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Adsorption of glutamic acid from aqueous solution with
calcined layered double Mg—Fe—CO; hydroxide
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Abstract: Layered double Mg—Fe—CO; hydroxide (Mg—Fe—LDH) with a mole ratio of Mg to Fe of 3 was synthesized by
coprecipitation method and calcined product Mg—Fe—CLDH was obtained by heating Mg—Fe—LDH at 500 °C for 6 h. The as
prepared Mg—Fe—LDH and calcined Mg—Fe—CLDH were used for removal of glutamic acid (Glu) from aqueous solution,
respectively. Batch studies were carried out to address various experimental parameters such as contact time, pH, initial glutamic acid
(Glu) concentration, co-existing anions and temperature. Glu was removed effectively (99.9%) under the optimized experimental
conditions with Mg—Fe—CLDH. The adsorption kinetics follows the Ho’s pseudo second-order model. Isotherms for adsorption with
Mg—Fe—CLDH at different solution temperatures were well described using the Langmuir model with a good correlation coefficient.
The intraparticle diffusion model fitted the data well, which suggests that the intraparticle diffusion is not only the rate-limiting step.
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1 Introduction

Glutamic acid (Glu) is an amino acid that is widely
used in many fields, such as food, drugs, dietary
supplements, cosmetics, personal care products and
fertilizers [1]. The global demand of Glu is 1.7x10° t/a,
and China demands roughly 1.1x10° t/a [2]. However,
most producers do not treat the waste water which
contains un-neglected amount of Glu. Nevertheless, Glu
is an environmental pollutant as it induces eutrophication
and increases BOD/COD value in water [3]. To improve
the efficiency of treatment for removing amino acids
from waste waters, some measures are available in
Refs. [4,5]. However, the adsorption technique is
particularly gaining popularity considering its simplicity,
versatility and potential for regeneration [6]. Many
studies have been reported for adsorption of amino acids
on various materials including active carbon, coal,

agricultural wastes, wood wastes and clay materials [7,8].

Among them, a class of anionic clay known as layered
double hydroxides (LDHs) has been proved to be
effective adsorbents for removal of a variety of anionic
pollutants.

The general

formula of LDHs is

ML MM (OH),** A"}, -mH,0, where M" is a divalent
metal cation (Mg, Zn*", etc.); M" is a trivalent metal
cation (AI’", Fe¥', etc.) that occupies octahedral sites in
the hydroxide layers; A" is a exchangeable interlayer
anion; x is the n(M™)/[n(M")+n(M™)] that determines
the layer charge density. The calcined LDH, denoted as
Mg-Fe—CLOH, has a so-called “memory effect”
property [9]. This effect makes the formation of M"M"O
solid solution in the CLDH capable of recovering the
LDH layered structure during treatment of water or
aqueous solution containing various anions. When the
LDHs are heated above 400 °C, the interlayer CO%’
can be removed and the resulting CLDH can be used for
removing organic anions by either adsorption on the
external surface of the layers, or intercalation process
and reconstruction behavior. Among these layered
compounds, the most studied ones are the
aluminum-based materials, such as Mg—Al and Zn—Al
[10,11]. However, the presence of Al may have a serious
drawback when used in the drinking water treatment. Al
exposure has been pointed out as a potential risk factor
for the development or speeding up of the Alzheimer
syndrome in human being [12]. Considering this scenario,
a new material free from toxic metals is required.
Previous studies have been focused on the removal
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of Glu by the Mg—Al-CO; LDH [13,14]; less attention
has been paid to the efficiency removal of Glu by the
calcined Mg—Fe—CO; LDH, denoted as CLDH. CLDH
was selected for adsorption of Glu because most of the
aqueous Glu species are anions. The present study aims
at investigating the adsorption capacity of Glu on
Mg-Fe—CLDH in aqueous medium as a function of
various adsorption parameters, such as contact time, pH,
initial Glu concentration, co-existing anions and
temperature. The equilibrium isotherm and kinetic model
for the adsorption process were also studied to evaluate
the viability and effectiveness of the process.

