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ABSTRACT

In this work, D-II07 resin was used to remove formic acid from aqueous solution. A series
of operational conditions including solution pH, adsorbent dose, temperature and initial for-
mic acid concentration on formic acid uptake was evaluated. D-II07 resin showed a good
uptake at neutral pH. Removal of formic acid was rapid and equilibrium was reached
within 2 h of contact. The results demonstrated that the sorption equilibrium data were well
fitted by bi-Langmuir isotherm model and the maximum sorption capacity was negatively
affected with increasing temperature. Thermodynamic studies performed indicated that the
sorption process was spontaneous and exothermic in nature. Furthermore, the sorption
kinetic of formic acid was simulated successfully by the macropore diffusion model. The
effective pore diffusivity (Dp) was dependent on temperature, but independent of initial for-
mic acid concentration, and was 1.846 × 10−10, 3.652 × 10−10, and 5.552 × 10−10 m2 s−1 at 298,
318, and 338 K, respectively. In summary, D-II07 resin is a promising valuable adsorbent to
remove formic acid from the diluted wastewater streams or fermentation broth.
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1. Introduction

It is well known that formic acid (or methanoic
acid) is an important raw material in chemical indus-
tries, which is used as an intermediate in the produc-
tion of food preservatives and pharmaceuticals such
as enzymes, antibacterial agents, caffeine, artificial
sweeteners, plant protection agents, dyes, flavors, and

perfume ingredients [1,2]. In recent years, the use of
biotechnological method for producing monocarbox-
ylic acids has attracted a considerable attention due to
its potential advantages in both economical and envi-
ronmental aspects [2]. Many fermentation processes
produce dilute solutions of carboxylic acids which are
either products or by-products of the process [3,4]. In
addition, wastewaters of industrial (pharmaceutical,
polymer, food, leather, textile, etc.) effluents contain-
ing low concentration of monocarboxylic acids are
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often encountered [1]. If the concentrations of these
monocarboxylic acids exceed certain threshold levels,
they will be toxic to micro-organisms and will inhibit
cell growth [5]. Advanced treatment of wastewater
streams to meet future water quality standards and
circular utilization has been acknowledged as a note-
worthy expenditure to the industry and environment
[1].

Because of the above-mentioned reasons, the sepa-
ration of these carboxylic acids is of interest in terms
of both environmental and economic effects. However,
the removal of carboxylic acids from wastewater
streams, fermentation broth, or aqueous solutions pre-
sents a major challenge due to the complex nature of
fermentation broth and high affinity for water [6,7].
By now, several acid recovery techniques, including
precipitation [8], solvent extraction [1], electrodialysis
[9], adsorption [7], ion-exchange [10–16], have been
investigated and employed to selectively remove the
carboxylic acids from wastewater or fermentation
broth. Among these techniques, adsorption and ion-
exchange are undoubtedly advanced processes for
separating the acids from aqueous or wastewater
streams and they can be coupled with fermentation
process due to its low cost for industrialization.

Weakly basic ion exchangers are frequently used
for the recovery of carboxylic acid from aqueous solu-
tion, wastewater, or fermentation broth [7,10,11]. How-
ever, the detailed adsorption equilibrium and kinetics
of formic acid were sparsely reported in the literature
so far [7], and many valuable empirical equations for
sorption have been built. Moreover, little work has
been focused on the model building for predicting the
sorption behavior of different systems. In other words,
most of the results of the above studies could be
applied merely in some special situations. For future
industrial application, it is critical to have systemati-
cally statistical theory on the formic acid sorption.
Therefore, in this work, a tailor-made ionic exchanger
D-II07 resin was used to adsorb formic acid from its
aqueous solution. The formic acid concentration was
investigated in the range of 0–10 g L−1. The sorption
properties of formic acid onto D-II07 resin were inves-
tigated systematically. The effects of initial solution
pH and adsorbent dose on the sorption capacity of
formic acid were firstly performed. Subsequently, the
sorption isotherms of formic acid at different tempera-
tures were determined under the selected pH condi-
tion. Some thermodynamic sorption parameters such
as the Gibbs free energy change (ΔG˚), the enthalpy
change (ΔH˚), and the entropy change (ΔS˚) were esti-
mated by correlation [17]. Afterward, the effects of ini-
tial formic acid concentration and temperature on the
rate of sorption were investigated. The macropore

diffusion model, pseudo-first-order, and pseudo-
second-order models were used to predict the formic
acid concentration decay curves. The sorption equilib-
rium data and the model parameters reported in this
study will be of great value in designing a chromato-
graphic process for recovering formic acid from waste-
water streams and fermentation broth.

2. Material and methods

2.1. Material

D-II07 anion-exchange resin, with a tertiary amine
functional group, was kindly supplied by the
Guangzhou Institute of Energy Conversion, Chinese
Academy of Sciences (Guangzhou, China). The D-II07
anion-exchange resin used in this study was in OH−

form. The physical properties of the resin are listed in
Table 1. Before use, the resin was firstly soaked in
95% ethanol solution for 24 h and then in 1 M hydro-
chloric acid and 1 M sodium hydroxide for 8 h to
remove monomers, preservative agents, and polymeri-
zation residuals which are trapped inside the pores
during synthesis [18]. Finally, the resin was rinsed at
neutral pH with deionized water. Formic acid used in
this study was of analytical reagent grade, which was
purchased from the Sinopharm Chemical Reagent Co.,
Ltd and used without further purification.

