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The γ-valerolactone is an effective solvent in solubilizing lignocellulosic biomass 
fractions, although it inhibits microbial activity. To avoid the negative effects on the me-
tabolism of microorganisms, even small quantities of γ-valerolactone need to be re-
moved. This study examined the adsorption of γ-valerolactone on the commercial resin. 
The removal efficiency, adsorption equilibrium, pH effects, and fixed-bed column condi-
tions were investigated. The highest removal efficiency of γ-valerolactone from sugar 
solution was 39.92 %, with 413.78 mg g−1 γ-valerolactone adsorption capacity, observed 
with commercial resin Dowex Optipore L-493 and pH 4.00. Dual-site Langmuir adsorp-
tion isotherm was found to be the best-fitting model for describing the adsorption mech-
anisms of γ-valerolactone on commercial resin. Thus, this study shows that γ-valerolac-
tone could be removed from sugar solution by adsorption on commercial resin. In 
addition, the process is a viable alternative for the recovery of solvent and keeping the 
microbial activity in lignocellulosic biomass fractions.
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Introduction

The growing demand for energy, as well as en-
vironmental issues have triggered the tendency to 
change the energy matrix. In 2018, 85.7 % of the 
world’s energy was segmented by non-renewable 
sources. In Brazil, the scenario is quite different, in 
2018, 54.7 % of the Brazilian energy matrix was 
composed of resources such as oil, gas, and coal1. 
This percentage difference is partially due to the use 
of biofuels as an alternative to fossil fuels. Numer-
ous factors have caused the current trend toward 
production of biofuels using inedible raw materials, 
such as lignocellulosic. Lignocellulosic biomass, 
the annual production of which is 181.5 billion 
tonnes2, is composed of cellulose, hemicellulose, 
and lignin, it has low cost, high availability, and 
carbohydrate content (>65 %)3. The production of 
essential products from lignocellulosic biomass, 

such as bioethanol, depends on its conversion into 
fermentable sugars4, which should be simplified be-
cause it is step-demanding5.

The conversion of lignocellulosic biomass to 
ethanol has four main steps: pretreatment, hydroly-
sis, fermentation, and product recovery. The pre-
treatment method depends on biomass type6, and 
can improve the cost of bioethanol production7. 
Among the pretreatment methods, the use of organ-
ic solvents is a promising technique. There are var-
ious organic solvents used for the conversion of lig-
nocellulosic biomass to fermentable sugars. Among 
them, γ-valerolactone (GVL) has been proven ef-
fective because it solubilizes all the lignocellulosic 
biomass fractions8. GVL is a renewable solvent de-
rived from lignocellulosic biomass itself, is cheaper 
than enzymes, stable, biodegradable, and recycla-
ble9,10. It allows high value-added materials to be 
produced, prevents solids from accumulating, and 
eliminates the filtration step11.*Corresponding author: E-mail: grajohann@gmail.com
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Some studies evaluating the production of sug-
ars12–14 and alcohols15–20 via a non-enzymatic route 
using GVL as a solvent are found in the literature. 
However, at high concentrations, as well as other 
organic solvents21, GVL can inhibit the microorgan-
isms responsible for fermentation. The subsequent 
recovery and reuse of GVL are significant regard-
ing synthesis and process economy.

GVL has usually been separated using CO2 ex-
traction, which can remove up to 99.5 % of the sol-
vent13, and the residual amount of this solvent can 
be separated by adsorption. Nonetheless, only two 
studies on the adsorptive separation of GVL in 
aqueous glucose (GL) solution were found in the 
literature. In the first, the equilibrium isotherms for 
water and GL were evaluated, as well as the hydro-
lysis using GVL and commercial Amberlite 
XAD4®22. In the second, the particle diameter pro-
file of the commercial resin Seapabeads SP850 was 
optimized for the adsorption of GVL from an aque-
ous solution containing GVL, GL, and xylose23.

Therefore, the novelty of the present research is 
evaluation of an adsorption procedure for recovery 
of high quantities of γ-valerolactone from an aque-
ous GL solution. To achieve this main goal, equilib-
rium and kinetic data in a batch reactor and a fixed-
bed reactor were provided, which are essential for 
designing the industrial-scale process. In terms of 
green engineering, the research promotes one cru-
cial criterion: the recycling and reuse of a renew-
able solvent, which derives from lignocellulosic 
biomass and is cheaper than enzymes.

