PEER-REVIEWED ARTICLE b | oresources.com

ADSORPTION OF L-LYSINE FROM AQUEOUS SOLUTION BY
SPHERICAL LIGNIN BEADS: KINETICS AND EQUILIBRIUM
STUDIES

Guo-Fen Chen,*" and Ming-Hua Liu"*

The potential of spherical lignin beads as an adsorbent to take up L-
lysine from aqueous solution was investigated. The kinetic data were
estimated by the pseudo-first-order and pseudo-second-order models.
The mechanism of adsorption was also studied using the Boyd model
and Webber’s intraparticle diffusion model. The equilibrium data were
modeled by the Langmuir, Freundlich, and Dubinin-Radushkevich (D-R)
isotherms as well. Results suggested that the adsorption kinetics can be
best described by the pseudo-first-order model. The adsorption process
initially was controlled by film diffusion, whereas the subsequent stage
was controlled by intraparticle diffusion. The equilibrium data could be
well fitted using the Langmuir isotherm model with a maximum
adsorption capacity of 67.11 mg-g'1. The adsorption characteristics of the
spherical lignin adsorbent proved the feasibility of its use as an
alternative adsorbent for the removal of L-lysine from aqueous solution.
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INTRODUCTION

As a representative essential amino acid for human and animal nutrition, L-lysine
is economically used as a supplement in animal feed as well as in food, improving the
quality of the feed and food by increasing the absorption of other amino acids. L-Lysine
can also be used particularly as one of the key ingredients of infusion solutions.
Additionally, it can be used as an effective medicine in clinical use. Griffith and his co-
workers (Griffith et al. 1987) found that L-Lysine could be an effective agent in reducing
the occurrence, severity, and healing time of the recurrent herpes simplex (HSV)
infection. Chang and Gao (1995) reported that L-lysine could enhance the activity of
diazepam against seizures induced by pentylenetetrazol (PTZ), and increase the affinity
of benzodiazepine receptor binding in a manner additive to that caused by y-aminobutyric
acid (GABA). Liu and Zhang (2008) found that L-lysine enhances glucose-induced
insulin secretion in insulin-producing cells (INS-1E) in a glucose concentration range of
1.1 to 25 mmol-L™.

Chemical, enzymatic, and fermentation processes have been used to synthesize
lysine (Shah 2002). For commercial production of L-lysine, fermentation processes have
been more predominantly employed, and several hundred thousand tonnes of L-lysine
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(about 800,000 tonnes/year) are annually produced worldwide by bacterial fermentation
(Savas 2007).

For many years, L-Lysine has been produced by fermentation, separation, puri-
fication, and concentration processes. After fermentation, the resulting broth may be
rendered cell free by filtration or centrifugation. The L-Lysine may then be recovered
from the fermentation broth through ion exchange, and thereafter concentrated by
evaporation and spray drying. L-lysine of resultant culture broth can be recovered by
known conventional methods such as using ion exchange resins (Savas 2007). Most
resins such as strong acidic cation exchange resins, weak acidic cation exchange resins,
macroporous resins, and petroleum-based polymers, however, make this process
expensive.

Recently, numerous investigations have proven the feasibility of using agricul-
tural products and byproducts, industrial waste biomass, and natural substances to adsorb
and accumulate the amino acids (Liu and Deng 2006; Liu et al. 2007). These materials
are readily available and inexpensive. Lignin is one of the most abundant renewable
materials on earth, exceeded in natural abundance only by cellulose. Currently, the
annual global production of lignin in pulp mills amounts to some 50 million tons. In
China, most of the lignin from black liquor is combusted to recycle the alkali liquor,
resulting in a tremendous waste of resources. Consequently, many chemists and technol-
ogists have shown an increasing interest in preparing lignin-based products that yield a
high added value. As one of the modified products, lignin adsorbents have been found to
adsorb heavy metal ions such as lead(Il), cadmium(Il), copper(Il), zinc(Il), nickel(II),
cadmium(II), chromium(IIl), and iron(Ill) (Koch and Roundhill 2001; Carrillo-M. and
Davila-J 2001), as well as chlorophenols (Sun et al. 2005), nitrophenols (Allen et al.
2005), and dyes (Liu et al. 2005; Liu and Huang 2006) etc. The applicability of modified
spherical lignin/cellulose adsorbents as an alternative adsorbent for the adsorption of L-
arginine was investigated in previous research (Liu and Deng 2006; Liu et al. 2007).