2.2. Methods

2.2.1. Characterization of D-II07 resin

The morphology and surface texture of D-II07 resin
was identified by a high resolution field emission scan-
ning electron microscope (FE-SEM, Hitachi S-4800,
Japan) operated at 1 kV and 10 μA. The Brunauer–
Emmett–Teller (BET) surface area, total pore volume,
and average pore diameter of D-II07 resin were
detected by nitrogen adsorption–desorption isotherms
at −196˚C using an ASIQMO002-2 analyzer (Quanta-
chrome, US). Prior to measurement, the resin was
degassed under vacuum at 90˚C for 16 h for the
removal of water and impurities [19]. The pore distribu-
tion of the resin was calculated using the Barrett–Joy-
ner–Halenda method to the nitrogen desorption data.

2.2.2. Effect of initial solution pH on formic acid uptake

Experiments to determine the effect of solution pH
on the sorption of formic acid onto D-II07 resin were
conducted by equilibrating the sorption mixture with
the resin and formic acid aqueous solution at different
pH values between 1 and 10. The pH of formic acid
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solution was adjusted by adding dilute hydrochloric
acid and sodium hydroxide. Batch sorption experi-
ments were performed using 100 mL Erlenmeyer
flasks containing 1 g of D-II07 resin and 50 mL of
5 g L−1 formic acid solution. The flasks were placed in
a thermostatic shaker at 160 rpm and 298 K for
140 min. It is observed from the preliminary kinetic
sorption experiment that the sorption can reach equi-
librium within 140 min. At the end of the sorption, the
liquid phase was sampled with a syringe equipped
with a filter (Spartan 30/0.45 RC [0.45 μm]) to remove
suspended solids. The concentration of the formic acid
was analyzed by high performance liquid chromatog-
raphy (HPLC). The amount of formic acid adsorbed
onto D-II07 resin at equilibrium qe (mg g−1) was calcu-
lated with Eq. (1) [18].

qe ¼ ðC0 � CeÞ � V
m

(1)

where C0 and Ce are the concentrations of formic acid
in the aqueous phase at initial and equilibrium condi-
tions (g L−1), respectively. V is the volume of aqueous
solution (L); m is the mass of the wet resin (g).

2.2.3. Effect of adsorbent dose on the removal extent of
formic acid

Different adsorbent doses (1, 2, 3, 4, and 5 g) of
D-II07 resin were added into 50 mL formic acid solu-
tions in which the concentration of formic acid was
5 g L−1 and the initial solution pH was kept original

without any adjustment. The sorption procedures
were the same as described for the effect of pH on for-
mic acid uptake.

2.2.4. Equilibrium experiments

The equilibrium sorption experiments of formic
acid adsorbed onto D-II07 resin were carried out at
three temperatures of 298, 318, and 338 K, respec-
tively. Sorption equilibrium data were determined by
contacting about 1 g of resin with 50 mL of formic
acid aqueous solution at a series of different concen-
trations from 0 to 10 g L−1, which corresponded to the
concentration range of an actual lipid fermentation
broth of T. fermentans [4]. The sorption procedures
were the same as described for the effect of pH on for-
mic acid uptake.

2.2.5. Batch sorption kinetic studies

The kinetic experiments were performed to evalu-
ate the influence of contact time, at different initial
concentrations of formic acid (1, 5, and 10 g L−1) at
various temperatures (298, 318, and 338 K), on sorp-
tion. In the kinetic experiments, about 20 g of the resin
and 1,000 mL of formic acid solution were quickly
introduced into a cone-shaped flask. Then, the flask
was shaken in a thermostat water bath with agitation
at 160 rpm. one millilitre of the solution was sampled
at different time intervals with a syringe, filtered
immediately, and analyzed later by HPLC. The con-
centration of the residual solution was determined

Table 1
Characteristic properties of D-II07 weakly base ion-exchange resin

Resin D-II07

Matrix structure Macroporous polystyrene divinylbenzene
Functional groups –N(CH3)2
Physical form Insoluble, milkiness beads
Ionic form OH−

Porosity (%) 32.5
Surface area (m2 g−1) 36.071
Pore volume (cm3 g−1) 0.478
Average pore diameter (nm) 53
Total exchange capacity (mmol g−1) ≥4.8
Water retention capacity (%) 48–58
Skeletal density (g mL−1) 0.65–0.72
Wet density (g mL−1) 1.05
Uniformity coefficient <1.60
Particle size range (mm) 0.8
Operating pH range 0–9
Thermal stability (K) 273–343
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until the sorption equilibrium was reached, and the
amount of formic acid on resin at any contact time, t,
was calculated as:

qt ¼ C0V0 � CtðV0 �
Pn

i¼1 ViÞ
m

(2)

where C0 and Ct are the concentrations of formic acid
in the aqueous phase at initial and contact time t
(g L−1), respectively, qt is the sorption capacity of for-
mic acid at contact time t (mg g−1), m is the mass of
the wet resin (g), and i is the number of sampling
times. V0 and Vi are the initial volumes of the aqueous
solution (L) and the sampling volume (L), respec-
tively.

2.2.6. Analytical methods

Determination of the concentration of formic acid
in the aqueous solution was performed by HPLC
(Waters 2685 systems, Waters Corp., USA) equipped
with an ultraviolet detector (Waters 2489). Separation
was achieved on an Amines HPX-87H anion-exchange
column (300 mm × 7.8 mm, Bio-Rad Corp., USA) using
5 mM sulfuric acid as mobile phase at a flow rate of
0.6 mL min−1 and the column temperature was
maintained at 65˚C. The detector wavelength was set
at 210 nm. External standards were prepared for
calibration.

All the sorption experiments in this research were
carried out at least three times to ensure reproducibil-
ity and it was found that the errors for all tests were
less than 10%. Therefore, the average values of the
three data-sets were used as sorption data.