Experimental

Adsorptive capacity

The following commercial adsorbents were 
tested in the preliminary tests: activated carbon 
(Guaramex), organophilic clay (Spectrogel C), and 
four resins (Amberlite XAD16, Sepabeads SP825L, 
Sepabeads SP850, and Dowex Optipore L-493).

Aqueous solutions were prepared with GL and 
GVL, both by Sigma Aldrich, with 99 % purity, to 
evaluate the adsorptive capacity of six commercial 
adsorbents, as follows: [A] 24 g L–1 GVL and 66 g L–1 
GL; [B] 12 g L–1 GVL and 33 g L–1 GL, which is 
the concentration obtained after the conversion of 
lignocellulosic biomass in the presence of the GVL 
solvent24. About 0.5 g of each adsorbent was added 
to the 25 mL of the solutions [A] and [B]. All flasks 
were placed in a cooled incubator and shaken at 100 
rpm at 25 °C for 24 h (to ensure that the system 
reached equilibrium).

The equilibrium concentration in the resin was 
calculated as follows25:
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where q is the adsorption capacity (mg g–1), C0 is 
the initial concentration (g L–1), C is the final con-
centration of GVL in its fluid phase (g L–1), V is the 
volume of the solution (L), and m is the mass of the 
resin (g).

Based on the results of the preliminary tests, 
one adsorbent was selected for a more detailed 
analysis, including its characterization, collection of 
equilibrium data at different pH values, and collec-
tion of breakthrough curves.

Having determined the material with higher ad-
sorption capacity, it was characterized regarding hu-
midity, actual density, and point of zero charge 
(pHpzc). All determinations were made in duplicate.

Humidity was determined using an oven for  
48 h at 70 °C until mass stability was achieved (un-
til three consecutive weighings provided constant 
mass values). The actual density was measured us-
ing a gas pycnometer Micromeritics®, II AccuPyc 
1340, belonging to the Laboratory of Engineering 
and Environmental Procedures (LAPA/FEQ/Campi-
nas). The adsorbent was placed on the equipment at 
1.35·105 Pa, 26.5 °C, 11.78 cm³, at an equilibrium 
rate of 3.45·102 Pa min–1. The evaluation of pHpzc 
followed the method of Park and Regalbuto26, using 
solutions with initial pH ranging from 1.00 to 11.00, 
0.01 molar of NaCl, and 0.2 g of solid adsorbent. 
The flasks were shaken for 24 h at 100 rpm in the 
same equipment as used in the adsorptive capacity 
evaluation.

Batch adsorption equilibrium

The equilibrium tests were carried out using a 
shaking incubator. A solution of 25 mL containing 
water, GL, and GVL was placed in Erlenmeyer 
flasks. The initial concentration of GVL ranged be-
tween 13 and 80 g L–1. The flasks were shaken for 
24 h at 100 rpm. The experiment was performed in 
duplicate at different pH values: 2.00, 4.00, and 
6.00. The equilibrium concentration in the resin was 
calculated using Eq. (1).

The Langmuir27, Dual-site Langmuir28, Freun-
dlich29, Sips30, Redlich-Peterson31, Toth32, and Jova-
novic33 models were tested to describe the equilibri-
um relationship, as shown in Table 1.

In Table 1, q* is the equilibrium adsorption ca-
pacity (mg g–1), C* is the equilibrium concentration 
(g L–1), qmax, qm1, qm2, KF, qmS, q, qmT, and qmJ are the 
corresponding adsorption capacities for each iso-
therm (mg g–1), b is the Langmuir isotherm constant 
(L g–1), b1 and b2 are Dual-site Langmuir isotherm 
constants, nF is the Freundlich empirical parameter, 
BS and nS are Sips isotherm constants, BRP and 
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nRP are Redlich-Peterson isotherm constants, KT 
and nT are Toth isotherm constants, and BJ is the 
Jovanovic isotherm constant.