The present paper presents the results relating to the application of a spherical
lignin adsorbent (denoted as SLA) for L-lysine adsorption from aqueous solution. Kinetic
parameters were calculated to describe the adsorption mechanism of L-lys on SLA. The
Langmuir, Freundlich, and Dubinin—Radushkevich (D-R) models were also used to
describe the equilibrium isotherms.

EXPERIMENTAL

Materials

Black liquor containing Masson pine alkali lignin was kindly provided by the
Fujian Nanping Paper Group Co. Ltd., Fujian, China. The transformer oil 10# was of
industrial grade. L-lysine was a biological reagent (Chengdu Kolong Chemical Reagent
Co., Chengdu, China). All other chemicals used, including epichlorohydrin, chloro-
benzene, sodium lauryl benzenesulfate, sodium hydroxide, and hydrochloric acid, were
chemically pure and from Shanghai Chemical Reagent Co., Shanghai, China.
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Instruments

Laboratory devices used included a XL30 ESEM-TMP stereoscan (Philips-FEI
Co, Holland), a SHIOA moisture rapid determination instrument (Shanghai Hengping
Instruments Co, China), a Spectrum 2000 FT-IR Spectrometer (Pekin-Elmer Co, USA),
and a UV-2001 Recording Spectrophotometer (Shimadzu, Japan).

Preparation of the SLA Adsorbent

Spherical lignin adsorbent was prepared by a reverse-phase suspension polymer-
ization method similar to that reported in the literature (Liu and Deng 2006). 120 mL of a
mixture of transformer oil and chlorobenzene (1:1.5 of volume ratio) was used as the
disperse phase. 50 g of black liquor (28.7% of lignin content) was then slowly added into
the oil mixture in a 500 mL three-mouth flask. After stirring for 20 min at a speed of 250
r-min”', the calculated amount of dispersant agent and epichlorohydrin as a cross-linking
agent were slowly added into the reactor. The mixture was first stirred at 60 °C for 60 min
before the reaction temperature was raised to 90 °C. After reacting for 60 min, the slurry
was cooled to room temperature. The slurry was filtered to recover the disperse phase,
washed with water then acetone, and then dried. Reddish-brown spherical lignin beads
were obtained (denoted as SLLA) and the dried sample was sieved to obtain a particle size
range of 0.30 to 0.45 mm. The physicochemical properties of SLA are presented in Table
1 and SEM images of the SLA are shown in Fig. 1.

Table 1. Physicochemical Properties of the SLA

Physicochemical Physicochemical
Value Value
Parameter Parameter
Surface area Porosity
(m*g™) 2271 (%) 43.6
Mean pore diameter 81.27 True de(135|ty 1252
(nm) (g-em®)
Pore \éoll_,|1me 1485 Bulk der_13S|ty 0.705
(cm™g ) (g-cm™)
Moisture content
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(a) magnification: 300 X (b) magnification: 5000 X

Fig. 1. SEM images of the Spherical lignin bead
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Adsorption Studies

Equilibrium experiments were performed by adding predetermined amounts of
SLA (0.5 g, 51.1% H,0) with 100 mL of aqueous L-lysine of a desired concentration (in
the range of 100 to 700 mg-L™"), pH, and temperature in series to 250 mL glass-stoppered
Erlenmeyer flasks. The mixtures were then shaken at 90 rpm at constant speed for
predetermined time intervals. Equilibrium was reached after 150 min of shaking. The
solute from each flask was then filtered out. The residual L-lysine concentrations in the
liquid phase (C.) were analyzed using the acidic ninhydrin method (Paul et al. 1995) with
a model UV-2001 Recording Spectrophotometer (Shimadzu, Japan) at 570 nm. The
equilibrium adsorption capacity of the SLA was calculated according to the following
formula,

g = 2=t n
W(l-x)

where ¢, (mg-g") is the equilibrium adsorption capacity of the adsorbent; ¥ (L) is the

solution volume; W (g) is the adsorbent dosage; and x (%) is the moisture content of the

adsorbent.

The batch study was set up according to previous studies (Liu et al. 2009). For
kinetic studies, 0.50 g of SLA was added to 100 mL of L-lysine with a concentration of
300 mg-L" using a water-bath shaker at 25 °C. The agitation speed was kept constant at
90 rpm. At predetermined time intervals, the solutions were analyzed for the final
concentration of L-lysine.