3. Results and discussion

3.1. Characterization of the anion-exchange resin D-II07

The morphology and surface texture of D-II07 resin
observed by FE-SEM is presented in Fig. 1(A). As it
depicted, D-II07 resin had a spherical form and a
rough internal surface. Fig. 1(B) shows the N2 adsorp-
tion–desorption isotherms. The values of BET surface
area, total pore volume, and average pore diameter of
D-II07 resin are listed in Table 1. As shown in
Fig. 1(B), the N2 adsorption–desorption isotherms
coincided completely with a relative pressure (P/P0)
below 0.9, indicating that the micropores and
mesopores did not exist in D-II07 resin. However, the
visible hysteresis loop of desorption isotherm with a
relative pressure (P/P0) over 0.9 indicated that D-II07
resin had a structure containing macropores. These

analyses agreed with the pore diameter distribution
in Fig. 1(C). In addition, it can be observed from
Fig. 1(C) that the macropores are the main pores for
D-II07 resin and the average pore diameter is 53 nm.

3.2. Effect of the initial solution pH on the sorption

Formic acid is a weak acid, which could undergo
dissociation depending on the solution pH (Eq. (3)).
The distribution of various formic acid species vs. pH
is presented in Fig. 2(A). The formic acid dissociation
constant pKa is equal to 3.75 at a temperature of
298 K [20,21]. It can be observed from Fig. 2(A) that
the formic acid exists mostly in its non-ionized form
in the lower pH range, e.g. pH < 1, while it exists
mostly in its ionized form in the higher pH range, e.g.
pH > 6. Theoretically, only negatively charged formate
ions can be exchanged with hydroxyl ions in the
D-II07 resin according to the reactions shown in
Eq. (4). Hence, the formic acid uptake onto the anionic
exchanger would depend on the solutions pH.

HCOOH � HCOO� þHþ (3)

Rþ �OH� + HCOO� � Rþ �HCOO� + OH� (4)

Fig. 2(B) shows the effect of the initial solution pH
(1–10) on the sorption process of formic acid by
D-II07, a weakly basic anion-exchange resin. As the
initial solution pH changed from 1 to 3, the sorption
capacity of formic acid onto D-II07 resin was found to
increase drastically at first with an increase in the ini-
tial solution pH, and then declined sharply as the ini-
tial solution pH increased from pH 3 to 6. After that,
the sorption capacity of formic acid onto D-II07 resin
remained basically unchangeable of 11 mg g−1 as the
initial solution pH increased from pH 6 to 10. The for-
mic acid did not retain onto the D-II07 resin at the
solution pH of 1. This was due to the fact that more
than 99.8% of formic acid exists in its molecular form
at the initial solution pH of 1 (Fig. 2(A)), which could
not exchange with hydroxyl ions in the D-II07 resin
and, thus, could not be adsorbed. However, this result
could give us a hint for the preliminary selection of
desorbent in the following desorption process. The
value of maximum sorption capacity of formic acid
(qe = 103 mg g−1) onto D-II07 resin was achieved at pH
2.34, in which the solution pH was kept original with-
out any adjustments and the initial formic acid con-
centration was 5 g L−1. The quick reduction in the
capacity of formic acid adsorbed in the pH range from
3 to 10 probably attributed to the effect of competitive
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binding between hydroxyl ions and formate ions for
the adsorption sites that are present on the surface of
the resin [22,23]. At higher initial solution pH, an
excess of hydroxyl ions competed effectively with for-
mate ions for adsorption sites, resulting in a lower
level of formic acid uptake.

In order to explain the phenomenon, the solution
pH values before and after the sorption were deter-
mined and also represented in Fig. 2(B). Interestingly,
the solution pH after the sorption was higher than its
original in the pH range from 1 to 8. This phenome-
non indicated that the formate ions were adsorbed
and exchanged with hydroxyl ions, resulting in the
transfer of hydroxyl ions from the resin phase into the
solution phase. These hydroxyl ions could induce
formic acid dissociation (according to Eq. (3)). Conse-
quently, more formate ions were available to be
adsorbed. This is in the case of pH which is equal to
2.34 formic acid solutions. However, the exchange
process is reversible. In other words, plenty of hydro-
xyl ions existing in the solution can move the process
toward the opposite direction. This is the reason why
the sorption capacity was reduced with further
increase in the initial solution pH. The exchanged

hydroxyl ions were located at pH ranging from 3 to 8,
resulting in the significant increase in solutions pH. It
could be concluded that the optimum pH of the sorp-
tion of formic acid onto D-II07 resin should be the
neutral pH. Therefore, all the following sorption
experiments were conducted without adjusting the pH
of formic acid solutions. While in the range of pH > 8,
the pH at equilibrium shows a lower value than the
initial pH of solution. This phenomenon was similar
to previous reports on hexavalent chromium ions
adsorption onto modified sand [24]. At higher pH,
HCOO− was present in aqueous solutions. In this con-
dition, the presence of large number of OH− hinders
the diffusion of formate ions. As the solution pH
increases, not only less functional groups are deproto-
nated but also more number of OH− compete with the
formate ions for the active surface sites.

