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Statistical Optimization of the Synthesis of Highly Microporous Carbons by
Chemical Activation of Kraft Lignin with NaOH
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Highly microporous carbon materials with high apparent surface areas (up to 2400 m?+g~") were obtained
by heat treatment of mixtures of demineralized Kraft lignin and sodium hydroxide. The application of a
statistical tool, the response surface methodology, was used to determine the optimum operation conditions
for preparing activated carbon able to adsorb large quantities of organic compounds. For that purpose, three
parameters were varied: temperature of activation, sodium hydroxide and demineralized Kraft lignin percent
mass ratio, and nitrogen flow rate. This carbon was tested for the adsorption of methylene blue that is a
model compound for the most usual organic pollutant behavior, such as dyes. The adsorption of methylene
blue was 93.2 g/100 g activated carbon, and this has a high microporosity and a specific surface area of
2610 m?+g~!. The optimum preparation conditions of this best activated carbon were determined at 755 °C,

22.4 % Kraft lignin, and 200 cm® N,-min "

1. Introduction

Lignin is a biopolymer that may be obtained in large
quantities as a byproduct during the chemical pulping of wood
and annual plants for the production of cellulose pulps. Several
technical lignins are available depending on the pulping process,
such as Kraft lignin (KL), lingosulfonates, and organosolv lignin,
the first being the most abundant. In the Kraft process, lignin is
used as in-house fuel to supply energy to the process, which
also allows the simultaneous regeneration of the pulping
chemicals. However, the enormous amount of lignin that is
processed yearly through Kraft pulping plants has prompted
interest on finding higher value applications for this material.
Some uses that have been explored are as binder for animal
fodder, to prepare lubricants for oil well drilling, in soil
stabilization, as a substitute for phenol in adhesives, and as a
precursor to the manufacture of activated carbon. The latter is
currently a favored application because the demand of carbon-
aceous adsorbents is growing worldwide driven by stricter
environmental regulations, which force improvement in separa-
tion techniques and intensive processing of waste streams to
reduce the emissions of gas and liquid contaminants. Activated
carbons (AC) and carbon molecular sieves are used industrially
for gas separation, gas storage, purification, and catalyst
supports.'* Properties of a carbonaceous adsorbent depend on
the surface area, the pore volume distribution, and the chemistry
of the surface. All of those factors are a direct consequence of
the nature of the precursor material and, most importantly, on
the activation agent and conditions.> ® In recent studies on the
chemical activation of KL with HsPO,,%'° we obtained mi-
croporous AC with surface areas as high as 1300 m2-g~!,
although higher specific surfaces may be obtained with other
activating agents. There is a growing interest in activation with
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alkaline hydroxides, and potassium hydroxide (KOH) has been
found to be one of the most effective compounds for that
purpose.® !4 High surface areas and pore volumes are reported
for lignocellulosic materials, carbons, and chars activated by
KOH, with surface areas up to 3000 m?-g~'.'* Exploratory
studies evidenced the possibility of preparing highly mi-
croporous carbons from KL using sodium hydroxide (NaOH)
and KOH as an activating agent under suitable experimental
conditions."”

Therefore, the aim of the present work was to develop a
systematic study to optimize the manufacture of AC from KL
by activation with NaOH from the effect of the operating
variables on the characteristics of the resulting carbon. A
statistical design based on the response surface methodology
(RSM)'®"2* has been developed to optimize the capacity for
methylene blue adsorption (gyg) because it serves as a model
compound for the most usual organic pollutants.'>'”* 37 Jodine
number is another relative indicator of the AC porosity but in
general terms is not as useful as methylene blue to predict the
AC ability for adsorption of other species.