The parameters of the equilibrium models were 
adjusted using the software Maple 16, through the 
NLPSolve routine. The minimized function was:

 ( )2
Eq EXP j CAL j 

1

Ni

j

OBJ q q
=

= -å  (2)

where OBJEq is the objective function, Ni is the 
number of experimental data at a given temperature, 
qEXP is the experimental concentration (mg g–1), and 
qCAL is the concentration calculated by the model 
(mg g–1).

Kinetics of fixed-bed column adsorption

Continuous adsorption experiments were per-
formed in a jacketed glass column, 20 cm in height 

and 0.9 cm internal diameter. The column was cou-
pled to a thermostatic bath and a peristaltic pump to 
feed the solution. The previously treated and dried 
adsorbent was added to the column with distilled 
water. The column was fed with a solution contain-
ing water, GL, and GVL in upflow. Experiments 
were performed at different concentrations of GVL 
and flow, as shown in Table 2.

Experimental breakthrough curves determined 
the mass transfer zone parameters (MTZ):25

 MTZ = L – Lu (3)

where L is the total bed height (cm), and Lu is the 
useful length of the bed (cm), calculated as follows:25
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where qtb is the amount of the adsorbate adsorbed 
per unit mass of adsorbent until the break point  
(mg g–1), m is the mass of adsorbent in (g), tb is the 
rupture time (min) corresponding to the time in 
which the ratio is Cout/CF = 0.05, Cout is the GVL 
concentration in the outlet of the column (g L–1), qts 
is the amount of adsorbate adsorbed per unit mass 
of adsorbent until the saturation time (mg g–1), and 
ts is the saturation time of the column (min), in 
which the ratio is Cout/CF = 1.

To describe the column adsorption kinetics of 
GVL, the Bohart-Adams34 model was used. This 
model considers that the adsorption rate can be rep-
resented by an irreversible second-order reaction 
rate model in the solid-fluid interface, represented 
by the following equations:
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where t is the time (min), z is the spatial coordinate 
(m), ρb is the specific mass of the bed (g cm–3), ε is 
the porosity of the bed, qt is the experimental equi-
librium concentration (mg g–1), q  is the average 
concentration of solute in the solid phase (mg g–1), 
v is the interstitial velocity (cm min–1), and ka is the 
model kinetic constant (L g–1 min–1).

The material balances are subject to the follow-
ing initial and boundary conditions:

 C (0, z) = 0 (9)

Ta b l e  1  – Adsorption isotherm models
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Ta b l e  2  – Operating conditions of column adsorption experi-
ments

Q (L min–1) C0 (g L–1)

1.7 27.65

1.7 22.79

1.7 18.21

1.7 13.59

1.7 8.44

2.7 17.93

3.7 17.84
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where C0 is the feed concentration of the solute in 
the fluid phase (g L–1).

The analytical solution of the Bohart-Adams 
model obtained by Amundson is35:
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where Cout is the concentration of solute in the fluid 
phase in the outlet of the column (g L–1), and tf is 
the residence time of the adsorbate within the bed 
(min).

The Bohart-Adams model parameter was ad-
justed by the bisection method, using the Maple 16 
software. The minimized function was:

 ( )2
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where OBFK is the objective function used for esti-
mation of the parameter of the Bohart-Adams mod-
el, Ni is the number of experimental data of the 
breakthrough curve, CEXP is the experimental con-
centration (g L–1), and CCAL is the concentration cal-
culated using the model (g L–1).

Results and discussion

The experimental results of the adsorption ca-
pacity of the adsorbents tested (activated carbon, 
organophilic clay, Amberlite XAD16, Sepabeads 
SP825L, Sepabeads SP850, and Dowex Optipore 
L-493) are shown in Fig. 1.

Fig. 1 shows that the adsorbent with the highest 
adsorption capacity of GVL was the Dowex Opti-
pore L-493 resin at both concentrations. Regarding 
this adsorbent, the adsorption capacity of GVL after 
the contact between the phases for 24 h was 413.78 
and 304.71 mg g–1 for the solutions [A] and [B], 
respectively. The average removal using the L-493 
resin was 3.48 % and 39.92 % for GL and GVL, 
respectively. Therefore, the L-493 resin was select-
ed to study the kinetics and the adsorption of GVL 
in aqueous GL due to the interest in removing GVL 
and maintaining concentrations in the GL solution. 
After the characterization analyses of the L-493 res-
in, the values obtained were 4.30 % for humidity 
and 1.14 g cm–3 for density. Additional characteriza-
tions are available in the literature36.