3.3. Effect of adsorbent dose on the extent of removal of
formic acid

The effect of adsorbent dose on the extent of
removal of formic acid at neutral pH is shown in
Fig. 3(A). It was apparent from Fig. 3(A) that the

Fig. 1. Characterization of D-II07 resin: (A) SEM image of D-II07 resin; (B) N2 adsorption–desorption isotherms; and (C)
pore diameter distribution.
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extent of formic acid sorption efficiency increased by
increasing the resin amount. The extent of formic acid
removal was 41.1% for 1 g of resin, while it was
increased dramatically to 97.3% for 3 g of resin. How-
ever, it was worth noting that there was only a tiny
change in the extent of formic acid sorption when the
resin dose was over 3 g. For example, the removal
extent was 99% for 5 g of resin. This phenomenon was
probably due to the fact that the number of available
adsorption sites increases with an increase in the resin
dose, resulting in an increase in removal efficiency
[25]. Furthermore, it was observed that the higher
resin dose would result in lower sorption capacity of
formic acid onto D-II07 resin at a fixed formic acid
concentration of 5 g L−1. The decrease in the sorption
capacity can be attributed to the fact that some of the
adsorption sites remain unsaturated during the sorp-
tion process. This is consistent with the statement that
the adsorption sites of the resin are heterogeneous
[23,26]. According to the surface site heterogeneous
model, the surface of resin is composed of sites with a

spectrum of binding energies [23]. At low resin dose,
all types of surface sites are entirely exposed and the
sorption on the surface is saturated faster, resulting in
a higher sorption capacity. However, at higher resin
amount, the availability of higher energy sites
decreases with a larger fraction of lower energy sites
occupied, showing a lower sorption capacity.

The distribution coefficient KD can be employed to
describe the binding ability of adsorbent surface for
an element, which is determined from the following
equation [27]:

KD ¼ CS

CW
(5)

where CS (g g−1) and CW (g L−1) are the concentrations
of formic acid in resin particles and solution, respec-
tively. It can be seen from Fig. 3(B) that the distribu-
tion coefficient KD increased with an increase in resin
dose, which indicated that the surface of D-II07 resin
should be heterogeneous. The relationship between
distribution coefficient KD and surface site was

Fig. 2. (A) The distribution coefficients of two forms of for-
mic acid in aqueous solutions at variable pHs and (B) the
effect of solution pH on the sorption capacity of formic
acid onto D-II07 resin at 298 K (C0 = 5 g L−1).

Fig. 3. (A) Effect of adsorbent dose on removal extent and
adsorption capacity of formic acid and (B) plot of KD val-
ues as a function of adsorbent dose.
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expressed as [26]: “if the surface is homogeneous, the
distribution coefficient KD at a given pH should not
change with adsorbent dose.”

3.4. Sorption isotherm

The sorption isotherms express the special relation
between the concentration of the adsorbate and its
degree of accumulation onto the adsorbent surface
when the sorption process reached to an equilibrium
state at a constant temperature [18]. Therefore, it is
important to establish the most appropriate correlation
for the equilibrium curves that can be used to opti-
mize the design of a sorption system. Fig. 4(A)–(C)
show the equilibrium sorption isotherm of formic acid
(point) onto D-II07 resin at various temperatures. It
was clearly observed from Fig. 4(A)–(C) that the sorp-
tion capacity of formic acid onto D-II07 resin increased
rapidly at low initial concentrations at different tem-
peratures, indicating a high affinity between the
adsorbate and adsorbent. However, the adsorbed
amounts of formic acid increased slightly at high ini-
tial concentrations.

In this study, five commonly used isotherm
models, namely Langmuir, Freundlich, Sips, Temkin,
and bi-Langmuir, were applied to fit the equilibrium
data of sorption of formic acid onto D-II07 resin at dif-
ferent temperatures.

The Langmuir isotherm model [28] is based on the
assumption that the monolayer sorption occurs onto a
surface containing a finite number of sorption sites of
uniform strategies of sorption with no transmigration
of adsorbate in the plane of surface, which can be
expressed by the following equation:

qe ¼ qmaxkLCe

1þ kLCe
(6)

where qe is the equilibrium sorption capacity (mg g−1);
Ce is the equilibrium formic acid concentration in the
liquid phase (g L−1); qmax is the maximum saturated
sorption capacity (mg g−1); kL is Langmuir constant
(L g−1).

Furthermore, the essential characteristics of Lang-
muir isotherm can be expressed by a dimensionless
separation factor or equilibrium parameter, RL,
defined by Webi and Chakravort [29] as:

RL ¼ 1

1þ KLC0
(7)

Fig. 4. Sorption equilibrium data (point) fitted by Lang-
muir (dash), Freundlich (dash-dot), Sips (solid), Temkin
(dot), and bi-Langmuir (dash-dot-dot) isotherm models for
the sorption of formic acid onto D-II07 resin at different
temperatures: (A) T = 298 K; (B) T = 318 K; and (C)
T = 338 K.

372 X. Lin et al. / Desalination and Water Treatment 57 (2016) 366–381



where kL is the Langmuir constant (L g−1) and C0 is
the initial formic acid concentration (g L−1). The
parameter RL indicates that the type of isotherm can
be unfavorable (RL > 1), linear (RL = 1), favorable
(0 < RL < 1), or irreversible (RL = 0).

The Freundlich isotherm model [30] assumes that
the sorption energy of the adsorbate binding to the
adsorbent depends on the availability of sorption sites,
which can be expressed as:

qe ¼ kFC
1=nF
e (8)

where qe is the equilibrium sorption capacity (mg g−1);
Ce is the equilibrium formic acid concentration in the
liquid phase (g L−1); kF (mg g−1(L g−1)1/nF) and 1/nF
are the Freundlich constants. The parameter 1/nF indi-
cates how favorable the sorption process is; the value
of 1/nF below 1 indicates a normal Langmuir iso-
therm, while 1/nF above 1 is indicative of cooperative
sorption [31]. The value of 1/nF ranging between 0
and 1, which is a measure of sorption intensity or sur-
face heterogeneity, and as the value of 1/nF got closer
to 0, the sorption became more heterogeneous [31,32].

The Sips isotherm model [33] is a combination of
Langmuir and Freundlich isotherm models which can
be described as:

qe ¼ qmaxkSCns
e

1þ kSC
ns
e

(9)

where qe is the equilibrium sorption capacity (mg g−1);
Ce is the equilibrium formic acid concentration in the
liquid phase (g L−1); qmax is the maximum saturated
sorption capacity (mg g−1); kS ((L g−1)1/nS) and nS are
the Sips isotherm model parameters. The Sips iso-
therm reduces to Langmuir isotherm when the value
of nS is equal to 1.