RESULTS AND DISCUSSION

Effect of Solution pH

The effect of solution pH on the adsorption capacity of L-lysine on SLA is
presented in Fig. 2. Solution pH is an important controlling parameter in the adsorption
process, and the role of solution pH was examined in solutions at different pH values
covering a range of 3.0 to 11.0. Results show that L-lysine adsorption by SLA is highly
dependent upon the solution pH. This suggests that L-lysine is adsorbed according to the
ion-exchange mechanism. The equilibrium adsorption capacity was lowest at pH 3.0
(19.9 mg-g") and increased up to pH 5.0, reached a maximum (37.1 mg-g™) over the
initial pH 4.0 to 7.0. With an increase in solution pH ranging from 6.0 to 9.0, the
adsorption capacity increased sharply from 33.0 mg'g”’ to 63.3 mg'g”'. Decreased
adsorption was noticed as the pH was increased further from 10.0 to 12.0. The optimum
pH for adsorption of L-lysine by SLA was observed at pH 9.0. Consequently, the solution
pH was adjusted to 9.0 to conduct all the subsequent adsorption experiments.

L-lysine can be dissociated into four ionic states at different pH values: lys®",
lys’, lys®, and lys . Figure 2 (Kitadai et al. 2009) shows the changes in the dissociation
states of lysine. The pHpzc of SLA was found to be 6.8 by a mass titration method (Noh
and Schwarz 1989), indicating that the surface charge of the SLA is negative above 6.8,
which facilitated the attraction of lys” when pH ranged from 7.0 to 9.0. When the solution
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pH exceeded 9.0, the ion-exchange function of the negatively charged group with lys™
became weak. Hence, the equilibrium adsorption capacity decreased in pH range from
9.0 to 10.0.
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Fig. 2. Effect of solution pH on adsorption of L-lysine on SLA. Sorption conditions: adsorbent
usage, 0.5 g/100 mL; C,, 500 mg-L‘I; adsorption time, 120 min; temperature, 25 °C (Liu et al.
2009)
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Fig. 3. Changes as a function of pH in the mole fractions of different dissociation states of
dissolved lysine, determined on the basis of published dissociation constants(pK a): a-carboxyl

group (2.2), a-amino group (9.1), and side-chain-amino group (10.7) (Gambino et al. 2004,
Kitadai et al. 2009 )

The FTIR spectrums of SLA before and after adsorption of L-lysine are shown in
Fig. 4. For the SLA adsorbents, a strong band at 3423 cm™ indicated the presence of
hydroxyl groups, whereas bands in the 3000-2800 cm™ region of the C—H stretch are
attributed to the methoxyl groups (Albadarin et al. 2011). The characteristic bands
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located at 1464 and 1510 cm™ correspond to aromatic C=C in the samples, and the peak
at 1267 cm™ is attributed to C—OH (hydroxyl) bending of phenolic structure in lignin
(Wu et al. 2008; Albadarin et al. 2011). It can be observed that after SLA reacted with the
lignin functional groups, the sharp stretching vibration at 1593 cm™ was broadened
(Vo + 5NH; ) and the -NH; bending bend (1558 cm’™') was absent or only very weak.

(a)
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Wavenumbers/cm’’
Fig. 4. FTIR spectrum of SLA (a) before and (b) after L-lysine adsorption(pH=9.0)

Adsorption Kinetics

The kinetic plots for the adsorption of L-lys onto SLA are presented in Fig. 5. The
plots show the amount of L-lysine adsorbed at different time intervals with initial
adsorbent concentrations of 300 mg-L™" and 5 g-L™".
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Fig. 5. Kinetic plots for the adsorption of L-lysine onto SLA. Sorption conditions: adsorbent usage,
0.5 g/100 mL; pH, 9.0; temperature, 25°C
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From the figure it can be observed that the adsorption capacity of L-lys gradually
increased with an increase in adsorption time, followed by a slow process until the
adsorption equilibrium was established after 150 min. At equilibrium time, the L-lysine
adsorption capacity onto SLA was found to be 63.6 mg-g”' and the C/Cj to be 47.0%.

The kinetic data were analyzed using Lagergren's pseudo-first-order model (Eq.
2), and Ho's pseudo-second-order model (Eq. 3) (Ho and McKay 1999).

