
B. Wang et al., Combined Adsorption and Ion Exchange of D-Glyceric Acid…, Chem. Biochem. Eng. Q., 31 (4) 471–478 (2017) 471

Combined Adsorption and Ion Exchange  
of D-Glyceric Acid Using a Strong Basic Resin:  
Equilibrium, Kinetics, and Thermodynamics

B. Wang,a,b Y. Pu,c Y. Xie,d Z. Cai,a Q. Zheng,a and Y. Luc,*

aCollege of Oceanology and Food Science,  
Quanzhou Normal University, Quanzhou 362000, China
bFujian Province Key Laboratory for the Development  
of Bioactive Material from Marine Algae, Quanzhou 362000, China
cDepartment of Chemical and Biochemical Engineering,  
College of Chemistry and Chemical Engineering,  
Xiamen University, Xiamen 361005, China
dCollege of Biological Science and Engineering,  
Fuzhou University, Fuzhou 350108, China

D-Glyceric acid (D-GA) is a glycerol derivative with various promising biological 
functions. This paper reports the adsorption of D-GA from aqueous solution using a 
strong basic resin. The effect of pH on the uptake of D-GA was studied, and several 
models were used to investigate the interactions of D-GA and the resin. A theoretical 
model based on ion exchange and adsorption was developed to fit the isotherms under 
various pH or temperatures. Kinetic experiments under different initial D-GA concentra-
tions were also performed to define the controlling mechanism of the overall adsorption 
process. The results showed that the uptake process of D-GA was controlled by the rate 
of D-GA diffusion through the polymeric matrix of the resin. This study provides valu-
able information and theoretical support for the scale-up and optimization of operating 
conditions for the recovery of D-GA.
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Introduction

Glyceric acid (2,3-dihydroxypropionic acid; 
GA) is a useful glycerol derivative, widely used in 
chemical products synthesis1, cosmetics2, and phar-
maceuticals3. D-Glyceric acid (D-GA) was reported 
to have biological functions including accelerating 
ethanol and acetaldehyde oxidation4 and enhancing 
the viability of ethanol-dosed gastric cells3. There-
fore, it is a promising chemical for minimizing the 
toxic effect of acetaldehyde, the metabolite of alco-
hol. Fed-batch fermentation has been used success-
fully to produce D-GA4,5. However, few previous 
studies on downstream processes to recover D-GA 
were available. Ion exchange is widely used in sep-
aration of several carboxylic acids and weak ac-
ids6–9. It is easy to scale-up and apply to industrial 
manufacturing processes, and the purification pro-
cess is inexpensive. Basic anionic exchange resins 
(IRA400, IRN78) have been shown to separate GA 
and lactic acid from the cleavage solution success-

fully10. However, few studies addressed the basic 
attributes of the equilibrium and the kinetics and 
thermodynamics of ion exchange resins used for 
D-GA separation.

In this study, the adsorption of D-GA from an 
aqueous solution was evaluated using a strong basic 
exchange resin (denoted by 201×7). The effect of 
pH on the uptake of D-GA by basic resin was stud-
ied, and a theoretical model based on ion exchange 
and adsorption was developed to study the adsorp-
tion mechanisms. Kinetic experiments under differ-
ent initial D-GA concentrations were also performed 
to define the controlling mechanism of the overall 
adsorption process.

Materials and methods

Materials

D-GA with purity higher than 98 % was sup-
plied by Sigma-Aldrich. The 201×7 resin used in 
this study was purchased from Xilong Chemical 
Co., Ltd., China.
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Resin characteristics

The main characteristics of the 201×7 resin, a 
strong basic anion resin, are presented in Table 1.

Pre-treatment of resin

The resin was pre-treated by repeated washing 
with 2 M NaOH and 2 M HCl solutions, and then 
converted to the hydroxide form by elution with 2 
M NaOH, and rinsed at neutral pH with deionized 
water. The resin was subsequently dried at 50 °C.

Quantification of GA

D-GA concentration was determined by 
high-performance liquid chromatography (HPLC) 
according to the method described by Habe et al.5

Equilibrium experiments

Equilibrium batch experiments were performed 
at a series of pH values and temperatures. Specifi-
cally, 0.5 g of dry resin was mixed with aqueous 
solutions of D-GA with different initial concentra-
tions and at varying pH values (8–12). The D-GA 
content in each aqueous solution was then quanti-
fied by HPLC. The adsorption capacity at equilibri-
um (qe, mol kg–1 dry resin) was determined as fol-
lows:
 e 0 e( ) Vq C C

m
= − ⋅  (1)

where C0 and Ce are the initial and equilibrium con-
centrations of D-GA in the liquid phase (mol L–1), 
respectively; V (L) is the volume of the solution, 
and m (kg) is the mass of the dry ion exchange 
 resin.

