by
changing porosity distribution and degrading phosphorous-acidic groups. The P/L ratio does not influence the amount of copper adsorbed if
the added phosphoric acid is enough to allow the complete reaction of lignin.

Pyrolysis of lignin with phosphoric at temperatures about 500°C and P/L ratio of 1.0 produces activated carbons with a favorable pore size
distribution and enough surface acidic groups for removal of copper ions.

REF'
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ANEXO D

UPTAKE OF CU(II) AND ZN FROM AQUEOUS
SOLUTION BY KRAFT LIGNIN.

4TH EUROPEAN CONGRESS IN CHEMICAL
ENGINEERING (POSTER).

GRANADA - ESPANA (2003).
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Uptake of Cu(II) and Zn from Aqueous Solution by Kraft Lignin

6.Nastrunisku, V. Fierro*, V. Torné, R. Garcia-Valls, D. Montané

Departament d'Enginyeria Quimica, ETSEQ, Universitat Rovira i Virgili, Avinguda dels Paisos Catalans 26, Campus Sescelades,
Tarragona 43007, Spain e-mail:vfierro®etseq.urv.es Tel: +34 977 55 85 46 Fax: +34 977 5585 44

Kraft lignin (KL) is produced upon wood pulping with a NaOH +
Na,5 solution. The lignin fraction of wooed is solubilized

in

EXPERIMENTAL

chemically madified form, representing the main component of
the black liquors, which are seperated from cellulose. These
black liquors bear a very high pellution
concentrated by evaporation, they serve primarily as in-house
fuel required for the recovery of chemicals. The separation of
KL could be an alternative to incineration since lignin is o
bountiful and renewable resource and represents an attractive
field for future industrial chemistry.

The presence of heavy metals in industrial wastewater is one of
the major sources of oquatic pollution since they are non
biodegradable and accumulate in living tissues, thus becoming
concentrated throughout the food chain. Therefore, their
immobilization is a question of primary interest. Lignin contains
octive sites (carbexyl, hydroxyl, suifenate or emine groups)
responsible for the compl of metal ions. The advantages
of using lignin are it low toxicity and the re-use of a residue in
the production chain, which may reduce pollution levels.

load and once

RESULTS AND DISCUSSION

Kraft lignin (KL) was provided
by Lignotech Iberica S.A.
Elemental cnalysis was carried

out in an EA1108 Cerle Erba

Elemental

Analyzer.

proximate analysis was carried

out following ISO s

150 mg of lignin are added to each 250-ml Erlenmeyer
flask containing 150 ml of deionized water. Varying
emounts of Cu(IT) Chloride (p.o quality from Aldrich)
are added to each flask and maintained under stirring
far 24h at 25°C, The resulting Cu(II) concentration is
onalyzed by atomic obsorption (AA). The emount of
adsorbed copper is obtained by caleulating the
difference of eoch concentration before and ofter

adsarption.

Lignin Analyses (wt.%)

Proximate (wr.%, humid basis}) __ El | (wr%, ash end maistre free)
Maoisture 14.45 Carbon 59.46
Ash 9.50 Hydrogen  5.07
Vaolatile matter 44953 Nitrogen 0.05
The Fixed carbon® 3112 Sulfur 215
e Oxygen® 33.27

* Estimated by difference

Experimental set up

Cu and Zn adsorption onto KL increcses with pH
from 4 to 6 and the linear plot of & /g, versus &,