2 Experimental

2.1 Preparation of Mg—Fe—LDH and Mg—Fe—-CLDH

Mg—Fe—LDH was prepared by the coprecipitation
method [15]. A metal salt solution containing
MgCl,-6H,0 (0.15 mol) and FeCl;-6H,O (0.05 mol) was
added to a vigorously stirred aqueous alkali solution of
0.45 mol of NaOH and 0.15 mol of Na,CO;. Both
solutions were prepared by using 150 mL deionized
water. The pH value of the mixed solution was
maintained at slightly higher than 9 with NaOH (0.1
mmol/L). After heating at 80 °C for 24 h, the solid phase
was separated from liquid phase by centrifugation and
washed thoroughly with deionized water until the pH
value was 8.0. Subsequently, the obtained precipitate was
dried at 80 °C overnight. Mg—Fe—CLDH was obtained
by calcining Mg—Fe—LDH in a muffle furnace at the
designated temperature of 500 °C for 6 h.

2.2 Adsorption experiments

A temperature-controlled shaker bath (tolerance:
+0.5 °C) was used for the equilibrium studies. The
adsorption experiments were carried out in 250 mL
sealed conical flasks. The flasks were placed into the
shaker bath immediately after mixing a 50.0 mL Glu
solution of appropriate concentration and prearranged
amount of Mg—Fe—CLDH. 2 mL samples were extracted
at selected time intervals, separated by filtration (using a
membrane filter with a pore size of 0.45 um) and
conserved in the vial for latter detection. The
concentrations of Glu remaining in solution were then
analyzed by ninhydrin colorimetric analysis on a
spectrophotometer (UV—9600), and the absorbance was
measured at 568 nm.

The quantity of Glu adsorbed by 1 g of Mg—Fe—
CLDH at time ¢, g,, and the removal rate of Glu were
calculated using the following equation:

(o= )V (1)

m

q; =

R=2"5% 100% 2
S0)

where m is adsorbent mass; V is the suspension volume;

co and ¢, are the initial concentration and equilibrium

concentration of the Glu in solution, respectively

2.3 Analytical methods

Mg—Fe—LDH and Mg—Fe—CLDH before and after
the adsorption of Glu (reconstructed Mg—Fe—LDH) were
characterized by several techniques. The powder X-ray
diffraction (XRD) patterns were recorded on a powder
X-ray diffractometer (Rigaku Rint 6000), using
Ni-filtered Cu K,, (4=1.5406 A) radiation at voltage of 40
kV and current of 250 mA. Fourier transform infrared
spectra (FT-IR) were collected with a Nicolet Avatar360
spectrophotometer (AVATAR 360, Nicolet, USA). Low-
temperature N, adsorption- desorption experiments were
carried out using a Quantachrome Autosorb-1 system.
The surface areas of the Mg—Fe-LDH and
Mg-Fe—CLDH were calculated using the BET method.
Thermal gravimetric analyses DSC—TG measurements
were conducted on a STA449C thermal analyzer under
atmosphere with a heating rate of 10 °C/min from 25 °C
to 800 °C. Elemental analyses for C, H, N in samples
were carried out with CHNS analyzer (VarioELIII).
Elemental analyses for metal ions in samples were
performed using a IRIS Advantage 1000 ICP-AES after
the samples were dissolved using dilute HNO; (1:1).

3 Results and discussion

3.1 Characterization of Mg—Fe—LDH and Mg—Fe—
CLDH
The XRD patterns of Mg—Fe—LDH and Mg—Fe—
CLDH are shown in Fig. 1. By analyzing the XRD
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Fig. 1 XRD patterns of Mg—Fe—LDH (a), Mg—Fe—CLDH (b)
and reconstructed by Mg—Fe—CLDH in solutions containing
Glu with various initial concentrations of 0 mg/L (c), 50 mg/L
(d), 100 mg/L (e), 200 mg/L (f) and 500 mg/L (g)
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pattern of the synthesized Mg—Fe—LDH, we obtained
that the sharpness values of the (003) and (006) peaks
demonstrate layered structure of the sample, which
agrees well with the previous research. After calcination,
the (003) and (006) reflections practically disappear,
indicating that the Mg—Fe—LDH structure is destroyed.
Only few diffused peaks at 42.38° and 61.98° are
observed, which are attributed to MgO (Fig. 1(b). After
Glu removal of 96.2% with Mg—Fe—CLDH at initial Glu
concentration of 100 mg/L, there is no significantly
difference in the basal spacing of 7.94 A (Mg—Fe—LDH)
(Fig. 1(a)), which indicates that there are few Glu anions
between the interlayer due to the strong interaction of
CO?" and the layers. Therefore, the Glu adsorption
occurred mainly on the external surface of the material.
Similar results have been reported for the adsorption of
Glu in Mg—Al-CO; LDH [13].