The pseudo-first-order equation is represented in the following form,

k

lo —-q)=lo ——L1 2
&g, —4.) =108 ca =5 2 )

The pseudo-second-order equation is expressed as

LAV S 3)

4 k(@) D

h0,1 = lel,cal (4)

oy =k, (qZ,cal)z (%)

where g. (mg-g") is the experimental amount of L-lysine adsorbed at equilibrium; g
(mg-g") is the amount of L-lysine adsorbed at time #; k; (min™) is the equilibrium rate
constant of first-order sorption; ¢ 1 (mg-g") is the adsorption capacity calculated by the
pseudo-first-order model; /g (mg-g”''min™) is the initial sorption rate calculated by the
pseudo-first-order model (Eq. 4); k> (g'mg™*min™") is the equilibrium rate constant of
pseudo-second-order sorption; g2 c. (Mg g) is the adsorption capacity calculated by the
pseudo-second-order kinetic model; and /4o, (mg-g"'-min™) is the initial sorption rate
calculated by the pseudo-second-order kinetic model (Eq. 5).
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Fig. 6. The pseudo-first-order kinetic model of the adsorption of L-lysine on SLA. Sorption
conditions: adsorbent usage, 0.5 g/100 mL; pH, 9.0; temperature, 25°C
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The fitting results are presented in Fig. 6 as a linear plot of log(g.-¢q:) against ¢ for
the first-order model and in Fig. 7 as t-¢g," versus ¢ for the pseudo-second-order model.
The calculated values of the rate parameters, adsorption capacity, and the regression
coefficients are shown in Table 2. On the basis of correlation coefficients, it was
observed that the experimental data was slightly better described by the first-order kinetic

model ( R’=0.9876) than the second-order kinetic model ( R;=0.9566) indicating the
applicability of the pseudo-first-order model.
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Fig. 7. The pseudo-second-order kinetic model of the adsorption of L-lysine on SLA. Sorption
conditions: adsorbent usage, 0.5 g/100 mL; pH, 9.0; temperature, 25°C

Table 2. Kinetic Model Parameters for the Adsorption of L-lys on SLA at 25°C

Co ki g1.cal ho 1 R? k, g2.cal hg 2 R2
(mg-L") | min) | (mg-g™") | (mg-g”-min™) ! (@mg"-min™") | (mg-g™) | (mg-g”-min™) 2
300 0.025 92.36 2.309 0.9876 0.0001 96.15 0.9245 0.9566

Mechanism of Adsorption

To investigate the mechanism of adsorption of L-lysine on SLA, the kinetic data
obtained for the adsorption were evaluated using Boyd’s kinetic model (Boyd et al. 1947)
and Webber’s intraparticle model (Weber-Jr and Morris 1963).

Boyd’s model is expressed as

6 1
F=1-—Y — exp(-n’Bt) (6)

oS n

The values of F' can be determined by,

F=9 (7
q.
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where F is the fractional attainment of equilibrium at various times #; ¢, (mg-g") and ¢.
(mg-g") are the amounts adsorbed at time ¢ and at equilibrium (150 min in the present
study), respectively; and B (min™") is Boyd's constant.

Reichenberg (1953) modified Boyd's kinetic expression by applying the Fourier
transform, and its approximations are obtained by Eq. 8 and Eq. 9:

For F values>0.85, Bt=-0.4977—-In(1-F) ()

2
And for 0<F values<0.85, Bt = (\/; —\J7T— 712F/3) 9)

For the valves of F' calculated from Eq. 7, the corresponding valves of Bt could be
obtained from Eq. 8 or Eq. 9. The linearity test of plots of Bt versus ¢ (Fig. 8) was
employed to predict the particle diffusion control mechanism. From Fig. 8 it was
observed that the plots were linear but did not pass through the origin, signifying that film
diffusion is the rate-limiting step.

4
y =0.0243x - 0.7052
R =0.9930

3L

@ 2
1+
0 I 1 ]
0 50 100 150 200

t(min)
Fig. 8. The Boyd plot for the adsorption of the L-lysine onto SLA. Sorption conditions: adsorbent
usage, 0.5 g/100 mL; pH, 9.0; temperature, 25°C

The value of B was calculated from the slope of the straight line of the plot of Bt
against ¢ shown in Fig. 8. B can be used to calculate the effective diffusion coefficient D;
(cm*s™) using the equation:

p="" (10)

where 7 is the radius of the adsorbent particle (that is assumed to be spherical) and
calculated from sieve analysis. The D; was calculated as 3.1X 10 cm?'s™ (r: 270 um).

On the other hand, Webber’s intraparticle diffusion equation can be written by the
following equation,
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q, :kito‘s (11)
where ¢; (mg'g") is the amount adsorbed at time # and & (mg-g'-min™’) is the
intraparticle diffusion rate constant. The k; values were calculated from the slopes of the
straight line regions of the respective plots of ¢, against # .