i €9, = 148, b) + €0, q,=kC,™ showed that both cbeys the Langmuir model.
= * . R, that is defined by
0 . »pHes 13 3 —_—— R =1/(1+bCy)
Cu Em - - e ms| g | A in this study O <l for both metals and at the pH
. " b b ha s 3 o ao o r range of this study.
S e L 55 "Q; i ! At pH = 6 the maximum Cu{IT) removal is of 27.4
] L] 0 mg/g KL whereas reached the maximum Zn removal
) %0 100 1% 200 [ 0 100 130 2 1 2z 3 4 5 & was39.22 mg/g lignin. A previous work [1] reported
& e C. (mgm ne a maximum of Zn* adsorption of 73.24 mg/g lignin
at 30°C but in that case the lignin was intensively
“0 20 + purified and washed.
. el 15 e )
Zn § el IS L The adsorption did not followed the Freundlich
n 2 20 * PR T S0 g i M model as well as the Langmuir model. K, and n were
* o 5 . P A r determined. According te Treyball [2], n values
e " AN = e between 1 and 10 represents beneficial adsorption.
LR ¢ ] The toble shows that n increases with pH and it is
o 20 100 180 200 L] 50 100 180 20 1 2 3 4 5 & aolwoys between 1 and 10 for the adsorption of both
& e & (mg me. metals.
%0
Langmuir constants Freundlich constants " cusd
pH Qo(mg/g) b(U/mg) R R K n R el o
Cu 4 9.35 011 0.086 096 282 393 090 &% o Cu=132n
5 19.38 013 0073 099 1012 416 089 g e L]
L] 27.40 0.18 0.053 099 1415 6.57 096 o ‘:"'é‘r’z"
Zn 4 6.16 0.08 0117 099 104 261 096 K s separanssl
] 20.37 007 0126 094 444 313 0.80 LER 2
6 3922 005 0155 1.00 1121 442 089 a
‘.m T il £ Frmsdich et retl e rple L L - T p = m .
m’] m?"..‘.":’? ©, imgiy
a e Zn odsorbed ot equilibrium versus the equilibrium concentration ot pH=6 for adsorption
of Zn and simulteneous adsorption of Cu and Zn at Cu/Zn (w/w) equal to 1/3 ond 2/3.
The dota fit adequately de Langmuir adsorption model. The maximum Zn
removal when Cu is incorporated to the solution decreases from 39.22 10 32.3
and 19.3 for Cu/Zn (w/w) equal to 1/3 and 2/3 respectively.
CONCLUSIONS

This study shows that lignin is a good agent for removing Cu(IT) and Zn. The adsorption of metal depends on pH of the solution and maximum metal
uptake is obtained at pH=6, Langmuir and Freundlich parameters shows that Cu(IT) and Zn adsorption on KL are faverable.
As KL is used without further modification, its application in the treatment of polluted water could be commercially viable.

REFERENCES
n
[2]

5K Sirivastava, A K. Singh, A, Sharma, Environmental Technology 1994, 15, 353,
R.E Treybal, Mass Tronsfers Operations, 37 edn, McGrow, New York, 1980
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ANEXO E

HIGHLY MICROPOROUS CARBONS PREPARED BY
ACTIVATION OF KRAFT LIGNIN WITH KOH.

7™ INTERNATIONAL SYMPOSIUM ON THE
CHARACTERIZATION OF POROUS SOLIDS (POSTER).

AIX-EN-PROVENCE - FRANCIA (2005).
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Highly microporous carbons prepared by activation of
kraft lignin with KOH

R CtSEQ |oonetcron V. Fierros, V. Torné-Ferndndez and A. Celzard®

Highly microporous carbon materials with high
apparent BET surface areas (up to ~ 3000 m? g°')
were obtained by heat treatment of mixtures of
demineralised kraft lignin (KL,) and KOH. The
effects of five parameters: temperature of
activation (T), KOH/KL, ratio (R), nitrogen flow
rate (f,), time of activation (1) and heating rate
(r) on carbon yield, surface area, pore volume and
pore size distribution were investigated,

@ Departament dEnginyeria Quimica, Universitat Rovira | Virgili, Campus Sescelades, 43007 Tarragona, Spain
5 Laboratoire de Chimie du Solide Minéral, UMR CNRS 7555, Université Henri Poincaré, 54506 Vandoeuvre-|és-nancy Cédex, France

EXPERIMENTAL

-

_ T

—— [ Corbonpreparation | washing |——s [ characterisation |

1msgllgmmzld-w 500, 700, 800 or 900 °C Proximate and ultimate anclyses
edditian until pH = 1 , 2:1, 31, 41 or 501 (physical mixture) SEM studies
nuhmgnf the precipitate oo 400, 600 or BOO mifmin Surfoce area (BET) and pore volume (Vogy, o)

drying overnight ot 108 °C Pore size distribution (HK method)