The FT-IR analysis from Fig. 2 shows the presence
of Glu in the Mg—Fe—LDH, by the increase in the two
bands related to the asymmetric and symmetric stretches
of the carboxylate group at 1576 cm™' and 1427 cm',
respectively. Moreover, one band mainly related to the
C==0O0 stretching vibration, N—H bending vibration and
C—N bending vibration appeared at 1650 cm' [16],
which indicates that the adsorption is successful.
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Fig. 2 FT-IR spectra of Mg—Fe—LDH (a), Mg—Fe—CLDH (b),
reconstructed Mg—Fe—CLDH at initial Glu concentration of
100 mg/L (c) and Glu (d)

The TG-DSC curves for Mg—Fe-LDH and
reconstructed Mg—Fe—LDH are shown in Fig. 3. The TG
plot for Mg—Fe—LDH sample shows two steps of mass
loss in Fig. 3(a). The mass loss (17.4% of the total mass)
in the first step (50—240 °C) with an endothermic peak at
201 °C in the DSC curve is attributed to removal of
water physisorbed on the external surface of the
crystallites. The second mass loss (25.6% of the total
mass) occurring between 240 °C and 430 °C involves
dehydroxylation of the layers and loss of volatile species
(CO?) arising from the interlayer anions [17]. The TG
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Fig. 3 TG-DSC curves for Mg—Fe—LDH (a) and reconstructed
Mg—Fe—LDH (b)

curve for reconstructed Mg—Fe—LDH at initial Glu
concentration of 100 mg/L (Fig. 3(b)) also shows two
mass loss steps and the mass loss rates are 16.0% and
22.3% in the temperature ranges 50-250 °C and
250-420 °C, respectively. Interestingly, the first
corresponding event in the DSC curve occurs near 144
°C which is lower than that of pure LDH, suggesting the
decreased interaction of water molecules with the LDH
surface. The reason may be explained that there are
weaker interaction between the water molecules and
preferential adsorption of Glu anions on the external
surface of Mg—Fe—LDH, which indicates the presence of
Glu on Mg—Fe—LDH surface. On the basis of the data of
thermal analysis and elemental analysis, Mg—Fe—LDH
was assigned to the following chemical formula:
Mgo.163F€0.056(CO3) 0.049(OH)0.407°0.199H,0.

The large surface area of adsorbent is in favor of
physical adsorption. Therefore, the surface areas of
Mg—Fe—CLDH and Mg—Fe—LDH were calculated using
the BET method to be 136.62 and 77.91 m?g,
respectively. The higher surface area of Mg—Fe—CLDH
can be ascribed to the additional mesoporous region,
which is formed by the channels and pores after the
removal of water and carbon dioxide.
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3.2 Adsorption
3.2.1 Effect of pH

Since the pH of the Glu solution plays an important
role during the whole adsorption process, the adsorption
of Glu by Mg—Fe—CLDH was studied at different initial
pH values ranging from 2.0 to 10.0 at temperature 25 °C,
and the results are shown in Fig. 4. It can be seen that
removal rate of Glu increases with pH and reaches a
maximum at pH of 3.8. Near the isoelectric point
(pH,,c=3.32), the decrease of the adsorption can be
attributed to the decrease of the stability of the LDH
structures.
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Fig. 4 Effect of initial pH on Glu removal with Mg—Fe—CLDH
and on equilibrium pH