2. Experimental Section

2.1. Materials. KL was supplied by Lignotech Ibérica S.A.
(Spain) and was presented in the form of a fine dark-brown
powder. Ash content of the lignin was 9.5 % on reception, and
lignin was demineralized prior to the preparation of the carbon.*®
To remove the inorganic matter from KL, batches of 100 g were
introduced in 2 L of water, leading to dark-brown suspensions
of pH 9.5, and lignin was then precipitated by the addition of
H,SOy, until the pH decreased to 1. The precipitate was gently
washed with distilled water until constant pH, and it was dried
overnight at 105 °C. Lignin prepared this way was nearly
mineral-free and was labeled demineralized KL (KLj).

Extra pure methylene blue chloride (MB) powder was
supplied by Scharlau and used as a solution of 3.2 mM
concentration with 5 % HNO;. MB serves as a model compound
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Table 1. Physical and Chemical Properties of the Commercial
Activated Carbons

property CACI CAC2 CAC3
Sper (m*+g™") 1350 620 1020
Vaumiero (cm®+g™h) 0.458 0.185 0.334
Vuia (cm*+g™") 0.139 0.085 0.152
Voo (em*+g™") 0.713 0.637 0.625
acidic groups (mequiv H'/gac) 2.6 7.9 5.0
basic groups (mequiv OH /gac) 0.5 1.2 2.1
gmp (g MB/100 g CAC) 415 31.5 21.7

for adsorption of organic contaminants from aqueous solution,
and it is used as a primary indicator of the adsorption capacity
of Acs (gus)."”

NaOH of 99 % purity was purchased in the form of lentils
from Scharlau.

2.2. Preparation of the Activated Carbon. NaOH lentils were
ground and physically mixed with KL, at KLg-to-total-mix mass
ratios (R) between 18 % and 32 %. The carbonization was
carried out in a horizontal tubular furnace, where the samples
were heated in a crucible at 5 °C+min~! from room temperature
to a nominal carbonization temperature (7¢,) between (700 and
869) °C. A flow of N, (f) between (200 and 500) cm?+min~!
was used, and the samples were kept at Ty for 1 h before
they were cooled under a nitrogen atmosphere.

During the experiments, metallic sodium mixed with sodium
carbonate was present. Therefore, the AC was submitted to
atmospheric humidity for 1 day to oxidize sodium metal slowly
and was washed with extreme care, first with 1 M HCI and
finally with distilled water until a constant pH of around 6. After
drying in an oven during 24 h, a very light activated carbon
was obtained.

gup of the carbons prepared from KL was compared with
that of three commercial AC (CAC1, CAC2 and CAC3), which
were kindly provided by Norit Americas. These carbons are
prepared by physical activation with steam, and their main
properties are shown in Table 1. CAC1 (Norit PAC200) and
CAC3 (Norit ROX 0.8) are mainly microporous with high
surface areas of more than 1000 m?-g~!. CAC2 (DARCO
12X40) has a lower surface area and is less than 30 %
microporous (0.185 cm?<g”! in microporous volume with
respect to a total volume of 0.637 cm?®+g™"). All of them have
an acidic surface character.

2.3. Response Surface Methodology. Experiments were
planned using a RSM, which was based on a factorial design
around a central point located in the expected optimal zone
(Figure 1).°>° gy was chosen to be the dependent variable,
and the independent variables were R, Te.s, and f.'> Figure 2
shows the algorithm followed in the RSM. Analysis of the RSM
determined the significance of the effect of the independent
variables and their interactions. The design was further expanded
with a second set of experiments into a compost central factorial
design (Figure 2) to locate the optimum more precisely.