L0°C min
RESULTS
Proximate and ultimate analyses of KL and KL, (wt. %) @ Effect of activation parameters on both Sger and carbon yield
00 800
Procinate Anabsi (wi%, dylbess)  Ukimate Arsbyais (wt %, dal) 3000 |9 L 2000 &) iy
Fixed Carbers  Vilatile satter  ash g H N s 0o %00 =’ . 0 & _ 2500 "’"" o &
KL 364 28 1w ®s 51 01 22 m|\3 i‘m i a l,: %ZM . . E
KL w1 el 02 658 59 00 05 78 & 900 £ e 10 § g 1500 e p
* Eatismated by dillerunce 1000 e £ ¥ o L) £ £
d 3 5
KL has a high esh content, basicolly Na and Ca combined with 5 and C inside the 00 - 1 200 4 ]
phase Na,C0,, 2 Na,50,. Lignin demineralisation is very effective: ash content a o @ " z
was reduced from 11.1 1 0.2 % ite 00 7 qagy 800 1006 ] 5] g i
® Typaofudsorpﬂonimums[hlzmm 00 »o0
w000 4 ! - 2000 { 9 - "
£ z ) e e etz = -— N
oo 3m st 5200 [ E
= o = g ol -imo - i § 2000 :i
4 = i35S -:"f?”‘”"' - §o - § ¢ 1%00 . » |ny
e F Y 1000 £ %000 5
&0 et st ss s smmane " 3
i 3 200 1 500 1 200 ko
- G = o ! o
00 02 04, 08 08 1D L L 10 o G, teesminf 0 00 o 1 ym 2 3

prepared at 500 °C and with R=1 have on essentially microporous charocter. As T ond R
increase, the knee of the isotherms widens, indicating o widening of the pores. Carbon
repared at 900 °C shows o hysteresis loop, evidencing a well-developped mesoporasity.

flow removes part of the cctivant: carbon yield increases and 55, decreases. The
wvariation of t or r (not shown here) slightly modifies the octivated carbon produced

EII the isotherms are of type I (Langmuir), cheracterising microporous solids. Carbons { T and R have the most morked effect on both carbon yield and 5;.1. Increasing the N, W

@ Effect on both pore volume and pore size distribution

E e af Vam T R E : ¢} ‘F -ni
=1 T i g =’ B i S
L] ot R ein L1 e ) = —ny
i AT Ve i J & Lt i A 2 1
o3 v . o o8 o S - 5
i s gzt " ?\MEETTE_‘ —= I 3 . PR, A B — 7
400 W i 00 1000 b A Al € a S 6 , L dept 4B
The total pore volume incresses with but, af fempe: Pore valumes within the whole pore diameter ronge ore reduced forR> 3
Inigher than 700°C, micropores progressively widen fa form mesoperes. ircreesing R increcses the froction of wider pores.
1] I 1 23
E:" _*"; = §!,} E}m
= ~ Vam [ i - 000 ac et - J— Vuse » s
‘5 1. Lo e : 1 ‘ ‘s 1 - . s . Vim
i) == LN Ly ” well Il - e
o8 Sosd | Vi 05 o8
v, ‘ o
i = [ = £ LS I B Ve
o 100 00 00 Ci : 8 i o ’ ] i ] 3 o ] w0 =
fix (eimin) L) ]
M, flow does nat change the PSD but decrecses the rumber of pores. I of octivation time is encugh to octivate the corbon, An increcse of the heating
rate from 5 ta 10 “C/min produces o lewering of the pore volumes.
CONCLUSIONS
1 s study evidenced the possibility 2 The most relevant parameters were found to be 3 Medifying the experimental
of preparing hlghlv microparous activation temperature and mass ratic KOH/lignin.  conditions easily leads to a range of )

active carbons from demineralised
Kraft lignin, using KOH in suitable
experimental conditions.

active carbons, from almost purely
microporous to mesoporous.

Thus, the best materials (surface area ~ 3000
m?/g, micropore volumes ~ 15 cmi/g) were
obtained at 700 °C and KOH/KL, = 3.

=g
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ANEXO F

ENZYMATIC COMPOSITE MEMBRANES BASED ON
CARBON/POLYSULFONE.

ENGINEERING WITH MEMBRANES: MEDICAL AND
BIOLOGICAL APPLICATIONS (POSTER).

CAMOGLI - ITALIA (2005).
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Enzymatic composite membranes based on carbon/polysulfone
Carles Torras, Vanessa Torné, Vanessa Fierro, Daniel Montané & Ricard Garcia-Valls

ricard.garcia®urv.net, +34.977.55.96.11
Wood Biopolymers Group
Department of Chemical Engineering
Escola Técnica Superior d'Enginyeria Quimica
Universitat Rovira i Virgili
WBG@G Av. Paisos Catalans, 26. 43007 Tarragona (Catalonia - Spain)

Introduction

Versafile materials that have selective properties are of high interest. The objective of these materials is their application in
membrane selective reactors. In these reactors, the separation and reaction steps are combined in a single unit. In order to
aobtain an optimized reactor, the base material (support) is of great importance. In this work, the support is o composite
polysulfone membrane that contains activated carbon.