When the pH decreases to 3 by addition of
hydrochloric acid concentration (HCIl), a part of the
metal cations in the Mg—Fe—CLDH probably were
dissolved. With the increase of pH, Glu molecules
change from the univalent positive charge (Glu) to
divalent negative charge (Glu®"), which is more likely to
be loaded onto the positive charged layers of
Mg—Fe—LDH. The possible reasons for a decrease at
higher pH are the competition of OH and the enhanced
electrostatic interaction between Glu molecules. At
higher pH, the concentration of carbonate ions would
increase by addition of an alkaline solution (NaOH). The
higher concentrations of OH anions and CO?~ anions
at the Mg—Fe—CLDH/water interface lead to a diffusion
hindrance of Glu molecules. Consequently, the Glu
solution with pH close to 3.8 was applied to the
adsorption experiments else without further adjustment.

We found that the initial pH has a small effect on
the removal of Glu, due to the enhanced final pH value
when the initial pH value was relatively low; for the
initial pH 3.0, it would shoot up to 6.2 after the
adsorption for 21 h, and the difference between the
values of initial and equilibrium pH is shown in Fig. 4.
The buffering ability can be explained by the release of
OH™ during the rehydration of Mg—Fe—CLDH and the

dissolution of Mg—Fe—LDH at low pH. The insignificant
change in the removal rate in the pH range of 3.0—8.5
may be attributed to the buffering ability. The
Mg—Fe—CLDH shows a high removal rate over a wide
initial pH range of 3.0-8.5, suggesting that it could be
potentially applied in different pH systems.
3.2.2 Effect of initial Glu concentration

The effect of contact time (up to 21 h) at varying
initial concentrations (50-200 mg/L) of Glu was
investigated at 25 °C. In Fig. 5(a), the adsorption
capacity of Glu increases with the contact time for any
initial Glu concentration; meanwhile, the equilibrium
time becomes longer at a higher initial Glu concentration.
It can be observed the maximum equilibrium adsorption
capacities of 14.9, 249, 49.3, 71.6 and 82.6 mg/g at
Mg—Fe—CLDH of 2 g/L for 30, 50, 100, 150, 200 mg/L
of initial Glu concentration, respectively. Clearly, the
equilibrium adsorption capacity of Glu increases with the
increase of initial Glu concentration. At higher
concentrations, the higher equilibrium adsorption
capacity increases due to an increased ratio of initial
number of moles of Glu to the available surface areas.
Figure 5(b) shows that Glu was almost complete in a
short time at low initial Glu concentrations (30, 50,
100 mg/L), suggesting the possibility of the formation of
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Fig. 5 Effect of contact time at varying initial concentrations on
Glu removal with Mg—Fe—CLDH
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monolayer coverage of Glu at the outer interface of
Mg-Fe—CLDH. However, the removal rate of Glu
begins to decline at the initial Glu concentration of 150
mg/L, owing to the limitation of adsorbent dose. The
higher initial Glu concentration may have an adverse
effect on the external diffusion which improves the
intraparticle diffusion rate [18]. Therefore, considering
both of the removal efficiency and the adsorption
capacity, the subsequent adsorption experiments were
performed at the initial Glu concentration of 100 mg/L
when the dose of Mg—Fe—CLDH was 2 g/L.

In order to study further the influence of different
initial Glu concentration, the XRD patterns of
reconstructed Mg—Fe—-LDH at different initial
concentrations (0, 50, 100, 200 and 500 mg/L) are shown
in Fig. 1. It can be observed that the peak intensity
decreases and the peak width increases with the increase
of initial Glu concentration, reflecting a fall in the
crystallinity of the material at a higher initial
concentration. The reason may be that the number of
intercalated carbonic anions decreases with the increase
of initial Glu concentration, which is adverse to the
rehydration. However, no evident change in the
interlayer spacing was observed (dg;=7.89 A at initial
Glu concentration, 0 mg/L and 8.17 A at initial Glu
concentration of 500 mg/L), indicating that the Glu was
adsorbed on the external surface of the Mg—Fe—CLDH
rather than intercalated between the interlayers.

3.2.3 Effect of competitive anions
Considering the potential interference, the effects of

competing anions were studied and summarized in Fig. 6.