2.4. Characterization of the Activated Carbons. Surface area
and porosity were determined by the application of different
methods to the nitrogen adsorption—desorption isotherms
obtained at 77 K in a Micromeritics ASAP 2020 analyzer. The
samples were previously degassed at 523 K for several hours.
N, adsorption—desorption data were analyzed according to: (i)
the BET method*! for calculating the specific surface area, Sggr;
(ii) the o method** for calculating the micropore (Vg micro) and
the ultramicropore (Vi ) Volumes, using Carbopack F graphi-
tized carbon black as reference material.** The total pore
volume, Vg9, was calculated from nitrogen adsorption at a
relative pressure of 0.99.
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The test for MB adsorption (gvg) is based on one point of
experimental adsorption equilibrium. Analysis was performed
by triplicate mixing of 33.7 mg of AC with 50 mL of a solution
of 3.2 mM MB. This suspension remained under mechanical
stirring for 24 h. Afterward, a sample of the solution was
extracted, and we determined the concentration of MB by
measuring its absorbance at 664.8 nm in a Dinko Instruments
8500 spectrophotometer. gy was calculated by the difference
between the initial and the final concentrations and was
expressed as grams of MB per 100 g of AC (gmp/100 gac). The
error concerning this measure is less than 0.5 %, and it comes
from the equipment used.

A modification of the Boehm titration** was used to quantify
the acidic and basic surface groups. Dry samples of AC (25
mg) were mixed with 25 mL of 0.1 N NaOH, 0.1 N Na,COs;,
0.1 N NaHCOs;, 0.1 N sodium ethoxide, or 0.05 N HCI. The
first four solutions measure the acidic surface sites whereas the
latter is used to quantify the total basic sites. NaOH is used to
quantify carboxylic, lactone, and phenol groups; Na,COs is used
to quantify carboxylics and lactones; and NaHCO; determines
carboxylics and sodium ethoxide for the total acidic sites. The
suspensions of AC were stirred for 48 h to ensure com-
plete contact between the surface groups and the reagent in the
solution. Afterward, the suspension was filtered, and a sample
of 5 mL was titrated with HCl or NaOH, depending on the
solution. Total titrable surface functional groups were expressed
in terms of milliequivalents per gram of AC (mequiv/gac).

Conversion to AC () is the carbon yield calculated as the
coefficient between the final dry weight of the carbon and the
initial demineralized lignin weight. The error concerning to this
measure is the error of the balance (6+107%).

3. Results and Discussion

3.1. Application of Response Surface Methodology to Opti-
mize Adsorption Capacity. In a preliminary study on the
preparation of AC with KLy and NaOH,'® it was established
that T, R, and f were the variables that had the most significant
effect on the yield and properties of AC, whereas the activation
time and the heating rate had less effect.*” For this reason, we
set the activation time and the heating rate for all experiments
to be 1 h and 5 °C-min~!, respectively.

3.1.1. First Screening Experiments. A first set of 17 ACs was
prepared following the central factorial design under the
conditions detailed in Table 2, for the simple analysis, and Table
3, for the compost analysis, and their conversion to AC () and
guvp was measured. The central point was fixed at 770 °C (T¢urn),
25 % (R), and 350 cm’®-min~! (f) according to previous
work.®*7%% Analysis of the results (Table 3) shows: (i) below
770 °C, gup has a moderate decrease when the KLy mass ratio
increases at a constant temperature; (ii) above 770 °C, a decrease
in the KLy mass ratio produces an important decrease in the
gmp because the structure of the AC begins to collapse, causing
the specific surface area of the carbon to fall;'? (iii) a maximum
in MB adsorption was always observed around 770 °C at
constant R.

Table 4 presents the statistical analysis of the central factorial
design obtained by the RSM of the results from Table 2. The
probability of each variable to influence the gvp in the linear
and quadratic approximations of the RSM is reported. At a 95
% probability level, a p-value below 0.050 means that this
parameter has a significant influence, and p-values near 0.100
mean that the parameter has some influence.

Application of a linear approximation gave information about
the influence of T.,, R, and f, on the MB adsorption. Table 4
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Figure 1. Scheme of experimental points for the response surface method (RSM) with (a) two independent variables and (b) three independent variables.
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Figure 2. Procedure of the response surface method.

shows that the three parameters of the linear approximation have
p-values above 0.200. It means that these parameters do not
have a significant linear effect on the adsorption of the MB.
However, comparison among them shows that 7, and R
appeared to be more important than f. Results from the quadratic
approximation of the central factorial design show that the
experiments were well represented by the quadratic surface
approximation because the p-value for (Tep? + R* + f2) was
below 0.050. f and its interaction effects with T, and R gave