The pHpzc was 4.00, a value in which the sur-
face is considered neutral (i.e., below than this val-
ue the adsorbent surface has a net positive charge, 
and above this value results in the predominance of 
negative charges)37. Thus, the pH solution lower 
than 4.00 supports the adsorption of anions, while 
at higher pH, the adsorption of cations is favored 
due to the negative surface charge38.

In this study, the models for obtaining the max-
imum adsorption capacity of GVL onto Dowex Op-
tipore L-493 resin and information about the ad-
sorption mechanism, given in Table 1, were evaluated. 
Table 3 presents the results obtained after adjusting 
the parameters of the isotherm models to the exper-
imental data of the adsorption equilibrium of the 
solution containing GVL in contact with the resin.

Table 3 shows that all the equilibrium models 
presented an average correlation coefficient, 2R , 
greater than or equal to 0.993 for all the pH condi-
tions evaluated experimentally, indicating that all 

F i g .  1  – Adsorptive capacity of the GVL by different adsorbents. [A] 24 g L–1 GVL and 66 g L–1 GL; [B] 12 g L–1 GVL and 33 g L–1 GL
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the models can be used to describe the equilibrium 
of the GVL solution with the Dowex Optipore 
L-493 resin. The best-fit order was Dual-site Lang-
muir > Sips > Toth > Redlich-Peterson > Freundlich 
> Langmuir > Jovanovic. The dual-site Langmuir 
model was slightly better than the other tested mod-
els, with the lowest sum of square residuals (SSR), 
and average relative error ( ARE ), 4.98 % and 
1400.442, respectively. Similar results were obtained 
in the adsorption of H2S by waste oil fly ash39,40.

Comparing the results from the Langmuir mod-
el and dual-site Langmuir model, it is clear that the 
first present almost twice the deviation of the sec-
ond, 8.79 % (i.e, there are different binding sites in 

solid). The dual-site Langmuir assumes that the ad-
sorption occurs in homogeneous and heterogeneous 
sites. Considering that its 2R  was greater than or 
equal to 0.99, this ratifies the existence of two types 
of active sites (i.e., where chemisorption and phy-
sisorption is the predominant mechanism, respec-
tively). For the dual-site Langmuir model, the cal-
culated sorption capacity, DS

maxq , defined as the sum 
of saturation capacities, qm1 and qm2, decreased with 
the increase in pH (865.68 to 435.99 mg g–1 for pH 
2.00 to 6.00). In turn, the sorption affinities with 
binding sites, b1 and b2, increased with the pH.

The dimensionless parameters from the Lang-
muir isotherm, RL = 1/(1+C0b), indicates whether 