Methods and materials. Micromesifics ASAP 2020 Membrane module and oplimization

« Membranes. Obtained from PSf (20%w) by immersion precipitation.
Solvent: DMF, Non-solvents: IPA & H20.

« Activated carbon. From residual lignin with carbonization at 450°C.
Characterized by Micromeritics ASAP 2020.
|gos adsorption surface area analyzer).

¥ Enzyme. Xylanase (from Sigma-Aldrich), 2.5 u/mg.

«» Fluid: Oligosaccharides from acid hydrolysis of nuts shells up to 40kDa.

4» Experiments carried out in a flat membrane module.

1. Membranes, activated carbon & composite membranes.

¢ Membranes: Cut-off range: 20-600 kDa.

¥ Activated carbon.
Type | (Langmuir). Microporous character [0.41 em¥/g).
BET surface area: 1047 m?/g, Total volume pores: 0.51 cm¥/g, 2. The activity of the enzymes

» Composite membranes. Addition of 0.9% w AC. 4¥ Conditions to obtain chains of 2/3 monomers:
Membranes morphology & performance do not change. Enzyme conceniration: low/very low. Reaction time: 0-5'

tom soverot
e e

e e fpr— aue fo the enryme octiity

Enzyma concontintien ef 0.5 g1 Ensyme concentration of 10 g1

3. The membrane reactor

+» Enzyme was immobilized over the composite

membranes. — |

¥ Results show evidence of separation and reaction. =7 A\ 3

« With @ membrane of 40kDa MWCO and with low - -1 &

amounts of enzyme, a retention of 20% for a sugar i g ps \ - | .

size of 17kDa was obtained and also, the permeate  § [y b

contains mainly cligosaccharides of DP=3, This = = | r

evidences a good equilibrium between the kinetics o —ee Te— ‘

of the reaction and the separation. S L 1) 3

« With an enzyme concentrafion too high, the kinetics R s s LB :

is not adequate and monomers are mainly obtained. L
Conclusions, references & acknowledgements ¢

< 4
¥ Activated carbon does not change the morphology and the performance of the membranes. 2%
+ Membranes capable to held a separation and reaction process have been successful obtained. g !‘

+» Although an optimization should be done, the kinetics of the reactions is consistent with the kinetics of the separation.
« The immobilization of the enzyme on the carbon-metal complex is in process.

8

« C. Torras & R. Garcio-Valls. Quantification of membrane morphology by interpretation of scanning electron microscopy
images. Journal of Membrane Science, 233 (2004) 119-127.

¥ L. Ballinas, C. Torras, V. Fiemo & R. Garcia-Valls. Factors influencing activated carbon-polymeric composite membrane
structure and performance. Journal of Physics and Chemistry of Solids, 65 (2004) 633-637.
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C. Torras acknowledges the Rovira i Rovira University for a doctoral scholarship. This work has been supported by the
Spanish Ministry of Science and Technology, project PPQ2002-04201-C02.
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ANEXO G

INFLUENCE OF THE ASH CONTENT ON THE
MICROPOROSITY OF ACTIVATED CARBONS DERIVED
FROM KRAFT LIGNIN.

CARBON (POSTER).

COREA (2005).
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Influence of the ash content on the microporosity of
activated carbons derived from Kraft lignin

w ets En 00D PO GRAr_

2 s

Vanessa Fierro®, Vanessa Torné® and A. Celzard®

Departament dEnginyeria Quimica, Universitat Rovira i Virgili, Campus Sescelades, 43007 Tarragona, Spain
Laboratoire de Chimie du Solide Minéral, UMR CNRS 7555, Université Henri Poincaré, 54506 Vandoeuvre-lés-nancy, France

This work focuses on ACs produced from the |
decomposition

thermal

of mixtures

of

orthophosphoric acid (PA) and either as-
received Kraft lignin, KL, or demineralised
one, KLy The yield, surface area and porosity
were determined, and the effect of the
demineralisation process was investigated.