Table 3. Compost Central Factorial Design Points Studied in the
First-Step Experiments

real values

codified values
experiment Teup (°C) R (%) 1 (%)  Tear R

g (8/100 gac)

1,11 700 20 —1 -1 83.1
2,10 840 20 1 -1 443
3 770 25 209 0 0 86.7
4,7 840 30 1 1 83.7
5,8 700 30 —1 1 73.1
6 770 25 21.0 0 0 90.8
9 770 25 210 0 0 91.8
axial points
12 770 32 318 0 V2 91.5
13 869 25 196 42 0 91.9
14 770 25 245 0 0 96.1
15 770 25 23.0 0 0 94.7
16 671 25 266 —+/2 0 77.0
17 770 18 6.6 0 —v2 83.4

p-values above 0.309; therefore, f was determined to not be a
significant variable, and a constant value of 200 cm® N,*min™!
6:50-51 was maintained for the rest of the study. In contrast, the
influences of T, and R on the adsorption of MB were not
strictly significant at 95 % probability, but their respective
p-values, 0.084 and 0.078, were close to 0.05. Furthermore, the
p-value of their interaction effect was below 0.050, which
indicates that both variables may really have a significant effect.

Therefore, from the results obtained with the experiments of
Table 2, the central factorial design has been explained to be a
compost central factorial design (Table 3) omitting the inde-
pendent variable f. Values of Table 3 have been obtained from

Table 2. Central Factorial Design Points Studied in the First-Step Experiments

real values

codified values

experiment Tcarb (OC) R (%) f (Cm3 'min_') 7 (%) Tcarb R f 4qvmB (g/loo gAC)
1 700 20 200 19.7 -1 -1 -1 79.2
2 840 20 500 21.4 1 -1 1 38.7
3 770 25 350 20.9 0 0 0 86.7
4 840 30 200 27.8 1 1 —1 85.1
5 700 30 500 26.6 -1 1 1 62.6
6 770 25 350 21.0 0 0 90.8
7 840 30 500 21.7 1 1 1 82.2
8 700 30 200 30.4 -1 1 -1 83.6
9 770 25 350 21.0 0 0 0 91.8
10 840 20 200 6.3 1 -1 —1 49.8
11 700 20 500 12.6 -1 -1 1 87.0



Table 4. Statistical p-Value for the Simple and the Compost Central
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Factorial Design in the First-Step Experiments

. linear effect
central factorial !

interaction effect quadratic effect

design approximation Teart R F Tewr*R Tean'f R-f Tew? + R2+ f? Tears? R?
simply linear 0.299 0.282 0.606
quadratic 0.084 0.078 0.309 0.021 0.974 0.423 0.039
compost quadratic 0.825 0.229 0.059 0.114 0.191
Table 5. Points Studied in the Second-Step Experiments 26 g 90 T g ™55
real values codified values o / gz——\g \ 88
- - ———— L 2 ]
experiment Ty (°C) R (%) 7 (%)  Tean R qus (2/100 gac) % 92/ 90
18 807 25 184 1 1 93.2 v U,
19 747 21 15.1 -1 -1 94.3 24 ]
20 777 23 19.0 0 0 96.2 94 92
21 807 21 6.8 1 -1 91.9 23 [
22 747 25 222 -1 1 94.1 % s o
23 777 23 18.6 0 0 94.2 Q o o 94
24 777 23 13.7 0 0 954 < 22t .
axial points x 95\_/ ol
25 777 20 105 0 -2 95.1 2 | ]
26 777 26 19.0 0 V2 88.0 \
27 777 23 189 0 0 95.4 94 o4 90
28 777 23 17.5 0 0 94.6 20 \94_/ i
29 777 23170 0 0 95.7 %2 s’
30 819 23 14.1 V2 0 90.3 \92 2/ 00
[ — 9
31 735 23 175 -2 0 95.7 19 /
0 84
— 90 8
Table 6. Statistical p-Value Analysis of the Data Presented in Table 5 18 Lss ) ) /e 86 82
central linear interaction 720 740 760 780 800 820
factorial effect effect quadratic effect Carbonization Temperature (°C)
desi imati Tean R Tewt'R  Teas’ + R Tea® R’
'651gn app.roxlma 100 et ad b b Figure 3. Variation of the quantity of MB adsorbed depending on the
simply linear . 0.326 0.728 temperature (7) and the KLy quantity (R).
quadratic  0.243 0.640  0.534 0.133
compost  quadratic  0.068 0.123  0.693 0.170 0.033