Ta b l e  3  – Parameters set for the equilibrium isotherms

Model pH 2.00 pH 4.00 pH 6.00

Langmuir

max 413.40q =

0.1970b =
max 458.50q =

0.1057b =
max 435.99q =

0.1596b =

2 0.999R = 8.79 %ARE = 4627.586SSR =

Dual-site Langmuir

m1 710.92q =

1 0.0104b =

m 2 154.76q =

2 4.334b =

m1 505.78q =

1 0.0203b =

m2
139.60q =

2 1.351b =

m1 435.99q =

1 0.1596b =

m2
0q =

2 53.150b =

2 0.999R = 4.98 %ARE = 1400.442SSR =

Freundlich

118.11FK =

0.307nF =

94.51FK =

0.363nF =

111.02FK =

0.348nF =

2 0.999R = 6.435 %ARE = 1865.313SSR =

Sips

mS
2304.61q =

0.053BS =
0.347nS =

mS
1841.65q =

0.051BS =
0.426nS =

mS
442.97q =

0.164BS =
0.347nS =

2 0.999R = 5.13 %ARE = 1515.103SSR =

Redlich-Peterson

118.12q =

9748.25BRP =
0.693nRP =

96.097q =

32.574BRP =
0.641nRP =

327.510q =

0.248BRP =
0.925nRP =

0.999 5.17 %ARE = 1428.578SSR =

Toth

mT 118.11q =

0KT =
1.44286n =

mT 95.604q =

0.053KT =
1.563n =

mT 297.364q =

4.462KT =
1.44286n =

2 0.999R = 5.14 %ARE = 1420.150SSR =

Jovanovic

mJ 363.78
0.163bJ =

mJ 295.43q =

6.811bJ =
mJ 268.55q =

6.485bJ =

2 0.993R = 32.42 %ARE = 46619.633SSR =
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the adsorption is favorable or not. For the experi-
mental results (Table 3), the RL values were 0.72, 
0.88, and 0.68, for pH 2.00, 4.00, and 6.00. Since 
all these values are in the range 0<RL<1, adsorption 
process is favorable41. In turn, from the Freundlich 
isotherm adjustment results, the adsorption intensi-
ty, nF, when less than unity, suggests that the ad-
sorption is favorable. Also, a higher magnitude of 
the adsorption capacity, KF, indicates relatively easy 
uptake at pH 2.00 as compared to 4.00 and 6.0042,43.

The experimental values of the equilibrium 
data calculated by the dual-site Langmuir model are 
shown in Fig. 2, in which the higher the pH solu-
tion, the lower the adsorption capacity values of the 
isotherm in mg g–1, as expected due to DS

maxq  values.
Fig. 2 suggests that the adsorption of GVL on 

Dowex Optipore L-493 resin was unfavorable. The 
curves were concave and of type III, i.e., high con-
centrations of GVL are required for adsorption to be 
significant. This indicates that adsorption is sensi-
tive to particle size since the effective adsorption 
area is highly influenced by the granulometry of the 
solid. This same behavior was noticed for the resin 
Seapabeads SP850 in adsorption of GVL from an 
aqueous solution containing GL and xylose, in 
which the particle diameter and output concentra-
tion were directly related23. Regardless, the adsorp-
tion of GVL onto Dowex Optipore L-493 resin was 
satisfactory since the experimental maximum ad-
sorbed amounts were 424.56, 427.66, and 415.36 

mg g–1, respectively for pHs 2.00, 4.00, and 6.00 
(i.e., adsorption was favored in acidic medium. The 
increase in pH solution above pHpzc would turn the 
adsorbent surface negative, which would lead to a 
decline in GVL adsorption onto resin due to repul-
sive forces between phases44.

For all the preliminary tests using the Tukey 
test at 5 % significance, no significant difference 
was observed between the adsorptive capacities ob-
tained for the different pH values measured. This 
behavior shows that GVL is a stable ester and does 
not tend to dissociate, i.e., pH has no significant ef-
fect on the adsorption, unlike when the adsorbate 
has different ionic forms depending on the pH.

Considering the experimental results of the 
equilibrium curves in Table 3, and the fact that the 
natural pH of an aqueous solution of GVL and GL 
is 4.00 (experimentally determined range of pHpzc), 
the fixed bed column adsorption kinetics were per-
formed at pH 4.00. No adsorption competition for 
GL and GVL species was observed during the dy-
namic tests, and thus the mathematical model pro-
posed, which considered monocomponent adsorp-
tion of the GVL, can be used to describe the 
process45 . Based on experimental data, the removal 
efficiency was calculated, such as the rupture time 
and saturation time, tb and ts, the total adsorption and 
saturation capacities, qtb and qts, the useful length of 
the bed, Lu, and the mass transfer zone, MTZ, were 
calculated. The results are shown in Table 4.

