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Abstract: In this work, we examine the natural evaporation rate of toluene in aqueous solutions as a function of con-
centration, time, and temperature, with the aim of refining our understanding of its behavior and increasing the precision
of adsorption performance evaluations. To this end, the well-established Antoine equation is utilized to calculate the evap-
oration rate of toluene in the investigated systems. Our findings reveal a marked dependence of toluene evaporation on
both time and temperature, with a discernable increase in the mass of evaporated toluene observed as exposure durations
are extended and temperatures are elevated. This underscores the importance of scrupulous control over experimental
conditions in order to obtain reliable results. By incorporating the natural evaporation rate into the experimental design, one
can effectively minimize the influence of evaporation on the outcomes. This may contribute significantly to a comprehensive
understanding of toluene evaporation in aqueous environments, offering a valuable reference for future endeavors in tol-
uene removal, be it through adsorption or alternative techniques. Moreover, our findings serve to inform the optimization
of experimental designs in future studies, drawing attention to the critical role that both time and temperature play in the
evaporation of toluene, thereby facilitating more accurate and reproducible results in this field of inquiry.
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Introduction

Toluene, a compound consisting of a benzene ring bonded to
a methyl group, is a versatile organic solvent due to its capacity
to dissolve a wide range of chemicals. Its widespread use in
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industrial and commercial settings can be attributed to its spe-
cific gravity of 0.87 and molecular weight of 92.14 g/mol, ren-
dering it less dense than water and immiscible with it. Toluene
is found in crude oil and can be synthesized through petroleum
refining and coal tar processes.' It is a prevalent constituent in
gasoline, contributing to enhanced octane ratings and fuel effi-
ciency. Additionally, toluene serves as a precursor for the syn-
thesis of various chemicals and is employed in the fabrication
of synthetic materials, including fibers and plastics.”* How-


https://orcid.org/0000-0002-3133-7808
https://orcid.org/0000-0002-3133-7808
https://orcid.org/0000-0002-3133-7808
https://orcid.org/0000-0002-3133-7808

Natural Evaporation Rate of Toluene in Aqueous Solution for Correct Estimation of Adsorption Performance 391

ever, toluene evaporates at 20 C, which can have negative

effects on human health and the environment.>*

Consequently,
numerous methodologies have been devised to eliminate tol-
uene from aqueous solutions, with adsorption frequently utilized
for this purpose.”® Carbonaceous adsorbents, characterized by
their high surface area and porous structure, are capable of cap-
turing significant quantities of molecules via adsorption.”'
Among carbonaceous adsorbents, activated carbon fiber (ACF)
has uniform pore formation and high specific surface area,
which has excellent adsorption efficiency for fine dust, viruses,
VOCs and more. This technique can be applied to a diverse
array of water matrices, including groundwater, surface water,
and wastewater, rendering adsorption a more sustainable and
cost-effective approach compared to other technologies. Despite
the extensive research on toluene adsorption, few studies have
accounted for the natural evaporation rate of toluene in aque-
ous solutions to correct adsorbent performance. Ignoring evap-
oration may result in an overestimation of adsorption efficiency,
as the observed decrease in toluene concentration within the
aqueous phase could be partially attributed to evaporation rather
than adsorption. Furthermore, understanding the natural evap-
oration rate aids operators in evaluating risks associated with
toluene release into the environment or workspace, thereby inform-
ing the implementation of appropriate safety measures, such as

ventilation systems, protective equipment, and handling procedures.

Experimental

We determine the natural evaporation rate of toluene in
aqueous solutions over varying toluene concentrations, time
intervals, and temperatures." Here, we used 99.5% toluene
acquired from Deoksan Reagent (Republic of Korea). The
adsorption environment was simulated using toluene ina 1 L
beaker filled with water under typical room conditions. The
paper is structured as follows: Natural evaporation rate of tol-
uene by various temperatures presents the calculation of the
natural evaporation rate of toluene over time intervals ranging
from 15 to 60 min, while corrected adsorption trends of toluene
using carbonaceous materials explore the rate across various
temperature ranges. In all instances, the toluene concentration
was varied from 10 to 30 mg/L. Employing the calculated val-
ues, we provide a corrected estimation of the adsorption
phenomenon of toluene in aqueous solutions using ACF as a
representative carbonaceous adsorbent sample. Here, the resid-
ual toluene and the physical properties of ACF samples were
analyzed by inductively coupled plasma optical emission spec-

trometry (OPTIMA 7300DV, Perkin Elmer, USA) and Brunauer-
Emmett-Teller (BET, ASAP-2460, Micromeritics, Republic of
Korea), respectively.

Results and Discussion

Natural Evaporation Rate of Toluene by Time Intervals.
Prior to engaging in detailed calculations, it is imperative to
outline the general context of the environment. Throughout
this article, we shall consider a prototypical laboratory setting
in which the majority of adsorption experiments are conducted.
To streamline our discussion, we shall not incorporate potential
complicating factors such as fluctuations in humidity, water flow,
or air flow. Additionally, we shall assume that the evaporation
of toluene proceeds linearly. The vapor pressure of toluene at 25 C
is approximately 28.4 mmHg using the Antoine Equation.'?