Our studies argue that the presence of competing anions
clearly affected adsorption efficiencies. In our study,
various competing anions were taken at equal
concentrations to that of Glu solution (100 mg/L). The
interfering effect of all the anions increased with their
concentrations. Among all the anions, PO}  had
the most significantly adverse effect on Glu adsorption,
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Fig. 6 Effect of competitive anions on removal of Glu by
Mg-Fe-CLDH
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whereas NO; showed the least effect. The removal rate
of Glu followed the order, PO;” <CO% <S03 <CI°
<<NOj . Clearly, anions with higher charge density and
smaller radius have greater affinities to Mg—Fe—CLDH
when these anions are co-existing [19]. Our result
coincides with the z/r (charge/radius) comparison,
CO3™ (2/1.36 A)>S03™ (2/2.40 A) > CI (1/1.81 A) >>
NO; (1/2.81 A)[19].
3.2.4 Effect of temperature on kinetics

Since temperature is a highly significant parameter
in the adsorption process, the kinetics for removal of Glu
at different temperatures was studied and two commonly
used models were applied to fitting the experiment
results: 1) Lagergren’s first-order kinetic model (Eq.3)
and 2) Ho’s pseudo second-order model (Eq. (4)). Both
of the equations in linear forms are expressed as follows
[20]:

In(g, —¢,) =Ing, —kt (€)
LA @)
ql‘ quc qe

where g, is the adsorption capacity of the adsorbate at
equilibrium; k; and k, are the rate constants of pseudo
first-order and pseudo second-order adsorption,
respectively.

Figure 7 shows that the two fitted kinetic models
under different isothermal conditions. The pseudo
second-order kinetic model fits the experimental data
better, indicating that the rate-limiting step is a chemical
adsorption process between Glu and the Mg—Fe—CLDH
[21]. Meanwhile, the first-order kinetic model only fits
well the experimental data at 25 °C but not others at
higher temperatures. The depletion rate of Glu at
different temperatures showed that the Glu removal by
Mg—-Fe—CLDH was enhanced by raising the temperature
(see Table 1).

The intra-particle diffusion model known as the
Weber and Morris model is expressed by the following
equation [22]:

gihot+C (5)

where £k is the intra-particle diffusion rate constant and
can be obtained from the slope of the plot of g, versus ¢
C is related to the thickness of the boundary layer.

The relationships between ¢, and r"* at different
temperatures are given in Fig. 8. It is clear from the
figure that the removal of Glu by Mg—Fe—CLDH occurs
in three different steps as the plot contains two different
straight lines. The first line from 0 to 3 h is attributed to
the fast diffusion of the Glu molecules from the aqueous
phase to the Mg—Fe—CLDH surface. The second line
from 3 h to 8 h is due to the intra-particle diffusion. As
can be seen from Fig. 8, the line in the initial stage
does not pass through the origin, indicating that the

>
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Fig. 7 Effect of temperature on kinetics for Glu removal with
Mg—-Fe—CLDH: (a) First-order kinetics model; (b) Pseudo
second-order kinetics model

intraparticle diffusion is not the only rate-limiting step,
but also other kinetic models may control the rate of
adsorption, all of which may be operated simultaneously.
Probably, the transport of Glu through the
particle/sample interphase onto the pores of the particles,
as well as adsorption on the available surface of the
adsorbent, is responsible for the adsorption. The
constants of k,and C for the linear section are shown in
Table 1. From Table 1, it can be noticed that the
intraparticle diffusion coefficient k, for the diffusion in
the second region is decreased from 11.08 to 4.286
mg/(g-h"’) with temperature increasing from 25 to 55 °C.
The value of the intercept C provides information related
to the thickness of the boundary layer, which increases
with the increasing temperature in the second region. The

Table 1 Kinetic parameters for adsorption experiments
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Fig. 8 Plot of intra-particle diffusion model of Glu onto
Mg—Fe—CLDH at various temperature

increase of the intercept C suggests that the increasing
temperature of the solution would reduces the rate of
diffusion of Glu in the boundary layer. In other words,
the surface diffusion becomes more important at a high
temperature.
3.2.5 Adsorption isotherm