C* (g L–1) C* (g L–1) C* (g L–1)

q*
 (m

g 
g–1

)

F i g .  2  – Equilibrium data for pH 2 (a), 4 (b), and 6 (c)

Ta b l e  4  – Calculations of removal efficiency and operating parameters of the breakthrough curves

Q
(mL min–1)

C0

(mg L–1)
Removal 

efficiency (%)
tb

(min)
ts

(min)
qtb

(mg g–1)
qts

(mg g–1)
Lu

(cm)
MTZ
(cm)

1.7 27.65 74.17 24.89 33.55 142.90 192.66 14.46 5.04

1.7 22.79 78.76 43.41 55.11 247.21 313.86 15.36 4.14

1.7 18.21 77.43 33.55 43.33 188.46 243.39 14.94 4.35

1.7 13.59 74.10 41.63 56.18 239.89 323.73 14.59 5.10

1.7 8.44 69.57 50.84 73.08 282.03 405.40 13.01 5.69

2.7 17.93 63.60 19.94 31.35 182.25 286.54 12.08 6.91

3.7 17.84 57.36 12.41 21.64 148.09 258.18 10.89 8.10
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Traditional Bohart-Adams model35 was em-
ployed to fit the breakthrough experimental data un-
der different operating conditions. Figs. 3 and 4 
show the experimental breakthrough curves calcu-
lated using the model, and Table 5 shows the values 
estimated for the kinetic constant ka.

From Fig. 3 and Table 5, the slope of the break-
through curve and the kinetic constant, ka were direct-
ly influenced by the feed concentration, C0. The high-
est concentration of GVL in the feed, 27.65 mg L–1, 
was accompanied by a higher slope and rupture 
time reduced to 60 min. For this run, the kinetic 
constant ka was the lowest, 0.00412 L g–1 min–1, so 
the high GVL concentration provided the higher 
driving force, and the mass transfer overcame the 
resistance. In other words, the greater the C0, the 
higher the gradient ( )tq q- , and consequently, the 
mass transfer was faster. Thus, the better perfor-
mance was a consequence of the steeper curve46. As 
expected, the average concentration of solute in the 
solid phase was directly proportional to C0.

The order of magnitude obtained for the kinetic 
constant was similar to those observed in the ad-
sorption of other organic compounds, such as phe-
nolic compounds in apple juice47, and the total or-
ganic carbon in water affected by the oil sand 
process48. For the constant flow of a solution con-
taining water, GL, and GVL, the increase in feed 
concentration (C0 from 8.44 to 27.65 g L–1) de-

creased the kinetic constant (ka from 0.01386 to 
0.00412 L g–1 min–1). Regarding constant feed con-
centration, about 18 g L–1, the increase in flow rate 
(Q from 1.7 to 3.7 L min–1) was accompanied by the 
increase in the value of (ka from 0.01194 to 0.01556 
L g–1 min–1). Both these results may indicate that the 
organic material adsorption is controlled by external 
mass transfer resistance in the initial zone of ad-
sorption in the fixed-bed column49, in accordance 
with the good Bohart-Adams model agreement.

Fig. 4 shows that, at constant feed concentra-
tion, the breakthrough developed faster with in-
creasing flow rate. As the flow rate was increased 
from 1.7 to 3.7 mL min–1, the exhaust time (corre-
sponding to 98 % of influent concentration) was 
found to decrease from 62 to 46 min. At the same 
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Ta b l e  5  – Parameters estimated for the Bohart-Adams model

Q (L min–1) C0  (g L–1) ka  (L g–1 min–1) R2

1.7 27.65 0.00412 0.928

1.7 18.21 0.01194 0.991

1.7 22.79 0.01353 0.986

1.7 13.59 0.01360 0.955

1.7 8.44 0.01386 0.986

2.7 17.93 0.01360 0.993

3.7 17.84 0.01556 0.996
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time, the rupture, tb, and saturation, ts, times, the 
mass ratio adsorbed until breakpoint, qtb, and the 
useful length of the bed, Lu, had reduced. This oc-
curred because increasing the flow rate reduces the 
contact time between phases, which decreases the 
mass transfer between them and the removal effi-
ciency. These results agree with those from Table 4, 
where the greatest efficiency in the removal of GVL 
was 78.76 %, obtained for the run with 1.7 min–1 
and 22.79 mg L–1, which presented the lowest MTZ, 
4.14 cm. The GVL uptake capacity was also influ-
enced by the flow rate, as it increased from 1.7 to 
3.7 mL min–1, and the amount of total GVL uptake 
(qtb from Table 4) reduced from 188.46 to 148.09 
mg g–1.