Kinetics experiments

The kinetics of the reaction was studied by 
measuring the rate of D-GA uptake from the liquid 
phase by the resin at various initial concentrations 
and at pH 8. The experiments were carried out at  
25 °C. In a typical experiment, 0.5 g of resin was 
mixed with varying concentrations of D-GA solu-
tion.

Results and discussion

Adsorption equilibrium

Effect of pH on adsorption equilibrium

The adsorption isotherm for D-GA onto the 
201×7 resin at various initial pH values is shown in 
Fig. 1. The maximum adsorption capacity increased 
as pH decreased. Langmuir11, Freundlich,12,13 and 
Radke-Prausnitz14 isotherms were used to analyze 

Ta b l e  1  – Physical and chemical properties of the 201×7 resin

Type Strong basic anion exchanger

Polymer matrix Polystyrene DVB

Standard ionic form Cl– (OH–)

Functional structure –N+(CH3)3

Appearance Yellow to golden spherical beads, 
translucent

Effective diameter 0.40–0.70 mm

Moisture content 53 % – 58 %

Shipping density in wet 
state 0.66–0.71

True density in wet state 1.06–1.19

Operating pH range 0–14

Maximum operating 
temperature ≤ 80 °C (Cl–); ≤ 60 °C (OH–)

Ta b l e  2  – Langmuir, Freundlich and Radke-Prausnitz isotherm parameters for D-GA adsorption on the resin 201×7

pH

Langmuir

 
 

m L e
e

L e1
q K Cq

K C
=

+

Freundlich
1

e e
nq kC=

Radke-Prausnitz

 m e
e

e(1 )m

Kq Cq
KC

=
+

R2 KL
(L mol–1)

qm  
(mol kg–1) R2

k
(mol kg–1)  
(g L–1)–1/n

n R2 K (L mol–1) qm  
(mol kg–1) m

8 0.876 241.56 1.900 0.990 3.52 4.16 0.987 1.12·107 0.071 0.760

9 0.904 207.84 1.769 0.997 3.43 3.92 0.996 4.33·106 0.069 0.745

10 0.943 121.77 1.808 0.994 3.68 3.32 0.992 8.49·103 0.253 0.706

11 0.961 190.84 1.457 0.980 2.72 3.98 0.983 9.79·102 0.625 0.809

12 0.998 70.36 1.547 0.956 3.42 2.71 0.998 48.12 2.061 1.143
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the equilibrium data (Fig. 1). The parameters of 
each isotherm are listed in Table 2. As the pH value 
was higher, the better the fit was between the equi-
librium data and the Langmuir isotherm model. The 
Langmuir model fit the experimental data well with 
an initial pH of 12. Both the Freundlich and Rad-
ke-Prausnitz models fit the experimental data well. 
All n values in the Freundlich model at various ini-
tial pH values were between 1<n<10, indicating 
that the resin had a favorable adsorption for D-GA8.

The empirical equilibrium models do not allow 
us to distinguish between the mechanisms that oc-
cur by the combined effect of molecular adsorption 
and ion exchange, and those that are affected by ion 
exchange alone. Thus, in order to determine the 
contribution of each phenomenon to D-GA remov-
al, a new model based on both molecular adsorption 
and ion exchange mechanisms was developed, and 
is presented in the following section.

Theoretical procedure

(1) Liquid phase
In the liquid phase, D-GA dissociation takes 

place according to its pKa values (3.64). The follow-
ing D-GA dissociation reactions occur in aqueous 
solution as a function of pH:

  (2)

From Eq. (2):

  (3) 
 

-COO +

GA COOH

[GA ][H ]
[GA ]

K =

where [GACOOH] is the D-GA concentration, 
[GACOO–] is the ionic D-GA concentration, and KGA 
is the equilibrium constant for D-GA dissociation in 
the liquid phase.