the average of the data with equal T¢, and R but different f of
Table 2 and the experiments in the axial points.

Table 4 also presents the statistical analysis for the compost
central factorial design for 7., and R of Table 3 by the RSM,
where the probability of each variable to influence the gy in
the quadratic approximations of the RSM is reported. All
parameters are above 0.050, although, there are indications of
the quadratic influence of the independent variables T, and R
due to the p-values (0.114 and 0.191, respectively). However,
some interaction of these two variables is observed with a
p-value of 0.059. Therefore, a quadratic function was adjusted
with data of Table 3, and a maximum ¢y was obtained at 900
°C (Tea) and 37 % (R). These conditions were localized out of
the defined working conditions range and were contradictory
with those expected due to a large range of studies obtaining
AC under extreme conditions that collapse the structure and
thus low adsorption capacities that, in the case studied, generate
distortions in the data analysis.

3.1.2. Experiments with a Redefined Central Point. Because
f was not a significant variable but the significance of 7¢, and
R was not clearly established and the optimum was not located,
a second set of experiments was conducted around a new central
point, which uses smaller variations. The central point was fixed
at 777 °C (T.ap) and 23 % (R), and variations of + 30 °C and
=+ 2 % were employed for the experimental design.

Fourteen new samples of AC were prepared under the
conditions detailed in Table 5, and their gvp values were
measured. Statistical analysis of experimental data of Table 5
for the RSM gave the p-values reported in Table 6. Simple
central factorial design presents the fact that both p-values in
the linear approximation are above 0.300, showing no significant
linear effect in the adsorption of the MB. Nevertheless, a
comparison of them shows that 7., seems to have a higher

linear effect than R. Results from the quadratic approximation
indicate that the influence of both parameters independently,
0.243 (T.ap) and 0.640 (R), and their combined effect, 0.534
(Tearn* R), were not all significant, but the data can be represented
by the quadratic surface approximation (Te.> + R* = 0.133),
and the compost central factorial design can be performed. The
p-value of the quadratic effect is 0.133 caused by the dispersion
of gump data in the central point. Therefore, compost central
factorial design must be done because the probability level is
near to 95 % and the average gy of the central points is higher
than that obtained in the extremes of the range studied.

In the compost central factorial design, linear effect is
significant with p-values of T, and R near 0.100 (Table 6)
with a higher effect of the temperature, as is predicted in the
central factorial design. Influence of the interaction between the
two parameters is not clear, but the quadratic effect is important
(Table 6, T.> = 0.170 and R?> = 0.033), proving that the
quadratic surface should give the optimum conditions to prepare
an AC with maximum gy in this zone.

Figure 3 shows the RSM model locating an optimum AC
prepared at 200 cm® N,*min™!, 755 °C, and 22.4 % in KL4
content with a predicted maximum of gyg of 96.3 g MB/100
gac. However, the surface has little curvature around this
optimum. Therefore, the maximum is located in the center of
this range.