In the present study, different adsorbent masses 
and column lengths were not evaluated due to tech-
nical issues. However, as observed in the equilibri-
um isotherms (Fig. 2), more available areas are ex-
pected to increase the column’s saturation time. 
However, indiscriminately increasing the column’s 
length is not indicated, since the access to the bind-
ing sites could be restricted at higher bed heights 
due to axial dispersion, channeling, and bed com-
paction50.

In Figs. 3 and 4, and Table 5, the R2 average 
value was 0.976 for all the conditions measured, in-
dicating closeness between the values of solute con-
centration in the fluid phase obtained experimental-
ly and calculated by the Bohart-Adams model. 
Especially in the early stages of adsorption, the 
model underestimated the breakthrough curve val-
ues. This occurs due to the increased availability of 
the solvent to be captured by the adsorbent in the 
early stages and because the model considers only 
the average concentration values, reducing the driv-
ing force for mass transfer in the calculations. The 
good agreement of deep bed kinetics by the Bo-
hart-Adams model implies that the surface diffusion 
is the rate-controlling step for adsorption of GVL in 
GL solution51.

Conclusions

In this study, GVL was recovered by adsorp-
tion from GL solution. The process was investigat-
ed in batch experiments and packed columns. In 
preliminary tests for the evaluation of different ad-
sorbents in the removal of GVL from solution, the 
L-493 resin presented the highest efficiency. The 
pH had no influence on adsorption of GVL, so the 
use of the natural value of the aqueous solution was 
proposed for this adsorption process. The experi-
mental equilibrium data were best fitted by the du-
al-site Langmuir model, suggesting the existence of 
two types of active sites. Packed column experi-

ments showed that the adsorption process was unfa-
vorable, controlled by external resistance, and satis-
factory. The Bohart-Adams model suitably described 
the breakthrough curves. The column adsorption 
process was found to perform better at higher influ-
ent GVL concentration and lower flow rate. Finally, 
the commercial resin can be efficiently applied to 
recover GVL remained in a sugar solution with 
highly efficient removal, promoting the environ-
mentally friendly process of conversion of cellulose 
and hemicellulose into fermentable sugars without 
inhibition.

N o m e n c l a t u r e

b – Langmuir isotherm constant
BJ – Jovanovic isotherm constant
BRP – Redlich-Peterson isotherm constant
BS – Sips isotherm constant
b1 – Dual-site Langmuir isotherm constant
b2 – Dual-site Langmuir isotherm constant
C – Final concentration in fluid phase, g L–1

CCAL – Concentration calculated using the model, g L–1

CEXP – Experimental concentration, g L–1

Cout – Concentration in the outlet of the column, g L–1

C0 – Initial concentration in fluid phase, g L–1

C* – Equilibrium concentration in fluid phase, g L–1

ka – Model kinetic constant, L g–1 min–1

KF – Adsorption capacity, mg g–1

KT – Toth isotherm constant
L – Total bed height, cm
Lu – Useful length of the bed, cm
m – Mass of the resin, g
MTZ – Mass transfer zone
nF – Freundlich empirical parameter
Ni – Number of experimental data
nRP – Redlich-Peterson isotherm constant
nS – Sips isotherm constant
nT – Toth isotherm constant
OBJEq – Objective function
OBFK – Objective function
q – Adsorption capacity, mg g–1

q  – Average concentration of solute in the solid 
phase, mg g–1

qEXP – Experimental concentration, mg g–1

qCAL – Concentration calculated by the model, mg g–1

qmax – Adsorption capacity, mg g–1

qmJ – Adsorption capacity, mg g–1

qmS – Adsorption capacity, mg g–1

qmT – Adsorption capacity, mg g–1

qm1 – Adsorption capacity, mg g–1
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qm2 – Adsorption capacity, mg g–1

qt – Experimental equilibrium concentration cal-
culated, mg g–1

qtb – Amount of adsorbate, mg g–1

qts – Amount of adsorbate until the saturation 
time, mg g–1

q* – Equilibrium adsorption capacity, mg g–1

t – Time, min
tb – Rupture time, min
tf – Residence time, min
ts – Saturation time of the column, min
v – Interstitial velocity, cm min–1

V – Volume of the solution, L
z – Spatial coordinate, m
ρb – Specific mass of the bed, g cm–3

ε – Porosity of the bed
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