The Temkin isotherm is based on the heat of sorp-
tion of the ions, which is due to the sorbate/sorbent
interactions taken in linear form. Temkin isotherm
model is given by Choy et al. [34]:

qe ¼ RT

bTe
ln ðaTeCeÞ (10)

where qe is the equilibrium sorption capacity (mg g−1);
Ce is the equilibrium formic acid concentration in the
liquid phase (g L−1); bTe is the Temkin constant related
to heat of sorption (J mol−1); aTe is the Temkin iso-
therm constant (L g−1); R is the general gas constant
(8.314 J mol−1 K−1); T is the absolute temperature (K).

The bi-Langmuir model assumes that the surface
contains two different active sites with different affini-
ties toward compounds [35]:

qe ¼ qmax 1kL1Ce

1þ kL1Ce
þ qmax 2kL2Ce

1þ kL2Ce
(11)

where qe is the equilibrium sorption capacity (mg g−1);
Ce is the equilibrium formic acid concentration in the
liquid phase (g L−1); qmax1 and qmax2 are the maximum
sorption capacities of two different adsorption sites
(mg g−1); and kL1 and kL2 are sorption energies related
to these sorption sites (L g−1).

All the isotherm model parameters were evaluated
by non-linear regression using Matlab software. The
residual root mean square error (RMSE) and the χ2

test, together with the correlation coefficient (R2), were
used to evaluate the fitness of the model calculations
to the experimental data.

The RMSE can be defined as:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

m� 2

Xm
i¼1

ðqexp � qcalÞ2
s

(12)

The χ2 test can be described as:

v2 ¼
Xm
i¼1

ðqexp � qcalÞ2
qcal

(13)

where the subscripts “exp” and “cal” are the experi-
mental and calculated values, respectively, and m is
the number of samples.

Fig. 4 shows the equilibrium sorption data (points)
at three temperatures, together with the prediction
curves calculated by the Langmuir (dash lines), Fre-
undlich (dash dot lines), Sips (solid lines), Temkin
(dot), and bi-Langmuir (dash-dot-dot) isotherm mod-
els, respectively. All the isotherm parameters obtained
from the five isotherm models are listed in Table 2.
The calculated RL values at different temperatures
were between 0 and 1, representing that the sorption
of formic acid onto D-II07 resin was favorable. More-
over, the values of RL at a constant temperature
decreased as the initial concentration increased from 1
to 10 g L−1, which indicated that the sorption process
was more favorable at higher initial concentration. It
can also be seen from Table 2 that all 1/nF values
obtained from the Freundlich isotherm model were
below one at all three temperatures, indicating favor-
able sorption. It can be observed from Fig. 4(A)–(C)
and Table 2 that the sorption capacity of formic acid
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onto D-II07 resin decreased with increasing tempera-
ture, which suggested that the sorption process was
probably exothermic. Comparing these five isotherm
models, the bi-Langmuir isotherm model gave the
highest correlation coefficients (R2) and lowest RMSE
and χ2 values at all three temperatures studies, indi-
cating that the sorption of formic acid onto D-II07
resin was best described by bi-Langmuir model. This
observation was different from previous reports on
formic acid sorption onto Amberlite IRA-67, [7] proba-
bly because of the differences in original adsorbent.

3.5. Sorption thermodynamics

Sorption thermodynamics is of great importance
for exploring the adsorbents and demonstrating the
sorption process [36]. In this paper, the thermody-
namic parameters such as the Gibbs free energy
change (ΔG˚), the enthalpy change (ΔH˚), and the

entropy change (ΔS˚) had been calculated, respec-
tively. The Gibbs free energy change (ΔG˚) was calcu-
lated using the following equation:

DG� ¼ �RT ln K0 (14)

where R is the universal gas constant (8.314 J mol−1 K−1),
T is the absolute solution temperature (K), and K0 is the
sorption coefficient, which was calculated from the inter-
cept of ln (Ce/qe) vs. Ce plot (Fig. 5(A)) [7,37,38].

The results of the calculated K0 and ΔG˚ at differ-
ent temperatures are listed in Table 3. The Gibbs free
energy change (ΔG˚) during the sorption process at
298, 318, and 338 K were −0.244, −0.186, and
−0.093 kJ mol−1, respectively. The negative value of
ΔG˚ indicated the feasibility spontaneous nature of for-
mic acid sorption onto D-II07 resin. It was found that
the values of ΔG˚ decreased with increasing tempera-
ture, indicating less driving force and hence resulting

Table 2
Isotherm parameters of each isotherm model for the sorption of formic acid onto D-II07 resin at different temperatures

Isotherm models

Temperature (K)

298 318 338

Langmuir qmax (mg g−1) 124.844 116.728 110.876
KL (L g−1) 35.342 31.337 19.964
RL 0.00282–0.0229 0.00318–0.0243 0.0050–0.0396
R2 0.898 0.903 0.965
RMSE 7.465 5.831 3.315
χ2 3.599 2.663 0.777

Freundlich 1/nF 0.117 0.104 0.107
KF (mg g−1(L g−1)1/nF) 107.515 100.842 95.213
R2 0.941 0.940 0.872
RMSE 5.688 3.397 6.336
χ2 2.935 2.184 3.797

Sips qmax (mg g−1) 146.219 133.615 117.000
kS ((L g−1)1/nS) 3.570 3.946 7.024
nS 0.429 0.567 0.348
R2 0.994 0.995 0.992
RMSE 1.615 1.618 1.411
χ2 0.157 0.182 0.144

Temkin bTe (J mol−1) 204.151 253.972 269.686
aTe (L g−1) 8,627.287 18,931.030 10,512.280
R2 0.981 0.976 0.931
RMSE 3.434 3.078 4.962
χ2 0.933 0.886 2.094

bi-Langmuir qmax1 (mg g−1) 39.094 32.152 24.404
kL1 (L g−1) 0.449 0.482 0.080
qmax2 (mg g−1) 101.842 96.425 105.568
kL2 (L g−1) 63.261 57.058 18.774
R2 0.999 0.999 0.999
RMSE 0.920 0.349 1.352
χ2 0.052 0.024 0.105
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in less sorption capacity [39]. In addition, the absolute
values less than 20 kJ mol−1 implied that the sorption
was a physical process [37].