Figure 9 shows the plot of ¢, versus ¢ on the basis of Webber’s intraparticle
diffusion mechanism for the adsorption of L-lysine onto SLA. For the diffusion
mechanism, if the plot was linear and passed through the origin, then the rate controlling
step in the adsorption process would have been the internal diffusion, and vice versa.

70
6
4/3..—-—l
60 |- 3 /l
]
< 50 -
o
o
E w} 2
=
30 |
1
20 | | 1 |
4 6 8 10 12 14
0.5 . 0.5
7(min™)

Fig. 9. Intraparticle diffusion kinetic plots for the adsorption of the L-lys onto SLA. Sorption
conditions: initial L-lys concentration, 300 mg-L'1; adsorbent usage, 0.5 g/100 mL; pH, 9.0;
temperature, 25°C

The plot in Fig. 9 exhibited approximately four distinct sections. It was confirmed
that the initial portion (initial two data points), was due to film diffusion, meaning that an
external mass transfer took place from the solution to the adsorbent. It was followed by
two linear segments, corresponding to the possible intraparticle diffusion, where the
adsorbate molecules transferred to the interior of the adsorbent particles. The fourth stage
was the plateau region and represented the equilibrium of the adsorption process. A
similar trend was reported in the adsorption of pare-chlorophenol onto activated carbon
(Koumanova et al. 2003). The rate controlling mechanism may vary during the course of
the sorption process (Allen et al. 2005); thus, the adsorption process initially was
controlled by film diffusion, whereas the subsequent stage was controlled by intraparticle
diffusion in the present study. The rate parameter for the diffusion segment kj; and £,
theoretically, were related to the different diffusion rates attributed to the different pore
sizes in terms of macropores, mesopores, and micropores (Allen et al. 1989). The rate
parameter for the two diffusion segments, ;; (for the 2™ and 3™ data points) and ki (for
the data points from the 3" to the Sth) can be calculated from the slopes of the straight
line, respectively. The k; values were calculated from the slopes of the straight line
regions of the diffusion-plots of ¢; against ¢ ®°. The calculated values of the rate
parameters are presented in Table 3.
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Table 3. Parameters for Diffusion

Parameters ki Kk; k;
Values 10.57 2.125 5.226
R * 0.9978 0.8469

* The parameter was calculated from only 2 data points.

Equilibrium Isotherms

Equilibrium isotherm plots represent the equilibrium relationship of the adsorbate
between the solute concentration in solution and in the adsorbed phase. In the present
study, the Langmuir, Freundlich, and Dubinin-Radushkevich (Dubinin and Radushkevich
1947) equations were adopted to fit the equilibrium adsorption data. The Langmuir and
Freundlich equations are the most widely used models. The Langmuir equation is
obtained based upon an assumption of monolayer coverage over a homogenous
adsorption surface, whereas the Freundlich isotherm is an exponential equation and is
applicable to heterogeneous surface adsorption.

The Langmuir equation can be written in the following form:

bC
) (2

The linear form of Eq. 12 is shown in Eq. 13 and used to determine constants 0,
and b (Yuan et al. 2011):

¢_1,% (13)

0, 0b 0,

The Freundlich equation has the following form (Yu et al. 2011):

1
QG :kFCe; (14)

The Langmuir constants, kr and 1/n, are evaluated through the linearization of Eq.
14,

logq, =logk, +llogCe (15)
n

where C. (mg-L") is the equilibrium concentration; g. (mg-g") is the experimental
amount of L-lysine adsorbed at equilibrium; Qp (mg-g") is the theoretical monolayer
capacity; b (L-mg’") is the Langmuir constant; and kg and »n are the Freundlich constants,
where # is related to the heterogeneity factor.

A concave-up type of isotherm was observed from the experimental data analyzed
by the Freundlich and Langmuir equations and is presented in Fig. 10. The fitting results
are also presented in Fig. 11 as a plot of C¢/ge versus ¢, in Fig. 12 as a plot of logg. versus
C., and in Fig. 13 as a plot of logg. versus ¢°. The calculated values of the Langmuir,
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Freundlich, and Dubinin—Radushkevich parameters and the regression coefficients are
shown in Table 4. It can be seen that Langmuir isotherm fit the data slightly better than
the Freundlich isotherm. This was also corroborated based on the coefficients of
determination for the two isotherms, shown in Fig. 11 and Fig. 12, indicating monolayer
adsorption taking place on a homogeneous adsorbent surface. The monolayer saturation
capacity (Qp) of 67.11 mg-g' was obtained at temperature 25°C. This value was
comparable to the adsorption capacities of various adsorbents for L-lysine (Table 5). The
adsorption capacity of SLA was relatively high when compared to some other adsorbents
reported in the literature. Consequently, it is feasible for the spherical lignin adsorbent to
adsorb and purify L-lysine from aqueous solutions.
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Fig. 10. The equilibrium isotherm plots for the adsorption of L-lysine on SLA. Sorption conditions:
adsorbent usage, 0.5 g/100 mL; pH, 9.0; temperature, 25°C
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Fig. 11. Linearized Langmuir model fit for the adsorption of L-lysine on SLA
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Fig. 12. Linearized Freundlich model fit for the adsorption of L-lysine on SLA
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Fig. 13. Linearized D-R model fit for the adsorption of L-lysine on SLA