The total amount of D-GA measured is equal to 
both forms of D-GA, i.e.:

 
-

measured

COOH COO[GA ] [GA ] [GA ]= +  (4)

where [GAmeasured] is the total amount of D-GA that 
is experimentally measured.

Substituting the last equation into Eq. (3), one 
gets:
  (5) 
 

-COO measured
+

GA

[GA ][GA ]
1 [H ] / K

=
+

The hydrogen concentration can be obtained if 
the pH is known, so Eq. (5) becomes:

  (6) 
 

-

a

COO measured
p pH

[GA ][GA ]
1 10 K −=
+

Eq. (6) allows the concentration of glycerate in 
solution to be determined as a function of the total 
concentration of D-GA and the pH of the liquid 
solution. The relationship between pH and the rela-
tive concentrations of D-glyceric acid and D-glycer-
ate with respect to the total concentration of D-GA 
in solution is shown in Fig. 2.

F i g .  1  – Adsorption isotherms of D-GA at varying initial pH values (a) experimental points (b) Langmuir fitting (c) Freundlich 
fitting (d) Radke-Prausnitz fitting (Baobei Wang et al. Combined adsorption and ion exchange of D-glyceric acid using a 
strong basic resin: equilibrium, kinetics, and thermodynamics)

(a) (b)

(c) (d)
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(2) Solid phase
In the solid phase, ionic D-GA binds to the res-

in through ion exchange. The ion exchange uptake 
of D-GA by the resin (the first uptake layer) can be 
described by the following equation:

  (7)

  (8) 
 

 
-

-IE

COO
m,IE IE

- COO
IE

[GA ]
[OH ] [GA ]

q K
q

K
=

+
 (9) 

where qm,IE is the maximum ion exchange capacity 
of the resin, KIE is the ion exchange separation fac-
tor, and qIE is the equilibrium concentration of glyc-
erate in the solid phase.

Substituting Eq. (6) into Eq. (9), one obtains 
the following:

  (10) 
 

m, IE IE measured
epH-14 p a-14

IE measured

[GA ]
10 10 [GA ]K

q K
q

K
=

+ +

However, Eq. (10) does not fit the experimental 
data well (data not shown), indicating that the bind-
ing of D-GA to the resin is probably not only due to 
ion exchange.

As there are two hydroxyl groups in the D-GA 
molecule, an intermolecular hydrogen bond proba-
bly forms between D-GA molecules. Therefore, we 
assume that there are two mechanisms (ion ex-
change and adsorption) for the uptake of D-GA into 
the resin beads. Ionic D-GA attaches to the resin 
through ion exchange to form the first uptake layer, 
which supports hydrogen bond donors that adsorb 
free D-GA in solution to form a second uptake lay-
er. The formation of hydrogen bonds between mol-
ecules is based on the binding site of the hydrogen 
bond; therefore, both ionic D-GA and molecular 
D-GA are adsorbed. The second uptake layer is 
characterized by the adsorption process. If the ad-
sorption process is assumed to be restricted to a sin-
gle monolayer, the Langmuir equation (Table 2) can 
be used to represent the adsorption equilibrium,

 (11)

  (12) 
 

m,Ad Ad measured
Ad

Ad measured

[GA ]
1 [GA ]
q K

q
K

=
+

where qm,Ad is the maximum adsorption capacity of 
the resin, KAd is the adsorption separation factor, 
and qAd is the equilibrium concentration of the 
D-GA adsorbed by hydrogen bonds in the solid 
phase.

Each D-GA attached onto the resin in the first 
uptake layer is inclined to bind with a D-GA mole-
cule via hydrogen bonding. Though there are two 
hydroxyl groups in each D-GA molecule, the steric 
hindrance effect makes it difficult for the D-GA 
molecule in the first uptake layer to form a hydro-
gen bond with a second D-GA. Accordingly, the 
maximum capacity of the adsorption process in the 
second layer is equal to that of the ion exchange 
process:

 qm,Ad = qm,IE (13)

Taking into account the two mechanisms of up-
take in the solid phase, the following mass balance 
can be drawn:

 qIE + qAd = qe (14)

Substituting the ion exchange and adsorption 
mechanisms into the mass balance equation, Eq. 
(14) becomes

  (15) 
COO-

m, IE IE m, IE Ad measured
e- COO-

IE Ad measured

[GA ] [GA ]
[OH ] [GA ] 1 [GA ]

q K q K
q

K K
+ =

+ +

Substituting Eq. (6) into Eq. (15), we obtain the 
following:

 
  (16) 
  

IE measured
m, IE pH-14 p a-14

IE measured

Ad measured
e

Ad measured

[GA ](
10 10 [GA ]

[GA ] )
1 [GA ]

K

Kq
K

K q
K

+
+ +

+ =
+

The above equation describes the removal of 
D-GA by the resin in terms of three unknown pa-
rameters (KIE, KAd, qm,IE) related to ion exchange and 
adsorption. Experimental data were fitted to Eq. 
(16) by a non-linear least-squares regression proce-
dure (Fig. 3). The values of the parameters obtained 
by fitting the experimental data to this model are 
shown in Table 3. According to these results, we 
conclude that both phenomena (ion exchange and 
adsorption) occur during the D-GA uptake process. 
This result shows that the value of KAd (16.5) is 
much greater than that of KIE (2.40).

According to Eq. (16), the uptake capacity of 
D-GA onto the 201×7 resin increases with decreas-
ing pH. This result is in accordance with the exper-

F i g .  2  – Effect of the pH on D-GA dissolution
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imental isotherm result, which indicated that the 
uptake capacity with pH 8 was greater than in other 
initial pH conditions (Fig. 1). However, the percent-
age of ionic D-GA in solution decreases with de-
creasing pH, which decreases the ion exchange ca-
pacity. Therefore, to gain a maximum uptake 
capacity, a suitable initial pH in solution is import-
ant. As shown in Fig. 2, when the pH value is high-
er than 6.0, 99 % of D-GA exists in ionic form. 
Therefore, there may be a larger uptake capacity at 
pH lower than 8. Another experiment was per-
formed to determine the maximum uptake capacity. 
However, the result showed that the uptake capacity 
at pH 7 was less than that at pH 8, and the maxi-
mum uptake capacity (2.07 mol kg–1) was achieved 
at pH 8 (Fig. 4), which was similar to the maximum 
two-layer adsorption capacity (2.24 mol kg–1) 
gained by the theoretical model (Eq. 16). This result 
is likely due to the effect of pH on the hydrogen 
bond interaction of D-GA in solution.

Effect of temperature on adsorption

Changes in the Gibbs free energy (ΔG), enthal-
py (ΔH), and entropy (ΔS) are important thermody-
namic parameters that can be determined using the 
following equations.

 ∆G = −RT ln K (17)
 ∆G = ∆H − T∆S (18)
where K (L mol–1) is the equilibrium constant, T (K) 
is the absolute temperature, and R is the universal 
gas constant (8.314·10–3 kJ K–1 mol–1).

Combining Eqs. (17) and (18) leads to:

  (19) 
 

The equilibrium data at various temperatures 
are shown in Fig. 5a, which suggests that the solu-
tion temperature has little effect on the maximum 
adsorption capacity. Therefore, qm was assumed to 
be constant. Substituting Eq. (19) into our theoreti-
cal model (Eq. (16)) leads to:

 
 
  

(20)
 

 
 
 
 

qm,IE in Eq. 20 refers to the maximum uptake 
capacity of D-GA with solution pH value of 8 at 
varying temperatures (293~303 K). Whereas, qm,IE 
in Eq. 16 refers to the maximum uptake capacity of 
D-GA with varying solution pHs at 298 K.

The experimental adsorption isotherms and 
those predicted by the theoretical model at various 
temperatures are shown in Fig. 5b. The parameters 
obtained by fitting the experimental data to this 
model are listed in Table 4. The positive value of 
ΔH1 and ΔH2 indicates that both ion exchange and 
the adsorption process are endothermic processes. 
Both uptake processes are spontaneous, as demon-
strated by the negative ΔG1 and ΔG2 values (calcu-
lated according to Eq. (18)).