According to the Van’t Hoff equation [40], the rela-
tionship between the sorption coefficient K0 and tem-
perature is expressed as Eq. (15). The enthalpy change
(ΔH˚) and the entropy change (ΔS˚) were calculated
from the slope and intercepts of the plot of lnK0 vs. 1/
T (Fig. 5(B)), respectively. The calculated values of
ΔH˚ and ΔS˚ are listed in Table 3.

lnK0 ¼ �DH�

R

1

T
þ DS�

R
(15)

The negative value of ΔH˚ (Table 3) suggested that the
sorption process of formic acid onto D-II07 resin was
exothermic in nature. This finding was consistent with
the results obtained earlier where the sorption capac-
ity of formic acid onto Amberlite IRA-67 decreased
with increasing solution temperature [7]. In addition,
the negative value of ΔS˚ (Table 3) showed that more
ordered arrangement of formic acid was shaped on
D-II07 surface after sorption [36]. In such case, it will
be more profitable in the aspect of process design effi-
ciency, because a lesser number of parameters can be
utilized in the design stage.

3.6. Kinetic studies

3.6.1. Effect of solution temperature on formic acid
sorption

The effect of solution temperature on the sorption
time and sorption rate of formic acid onto D-II07 resin
was investigated for a period of 140 min for the initial
formic acid concentration of 5 g L−1 at 298, 318, and
338 K, respectively. Fig. 6(A) shows the results of con-
tact time experiments carried out at various solution
temperatures for formic acid sorption onto D-II07
resin. The sorption capacity of formic acid onto D-II07
resin was found to decrease slightly with the increase
in solution temperature from 298 to 338 K, indicating
the exothermic nature of the sorption reaction. This
phenomenon agreed with the sorption equilibrium
results (Fig. 4(A)–(C)) and the sorption thermody-
namic analysis discussed above. The equilibrium time
decreased from 60 to 35 min with increasing tempera-
ture from 298 to 338 K. These results probably attrib-
uted to the increase in diffusion rate of formic acid
with increasing solution temperature. In addition, the
formic acid sorption was fast at the initial stages of
the contact period at various solution temperatures,
and thereafter it became slower near the equilibrium.
This was because of plenty of sorption sites that were
available for sorption during the initial stage, and after
a lapse of time, the remaining vacant surface sites
were difficult to be occupied due to repulsive forces
between the solute molecules on the solid and bulk
phases [31]. Similar trend was observed in the sorp-

Fig. 5. (A) Plot of ln (Ce/qe) vs. Ce at different tempera-
tures and (B) plot of ln K0 against 1/T.

Table 3
Thermodynamic parameters for the sorption of formic acid onto D-II07 resin at different temperatures

T (K) K0 ΔG˚ (kJ mol−1) ΔH˚ (kJ mol−1) ΔS˚ (J mol−1 K−1)

298 1.103 −0.244
318 1.091 −0.186 −1.165 −3.088
338 1.813 −0.093
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tion of formic acid on weakly basic adsorbent Amber-
lite IRA-67 [7].

3.6.2. Effect of initial concentration on formic acid
sorption

The effect of initial concentration on the sorption
time and sorption rate of formic acid onto D-II07 resin
was investigated by changing the initial formic acid
concentration in the range of 1–10 g L−1 at 298 K.
Fig. 6(B) shows the effect of initial concentration on the
formic acid uptake onto D-II07 resin. As it depicts, the
sorption capacity of formic acid at equilibrium increase
from 43 to 132 mg g−1. This phenomenon may be
explained by the saturation of accessible–exchangeable
sites of adsorbents. The equilibrium time decreased
from 90 to 45 min when increasing formic acid initial
concentration from 1 to 10 g L−1 at 298 K. This was due
to the fact that the mass transfer driving force

increased with increasing initial concentration,
resulting in rapid equilibrium.

3.6.3. Kinetic simulation analyses

Sorption kinetic describes the solute sorption rate
and plays an important role in evaluating the effi-
ciency of the sorption. Therefore, it is essential to be
able to predict the rate at which formic acid is
removed from aqueous solutions in order to design a
sorption treatment plant. In order to clarify the sorp-
tion kinetics of formic acid onto D-II07 resin at various
operating conditions, kinetic analyses were conducted
using the macropore diffusion model, pseudo-first-
and pseudo-second-order models.

The pseudo-first-order kinetic model equation can
be written as follows [41]:

dqt
dt

¼ k1ðqe � qtÞ (16)

where qe and qt are the amounts of formic acid
adsorbed (mg g−1) on the resin at equilibrium and at
time t (min), respectively; k1 is the pseudo-first-order
rate constant for the sorption (min−1).