Table 4. Isotherm Parameters for the Adsorption of the L-lysine onto SLA at
25°C (Cp=300 mg-L™"
Langmuir Freundlich D-R
Qo b Ke 1/n R’ Gm B R
67.11 0.05320 | 0.9996 | 19.54 | 0.2066 | 0.7826 | 7.680x10* | 2.392x10° | 0.8282

Table 5. The Comparison of L-lys Adsorption Capacities of Various Adsorbents

Adsorbents Qo(mg-g™) References
Reanal activated carbon 53.87 Simon et al. 1996
Zeolite Beta 58.48 Munsch et al. 2001
717 anion exchange resin 30.00 Weng et al. 2004
Mesoporous molecular sieve 30.70 O’Connor et al. 2006
Synthetic 13X zeolite 51.73 Wang et al. 2007
SLA 67.11 Present paper
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The essential feature of the Langmuir equation can be expressed in terms of a
dimensionless separation factor of equilibrium parameter, Ry, which is defined by (Weber
and Chakravorti 1974),

R, = 1
1+bC,

(16)

where b is the Langmuir constant introduced in Eq. 11 and Eq. 12 and C is the initial
concentration of the adsorbate in solution.

The Ry value indicates the favorability characteristic for the adsorption system,
i.e., favorable (0<R_ <I), unfavorable (R >1). The Ry value obtained was 0.059 indicating
a favorable adsorption process.

On the other hand, the D-R equation is represented as (Dubinin and Radushkevich
1947),

Ing, =Ing, - Be’ (17)

where ¢n (mol-g") is the theoretical saturation capacity; ¢ (KJ-mol') is the Polanyi
potential, which is numerically equal to RT In[1+ (1/C.) ], where R (J-mol-K™") is the
gas constant, 7 (K) is the absolute temperature, and C. (mol-L") is the equilibrium L-
lysine concentration in solution; and £ (mol*KJ™) is the similarity constant.

The calculated values of the Dubinin-Radushkevich constants and regression
coefficients are given in Table 4. The plots in Fig. 12 and Fig. 13 indicate that the D-R
equation agrees well with the Freundlich model over moderate concentration ranges, but
not for the initial stage (indicated from the value of Ing. in Fig. 13). Furthermore, the
mean free energy of adsorption (E) was calculated by the following equation (Dubey and
Gupta 2005; Hasany and Chaudhary 1996):

1

E=—" 17
(2ﬂ)1/2 ( )
The mean adsorption energy E was calculated to be 14.43 kJ-mol™ (E > 8 kJ/mol),
signifying that a chemical ion-exchange mechanism was potentially involved in the
adsorption process for the initial stage (Onyango et al. 2004; Srivastava and Hasan 2011).

CONCLUSIONS

1. The mechanism of L-lysine adsorption on SLA in an aqueous medium was investi-
gated on the basis of kinetic and equilibrium studies. The equilibrium time was found
to be 150 min for the adsorption of L-lysine on SLA. The adsorption kinetics can be
better described by the pseudo-first-order model. It was found that the adsorption
process for the initial period was controlled by film diffusion, whereas the subsequent
stage was controlled by intraparticle diffusion.
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2. The equilibrium data were analyzed by the Langmuir, Freundlich, and D-R isotherm
models. The Langmuir adsorption isotherm provided the best correlation fitting to the
experimental data, suggesting monolayer adsorption on a homogenous surface. The
mean adsorption energy was calculated and signified that a chemical ion-exchange
mechanism was potentially involved through the adsorption process.

3. The adsorption behavior of SLA and its physicochemical properties proved the
feasibility of using the alkali lignin material as an adsorbent for the adsorption of L-
lysine from an aqueous solution.
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