The adsorption isotherm is to describe how
adsorbents interact with adsorbates in an adsorption
system. For the liquid—solid system, adsorption isotherm
equations usually use Langmuir equilibrium model and
Freundlich equilibrium model. Langmuir's equation is
used for estimating the maximum uptake values that
cannot be reached in the experiments, which is based on
the physical hypothesis that the maximum adsorption
capacity consists of a monolayer adsorption, and that
there are no interactions between adsorbed molecules.
The empirical Freundlich equilibrium model is based on
the fact that the adsorbent has a heterogeneous surface
composed of different classes of adsorption sites, with
adsorption on each class of sites following the Langmuir
isotherm. It does not predict any saturation of the
adsorbent by the adsorbates, thus infinite surface
coverage is predicted mathematically, indicating
multilayer adsorption of the surface. The linear form of
Langmuir and the Freundlich
equilibrium model are expressed as follows: [23,24]

equilibrium model

Pseudo first-order

Pseudo second-order Intraparticle diffusion

Tempoeéature/ qe,?xpfl dond B} ) o i ) o/ Y )
MEED) meeh M F g (0'gmg'h) (gg") (mgg s R

25 49.28 54.63 0.0079  0.9945 51.35 1.123 0.9963 18.054 11.08 0.9863

35 49.69 55.57 0.0113 0.9854 56.49 2.322 0.9971 28.89 8.228 0.9849

45 49.78 56.98 0.0122 0.9875 54.05 4.247 0.9975 34.39 6.906 0.9664

55 50.00 58.73 0.0209 0.9861 52.63 7.679 0.9983 41.63 4.286 0.9058
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where K is the equilibrium adsorption coefficient; g, is
the maximum adsorption capacity; C. is the equilibrium
concentration; k¢ is the adsorption capacity at unit
concentration; » is the adsorption intensity.

The fact was found that the Langmuir isotherm is a
better model than the Freundlich isotherm according to
their correlation coefficients (Rf =0.9997, RF2 =0.9102),
which may be due to the homogenous distribution of
active sites on the Mg—Fe—CLDH surface. The better
fitted Langmuir parameters are ¢,,=84.034 mg/g,
K1=1.931 L/mg. The constant K; represents affinity
between the adsorbent and adsorbate.

4 Conclusions

1) Mg—Fe—CLDH might be a potential material for
the removal of Glu from aqueous solution. It was found
that Glu could be removed effectively by optimizing
experimental conditions with a removal rate of 96.2%.
When competitive anions are co-existing, the removal
rate of Glu increases in order of PO <CO3 <S03 <
Cl <<NOj;.

2) The kinetic and adsorption isotherm data fit well
the pseudo second-order kinetic model and the Langmuir
model respectively with good determination coefficient.
The intraparticle diffusion model fits the data well,
which suggests that the overall rate of diffusion of Glu
can be described by two steps: film diffusion and particle
diffusion.
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Mg—Fe—CLDH X1 1R SER & 7K R IR Bff 53 &
BN, Jbom, TR, #FHF, KEkE, AL
HETRAE AR TR, K 410083

= RADEE S Mg 5 Fe BEZRECY 3:1 B2 R0 8 A A P)(Mg—Fe-LDH), #RJ51E 500 °C TR
6 h 15 2B BN 52 J8 S A (Mg—Fe—CLDH). 43 #t Mg—Fe—CLDH 5 Mg—Fe—LDH X 1+ 2R I P fE, W5
W pH. BRRMRWIIAIREL . SEA7 I8 7 Ml FE S DN ZR W I RCR IR, s JER BTl R (3l ) 22 AN g 22
BATWEI . HPRAEW]: Mg—Fe—CLDH X 73 2 MR MW BT HCRARLT, Wb R AEDAL AT R IE S 99.9%; WM Bl ) % 4F
HUE—LB) )RS, P B R B AR I M A A Langmuir J7FE . ORI ST SOBTRY R AR L s IR B B ) 2% i
FEo FURE N9 BB S S R 7R, JURE 7 RICAS S ME— (10 S5 s 120 B
KR Bl R m A AN AR WY
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