Integrating Eq. (16) for the boundary conditions
t = 0 to t = t and qt = 0 to qt = qt gives:

ln ðqe � qtÞ ¼ ln qe � k1t (17)

Further modification gives:

Ct ¼ ðC0 � CeÞe�k1t þ Ce (18)

The pseudo-second-order kinetic model equation is
generally given as follows [42]:

dqt
dt

¼ k2ðqe � qtÞ2 (19)

where qe and qt are the amounts of formic acid
adsorbed (mg g−1) on the resin at equilibrium and at
time t (min), respectively; k2 is the pseudo-second-
order rate constant of sorption (min−1).

Integrating Eq. (19) for the boundary conditions
t = 0 to t = t and qt = 0 to qt = qt gives:

1

qe � qt
� 1

qe
¼ k2t (20)

Eq. (20) can be simplified as:

Fig. 6. The effect of contact time on the sorption of formic
acid onto D-II07 resin at various temperatures (A); differ-
ent initial concentrations of formic acid (B).
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qt ¼ k2q2et

1þ k2qet
(21)

Expressing the Eq. (21) in terms of Ct and Ce, the final
equation is:

Ct ¼ C0 � m

V

� � k2½ðV=mÞðC0 � CeÞ�2t
1þ k2½ðV=mÞðC0 � CeÞ�t (22)

The average relative deviation( ARD%) used to evalu-
ate the model fitness was calculated using the follow-
ing equation:

ARD% ¼ 1

N

XN
i¼1

jCexp�Cpred

Cexp
j � 100 (23)

where N is the number of experimental data point;
Cexp is the experimental concentration of formic acid
in solution (g L−1); Cpred is the concentration of formic
acid in the solution predicted with models (g L−1).

Fig. 7. Comparison of the macropore diffusion model,
pseudo-first-order, and pseudo-second-order kinetic mod-
els for batch sorption of formic acid by D-II07 resin at dif-
ferent temperatures: (A) T = 298 K; (B) T = 318 K; and (C)
T = 338 K.

Fig. 8. Comparison of the macropore diffusion model,
pseudo-first-order, and pseudo-second-order kinetic mod-
els for batch sorption of formic acid by D-II07 resin at dif-
ferent initial formic acid concentrations: (A) C0 = 1 g L−1;
(B) C0 = 5 g L−1; and (C) C0 = 10 g L−1.
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The macropore diffusion model was adopted to
give a comprehensive simulation to the sorption pro-
cess, which considers the diffusion in the resin particle
as a rate-limiting mechanism [43]. In the macropore
diffusion model, the assumptions that were made to
interpret the ion-exchange sorption are as follows: (i)
the resin particle has a structure containing macrop-
ores; (ii) the resin with homogeneous size has a spher-
ical geometry; (iii) external mass transfer is neglected
due to efficient mixing; (iv) constant temperature
operation; (v) equilibrium between the liquid phase in
the macropores and the active site was instantaneous;
and (vi) internal diffusion in the resin particle is rate-
controlling.

Mass balance in the volume element of the resin
particle is given as:

ep
@Cp

@t
þ qp

@q

@t
¼ Dp

@2Cp

@R2
þ 2

R

Cp

@R

� �
(24)

The overall adsorber mass balance:

dC

dt
¼ 1� e

e

� �
3

Rp
Dp

@Cp

@R
jR¼RP

(25)

where ε is the external (batch) porosity.

e ¼ V1

V1 þ VP
(26)

The initial and boundary conditions are:

Cð0Þ ¼ C0; t ¼ 0 (27)

CpðR; 0Þ ¼ 0; 0 6 R 6 Rp; t ¼ 0 (28)

@Cp

@R
ð0; tÞ ¼ 0; t[ 0 (29)

CpðRp; tÞ ¼ CðtÞ; t[ 0 (30)

where Cp is the fluid-phase concentration in the mac-
ropores (g L−1); C is the bulk fluid-phase concentration
(g L−1); q is the adsorbed phase concentration (g g−1);
ρp is the resin particle density (g L−1); t is the time (s);
R is the radial distance from the center of the resin
pallet (m); Rp is the radius of the pellet (m); εp is the
particle porosity; Dp is the effective pore diffusion
coefficient (m2 s−1); V1 is the liquid phase volume (L);
Vp is the pellet volume (L).

In this sorption process, the concentration equilib-
rium between liquid and solid phase could be repre-
sented by the Sips isotherm model, which had a best
fitting result with the experimental data. The, ARD%
defined as Eq. (23), was used to evaluate the model
fitness to the experimental data. The partial differen-
tial equations involved in the macropore diffusion
model were solved numerically using PDESOL soft-
ware. The value of Dp was obtained by the best fitting
of the simulation results to the experimental data [18].

Figs. 7(A)–(C) and 8(A)–(C) show the fits of the
macropore diffusion model, pseudo-first- and pseudo-
second-order kinetic models to the experimental data
at various operational conditions. The values of Dp, k1,
and k2 for each model are listed in Table 4. It was con-
cluded from the concentration decay curves at differ-
ent temperatures that the concentration of the formic
acid solution decreased gradually with time. Accord-
ing to the ARD% (Table 4), the fits of the pseudo-
first- and pseudo-second-order models to the experi-
mental data were not as good as the macropore diffu-
sion model, indicating that the macropore diffusion
model was applicable to describe the adsorption pro-
cess of formic acid onto D-II07 resin. By least square
fitting, the effective pore diffusion coefficients at 298,
318, and 338 K were 1.846 × 10−10, 3.652 × 10−10, and
5.552 × 10−10 m2 s−1, respectively (Table 4). The

Table 4
Coefficients of the macropore diffusion model, pseudo-first-, and pseudo-first-second-order models at different tempera-
tures and initial formic acid concentrations

T (K) C0 (g L−1)