F i g .  3  – Reproducibility of the experimental data by the the-
oretical model

F i g .  4  – Effect of initial pH value on the uptake of D-GA

Ta b l e  3  – Equilibrium parameters in Eq. (16) of D-GA on 
the resin 201×7

Parameters Value

qIE (mol kg–1) 1.12

KIE 2.40

KAD 16.5

Average deviation (%) =  
 
 =

exp exp

1

abs(( ) / ) 100theor
m i i i
i

q q q
m=

− ⋅∑
8.94

m: total number of experimental data
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Kinetics

Studies of adsorption kinetics were performed 
to explain the mechanism of interaction between the 
adsorbate and the adsorbent, and to understand the 
rate-controlling step. The mechanisms of the ad-
sorption process can be described as follows12,15: (1) 
solute diffuses through the liquid film surrounding 
the particle (film diffusion control), (2) solute dif-
fuses through the polymeric matrix of the resin 
(particle diffusion control); (3) chemical reaction. 
The step offering greater resistance than the others 
is considered the rate-controlling step. When the 
porosity of the polymer is small, and thus the poly-
mer is practically impervious to the fluid reactant, 
the adsorption process may be explained by the 
“shell progressive” approach. The kinetic concept 
of a shell progressive mechanism (SPM) can be de-
scribed in terms of the concentration profile of a 
liquid reactant containing a solute advancing into a 
spherical bead partially saturated with the adsor-
bent. In this case, the relationship between the ad-
sorption time and the degree of adsorption is given 
by the following expressions.11

(1) Fluid film control:

  (21) 
 

0 f

m

3C KF t
aC r

=

(2) Diffusion control

  (22) 
 

2/3 e 0
2

m

6[3 3(1 ) 2 ] D CF F t
aC r

− − − =

(3) Chemical reaction control

  (23) 
 

1/3 c 01 (1 ) K CF t
r

− − =

In order to understand the ion exchange kinetic 
process and to define the rate-controlling step 
during the D-GA uptake, the shell progressive mod-
el (SPM) was selected to describe the ion exchange 
data. The evolution of the D-GA uptake, q (mol kg–1 

dry resin), with time at varying initial concentra-
tions is shown in Fig. 6. Descriptions of the kinetic 
data using the SPM model (Eqs. (21) – (23)) for 
D-GA are listed in Table 5.

The correlation coefficient was used to evalu-
ate the quality of fit for each case. High correlation 
coefficients (R2 > 0.98) revealed that the film diffu-
sion model fit the experimental data satisfactorily 
for the entire time range, indicating that particle dif-
fusion is most likely the rate-controlling step during 
the process of D-GA uptake. The slope values were 
used to calculate effective diffusion coefficients for 
the different D-GA concentrations using Eqs. (21) 
– (23). The diffusion coefficients calculated in this 
manner were a measure of the mean inter-diffusion 
coefficient of the D-GA molecules involved in the 
adsorption process. The mean inter-diffusion coeffi-
cients given by the SPM model decreased as the 
initial D-GA concentration increased. The variation 
of De was consistent with that found in the literature 
for weak acids separation11,15.

Conclusions

The strong basic exchange resin (201×7) was 
demonstrated to be effective for D-GA separation. 
The uptake capacity is affected by the initial pH of 
the solution, and the maximum uptake capacity was 

Ta b l e  4  – Equilibrium parameters in Eq. (20) of D-GA on 
the resin 201×7

Parameters Value

qm,IE (mol kg–1) 0.939

ΔS1 (J mol–1 K–1) 377

ΔH1 (kJ mol–1) 107

ΔS2 (J mol–1 K–1) 145

ΔH2 (kJ mol–1) 34.0

Average deviation (%) =  
 
 =

exp exp

1

abs(( ) / ) 100theor
m i i i
i

q q q
m=

− ⋅∑
8.31

m: total number of experimental data

F i g .  5  – Experimental and the theoretically predicted ad-
sorption isotherms of D-GA at varying temperatures (a) exper-
imental points (b) reproducibility of the experimental data by 
the theoretical model
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obtained at pH 8. In order to model the equilibrium 
of D-GA on the resin, the uptake of D-GA was de-
termined by both empirical and theoretical method. 
The Freundlich and Radke-Prausnitz models fit the 
equilibrium model well. A theoretical model based 
on ion exchange and adsorption was developed to 
fit the experimental data, and the parameters related 
to both phenomena were determined. The theoreti-
cal treatment allows us to verify that the uptake ca-
pacity increases as pH decreases, which is consis-
tent with the experimental data. Our result also 
showed that temperature has little effect on the 
maximum uptake capacity, and both ion exchange 
and the adsorption process are endothermic and 
spontaneous processes.

With respect to the kinetic experiments, the 
shell progressive model affirms that the rate-deter-
mining step is the diffusion of D-GA through the 
polymeric matrix of the resin. The results obtained 
in this study would be useful for subsequent scale-
up and optimization of operating conditions.
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