RESULTS AND DISCUSSION

Proximate Analysis (wt %, dry basis) Ultimate Analys-s {wt %, daf)
€ H o

Fixed Corbon Volatile mat. _ash
KL 36.4 525 11 59.5 5.1
KLy 39.7 0.1 02

* Eatimated by difference

| 1L bas an ash content (11.1% dof basis) that is nearly remaved (0.2% daf basis) |

| after the treatment with Hy50,.

SEM images of lignins

0.1

22 333
558 59 00 05 278

EXPERIMENTAL

Carbon preparation

-

100 g lignin in 2 L of water:
H; 50, oddition until pH = 1
washing of the precipitate:
drying overnight ot 105 *C

IR analysis of lignins

L od

%
corbanisation in air atmasphere for 1h

3600 00 100 000 IF00 MDD

Surfoce ereo and
Ny physical adserption
IR

SEM

acid-washing are the reduction of hydroxyl
groups and the elimination of corbonates.

An intense band in KL, spectrum centered ot
1729 em!, which indicates C=0 (ketones,
aldehydes or carbexyl groups) not essociated
to aromatic rings, oppeored after ocid

. washing,

H-K distributions

" The most impartant changes introduced by. \

Waalenght jcm ) E 10
a} il
e B4
Carbon yield and Seer DR model B .
— . ‘E 44
KL particles (left) have o rounded shape with | 00— 1300 s Vi Ei g 24
widely open volumes inside. After acid washing, | = g4 +° Swee=+ k1m0 m mel | 5 =
| Kl ; particles (right) are much I:uggxrﬂdﬂmfp = - f \\' G Raw ligninar corbon 50 T T g
3 601 . P powrg ;g gg: 12;2:_ 1’2 " 03 04 05 06 07 08 0
] | E X . * w (nm)
SEM images of carbons g 4 MME s00 051 189 15 £ 10
o 204 F 300 = e
We ligni s carbon, E 84 b S00 %
0 T Y Y 9 400 045 191 14 2
W w0 S0, 60 M0 500 040 179 17 = ¢
Faai) 600 037 176 17 & 4
-~ £ B
Carbon yield decreases with increasing T, and is always higher for carbans E * L“-\
; from KL. Opposite evolutions of Sue; with T, were found, depending on the =0 T —T T T
(Carbons from KL octivated ot 400 °C. After | precursor, The parameters calculated by epplying the DR method are also 03 04 05 06 07 O0F 09
carbonisation, the original shape of the affected. Carbons from KL, have a smaller micropore volume, and wider pores. W (nm)
|p¢|-iir.|es is lost and a porous structure is 5
revealed. = 1o
: Pore volumes F: 42 60
" £ a7 07 7
Van Krevelen diagram i a6{™ - Vo E 064 b ¥ ]
] A 4 i - 01 . = 49
z E‘Js4 '//.— Vit st !::_ t . * Voss =
2 s Taa] = % 0 ¢ Veu| 2 2]
E 02 il §o:] y . e s S0 =
[ /,/ ERTR * Ve ? o1 B - e ] 03 04 05 06 07 08 09
= 014 > - - - - :E 0 - - s w ()
¢ % w0 4w %0 e 70 W0 A0 S0 60 W
0 T r Tua(C) Tua “Far ACs from KL, the amount of pores at
02 0.3 04 05 |

O/C atomic ratio

The ACs become more aromatic when T,

Increases. ACs produced from KL are

more aromatic than those from KL,
|_aromaticity increases with T,...

ACs from KL, have I!ig-hcr micrvé‘wt volumes ot 400 C. However, their |

pore volumes decreese with increasing T, contrary to those from KL

** | CONCLUSIONS

L

ALFAIl 0414 FAFI

surfoce chemistry are affected by the
remaoval of the mineral matter. Carbon yield is
higher for activated carbons pre|
activation of the raw Kraft lignin (KL) and such
ACs also show o higher aromaticity.

mifg.
the AC prepored from KL at 600 °C.

0.37 nm is always higher and increases with
Teer ACs from KL, show o wider mean pore
size, and a decrease of porosity of width |
037 nm is observed when ACs were

\ prepmod at 600 °C, |

@ cobon yield, surface area, porosity and @ The activated carbons prepared by activation of @ The different characteristics of

demineralised one (KLJ) ere essentially
microporous with surface ereas higher than BOO
The highest surfece area determined in
this work, of nearly 1200 m*/q, corresponds to

the ACs are due to the deminero-
lisation process, which produces
lignin polymerisation and reduces
its ability to react with PA.
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