Macropore diffusion model
Pseudo-first-order
model

Pseudo-second-
order model

Dp (×10−10 m2 s−1) Dm (×10−9 m2 s−1) Dp/Dm ARD% k1 (min−1) ARD% k2 (min−1) ARD%

298 5.0 1.846 1.695 0.109 0.769 0.0579 4.112 0.991 3.703
318 5.0 3.652 2.752 0.133 0.840 0.143 3.334 2.439 2.915
338 5.0 5.552 3.989 0.139 1.126 0.236 2.073 4.006 2.096
298 1.0 1.804 1.695 0.106 3.482 0.0890 20.025 4.437 15.319
298 10.0 1.825 1.695 0.108 0.528 0.143 1.383 2.192 0.937

Note: The bold values were used to distinguish two different operating conditions, such as temperature and initial formic acid concentration.
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effective pore diffusivity (Dp) increased by 1.5–2-fold
as the temperature increased by 20˚C each in the
range of 298–338 K. Although the same trends (1.5–
2.5-fold) can be obtained from the pseudo-first- and
pseudo-second models rate constants, the ARD% for
pseudo-first- and pseudo-second-order models were
comparatively large. It could be further illustrated in
Fig. 9(A)–(C), which described the trend in concentra-

tion change vs. different radials at various times for
298, 318, and 338 K simulated with the macropore dif-
fusion model. In Fig. 9(A)–(C), the concentration gra-
dients of 338 K at each time were always larger than
those of 298 K before they all absolutely reached the
equilibrium. Another conclusion could be drawn from
Table 4 that the values of Dp were stable when the ini-
tial concentration varied at constant temperature,
which indicated that the effective pore diffusivity was
independent of concentration. Consequently, these
results indicated that with the increase in temperature,
the effective pore diffusivity became larger (Table 4),
and the time to reach equilibrium was shorter.

For comparing with the diffusion of formic acid in
the resin particle, the molecular diffusivity of formic
acid was calculated by the Wilke and Chang
correlation [44]:

Dm ¼ 7:4� 10�8 aAMsð Þ0:5T
lV0:6

m

(31)

where αA is a constant which accounts for solute–sol-
vent interactions, and the value is 2.6 for water; μ is
the viscosity of water at different temperature (cP); Ms

is the molecular weight of the solvent (g mol−1); Vm is
the molar volume of the liquid solute at its normal
boiling point (mL g−1 mol−1); T is the temperature (K).
The diffusion coefficient of formic acid in water (Dm)
and the ratio of Dp/Dm were all calculated and listed
in Table 4. The diffusion rate in the resin particle (Dp)
was slower than that in the solution (Dm), which indi-
cated that the intraparticle diffusion was the rate-limit-
ing step in the adsorption process of formic acid onto
D-II07 resin.

4. Conclusions

In the present investigation, D-II07 resin exhibited
good potentials for further research and practical
applications in the efficient removal of formic acid
from the diluted fermentation broth or wastewater.
The bi-Langmuir isotherm model described the
experimental data best over the entire concentration
range studies. Based on the thermodynamic results,
the sorption was a spontaneous and exothermic
process. The macropore diffusion model was more
suitable for predicting the sorption process. The effec-
tive pore diffusivity (Dp) was dependent on tempera-
ture, but independent of initial formic acid
concentration. The Dp at 298, 318, and 338 K was
1.846 × 10−10, 3.652 × 10−10, and 5.552 × 10−10 m2 s−1,
respectively.

Fig. 9. Evolution of the dimensionless radial formic acid
concentration profiles, q/qe vs. R inside the D-II07 resin
particle calculated from the macropore diffusion model for
batch adsorption at different temperatures; C0 = 5 g L−1.
(A) T = 298 K; (B) T = 318 K; and (C) T = 338 K.
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borg, K. Stenberg, G. Zacchi, N.-O. Nilvebrant, The
generation of fermentation inhibitors during dilute
acid hydrolysis of softwood, Enzyme Microb. Technol.
24 (1999) 151–159.

[22] T. Shi, Z. Wang, Y. Liu, S. Jia, D. Changming,
Removal of hexavalent chromium from aqueous solu-
tions by D301, D314 and D354 anion-exchange resins,
J. Hazard. Mater. 161 (2009) 900–906.

[23] X.-P. Liao, B. Shi, Adsorption of fluoride on zirconium
(IV)-impregnated collagen fiber, Environ. Sci. Technol.
39 (2005) 4628–4632.

[24] S. Yadav, V. Srivastava, S. Banerjee, C.-H. Weng, Y.C.
Sharma, Adsorption characteristics of modified sand
for the removal of hexavalent chromium ions from
aqueous solutions: Kinetic, thermodynamic and equi-
librium studies, Catena 100 (2013) 120–127.

[25] F. Gode, E. Pehlivan, Removal of chromium(III) from
aqueous solutions using Lewatit S 100: The effect of
pH, time, metal concentration and temperature, J.
Hazard. Mater. 136 (2006) 330–337.

380 X. Lin et al. / Desalination and Water Treatment 57 (2016) 366–381



[26] D.P. Das, J. Das, K. Parida, Physicochemical character-
ization and adsorption behavior of calcined Zn/Al hy-
drotalcite-like compound (HTlc) towards removal of
fluoride from aqueous solution, J. Colloid Interface
Sci. 261 (2003) 213–220.

[27] W. Stumm, Aquatic Surface Chemistry: Chemical Pro-
cesses at the Particle-water Interface, Wiley, New
York, NY, 1987.

[28] I. Langmuir, The constitution and fundamental prop-
erties of solids and liquids. Part I. Solids, J. Am.
Chem. Soc. 38 (1916) 2221–2295.

[29] T.W. Webi, R.K. Chakravort, Pore and solid diffusion
models for fixed-bed adsorbers, AIChE J. 20 (1974)
228–238.
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