AC prepared under those optimal conditions has a gyp of
93.2 g MB/100 g AC. Its specific surface area is 2612 m?-g™"
with microporosity higher than 74 % (1.112 cm?®+g™") of the
total porosity (1.494 cm?+g™!). Its surface was predominantly
basic, with 16.6 mequiv+g~' of basic groups and only 11.9
mequiv-g~! of acidic groups, showing that surface chemistry
also plays a main role in the MB adsorption. Comparing CAC
with the optimum AC, gyp is less than two times with respect
to the optimum AC (41.5 g MB/100 g CACl, 31.5 g MB/100
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Figure 5. Evolution of the MB adsorption capacity with micropore volume
for carbons obtained by chemical and physical activation. Continuous line
only shows the general trend.

g CAC2, 21.7 g MB/100 g CAC3). Taking CACI1 properties
for comparison with optimum AC properties shows that both
microporosity and surface chemistry play an important role in
MB adsorption.

Indeed, in some cases where the surface area and the porosity
are less developed, the MB adsorption capacity is greater than
expected and is caused by the surface chemistry.”>> MB is a
dye with basic character, and when it is put in contact with a
strong acid surface charge, electrostatic interactions act between
the delocalized 7t electron of the carbon surface and the free
electrons of the dye molecule that are principally present in
aromatic rings.””

3.2. Dependency of the Methylene Blue Adsorption Capac-
ity. In general, the g\ of an AC is closely related to the specific
surface area and especially to the microporosity in AC with
highly microporous carbons with a significant contribution of
narrow microporosity. Figure 4 shows the gy for ACs prepared
by chemical and physical activation where carbons obtained by
chemical activation include our own results on ACs from KL
and KLy activated with H3PO,*° KOH," and NaOH and
bibliographic data on carbons prepared by activation with
H;PO,,%” KOH,?>>-28-30:31:33.35.37 g d steam.>*3° Three CAC are
also included. gy for the ACs prepared in this study range from
(49.8 to 97.4) g MB/100 g AC, which is in good agreement
with the results reported by several authors>=%3!-33:35:37 for

carbons prepared from different types of raw materials (olive
stone, petroleum coke, pistachio shells, wood, etc.) by KOH
activation (from (26.3 to 110.0) g MB/100 g AC), which lies
in the same range of values as that for NaOH carbons. Large
porosities and surface areas of the ACs prepared with NaOH
and KOH facilitate the efficient adsorption of large quantities
of adsorbates, and thus carbons can find application in removing
organic and inorganic molecules from contaminated streams
efficiently.?”*%3%3137 Tn contrast, ACs prepared from KL by
phosphoric acid activation have more limited gyp, about 38.9 g
MB/100 g AC,”” which is caused by the lower specific surfaces.
Finally, carbons activated with steam>*3® and the three CACs
tested in this study have adsorption capacities similar to those
of phosphoric acid carbons.

Because of the size of the MB molecule, around 15 A, this
compound is adsorbed only in larger micropores or supermi-
cropores [(13 to 20) A] and the mesopores (>20 A). Figure 5
shows the variation of gy with the micropore, confirming that
MB is adsorbed on them.

4. Conclusions

The aim of this study was to study the interaction between
the preparation conditions of AC and experimental variables
by using a statistical method for the design of experiments to
produce optimized AC from KL activated with NaOH.

The statistical method selected, the RSM, has been shown to
provide the optimum conditions for preparation of an AC that
adsorbs more MB than the CAC used for comparison.

In the first step of the experimental application of the RSM,
the effect of f and its interaction with T, and R was not
significant and does not affect the final properties of the AC,
especially the adsorption of MB. A typical constant value of
200 cm® N,*min~! (f) was set for the remaining experiments
centered in a second central point.

Integration of the first-step and the second-step experiments
allowed us to select the optimum AC, where the maximum MB
adsorption that takes place is achieved at 755 °C (T¢un), 22.4
% (R), and 200 cm® N,»min ™! (f) with a MB adsorption capacity
of 96.3 g MB/100 gac. These adsorption capacities are well
correlated with the supermicropore and mesopore volume and
also with the acidic groups of the surface because of the
character of the basic dye employed.

Note Added after ASAP Publication: This paper was published
ASAP on May 18, 2009. V. Fierro was added as an author and the
affiliations were updated. The revised paper was reposted on July
8, 2009.
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