Vapor pressure of toluene =10 x (4 —(B/(T+ C))) (1)

Here, A (6.95), B (1344.80), and C (-53.10) are the Antoine
constants for toluene. T is the temperature in Celsius. In order
to compute the molar evaporation rate (ER), we employ the
following Eq. (2) as:

ER = (Vapor pressure of toluene / (R x 7)) x Exposed surface
area ()

Here, R represents the ideal gas constant (8.314 J/mol-K),
and T denotes the temperature in Kelvin. Considering a 1 L
beaker with a diameter of 8 cm, we approximate the exposed
surface area to be 0.005027 m”. Consequently, the ER calcu-
lation proceeds as follows:

R=8.314 J/mol'K x (1 Pa-m?/J) x (1 atm/101325 Pa)
x (760 mmHg/atm) x (1 L/0.001 m°)

= 62.364 L-mmHg/mol-K 4

ER =(28.4 mmHg / (62.364 L-mmHg/mol-K x 298.15 K))

x 0.005027 m’ ®)
which is

ER ~ 0.00000774 mol/min 6)

Subsequently, we determine the mass evaporation rate (MER)
using the molecular weight of toluene:

MER =ER x Molecular weight of toluene @)
Thus, Eq. (6) becomes
MER ~ 000000774 mol/min x 92.14 g/mol

~ 0.0007127 g/min ®)
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Figure 1. The mass of toluene evaporated at the designated time
intervals.

Table 1. The Molar Evaporation Rates and the Mass Evaporation
Rates of Toluene at Designated Temperatures

Temperature ~ Molar evaporation rate Mass evaporation rate
() (mol/min) (g/min)
25 0.00000774 0.0007127
35 0.0000159 0.001464
45 0.0000289 0.002662
55 0.0000493 0.004542

For the sake of convenience, we convert the toluene con-
centrations from mg/L to mol/L:

10 mg/L=10 mg/L x (1 g/1000 mg) % (1 mol/92.14 g)

~0.0001085 mol/L Q)
20 mg/L =20 mg/L x (1 g/1000 mg) x (1 mol/92.14 g)
~(0.000217 mol/L 10)

30 mg/L=30 mg/L x (1 &/1000 mg) x (1 mol/92.14 g)
~0.0003255 mol/L (11)

Consequently, we are able to calculate the mass of evap-
orated toluene at 15 min for 10 mg/L of toluene concentration
as shown in Eq. (11) whilst others are plotted in Figure 1.

0.0007127 g/min x 15 min x 0.0001085 mol/L =~ 0.1158 mg
(12)

Natural Evaporation Rate of Toluene by Various Temperatures.
We investigate the evaporation dynamics of toluene at a fixed
concentration of 30 mg/L and varying temperatures of 25, 35,
45, and 55 C. It is imperative to account for the vapor pres-
sure of toluene at the specified temperatures. The vapor pres-

Zav, A|489 A4, 20243

0.3400

11594

2,048
) 2502
3.768
4610

5464

8318

Ta72

By UOTE UE0U0D SUDMO L

8.026

8880

Figure 2. The mass of toluene evaporated at the designated time
intervals and temperatures.
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Figure 3. (a) BET surface area; (b) pore size distribution curves.

sure of toluene at 25 C has been previously computed in
Section 2, and analogous calculations were performed for the
remaining temperatures, yielding values of 60.3 mmHg at
35 C, 117.7 mmHg at 45 C, and 213.8 mmHg at 55 C. For
the given concentration of 30 mg/L, we have already deter-
mined the molar concentration to be 0.0003255 mol/L. In
Table 1, we present the ER and MER corresponding to the dif-
ferent temperatures. Subsequently, we proceed to calculate the
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mass of evaporated toluene as a function of time for each tem-
perature, as delineated in Figure 2. Our analysis reveals that the
mass of evaporated toluene exhibits an increasing trend with
respect to time at each individual temperature. Moreover, we
observe an augmentation in the mass of evaporated toluene as
the temperature escalates. This observation can be attributed to
the enhancement in toluene's vapor pressure at elevated tem-
peratures, which consequently promotes a greater mass transfer
between the liquid and gaseous phases. As a result, an increase in
temperature induces a more pronounced evaporation of toluene
from the solution.

Corrected Adsorption Trends of Toluene Using Carbonaceous
Materials. We investigate the adsorption performance of tol-
uene in aqueous solutions employing commercially available
ACF as a carbon-based adsorbent. The ACF under consideration
exhibits a significant Brunauer-Emmett-Teller surface area of
821 m*/g, accompanied by a micropore surface area of 663 m?/
g, as shown in Figure 3. The elevated surface area implies an
increased number of adsorption sites for toluene molecules,
potentially resulting in an enhanced adsorption capacity.”*"
The presence of micropores further contributes to the aug-
mented adsorption capacity due to their extensive internal sur-
face area and robust adsorbate-adsorbent interactions.'®"’

To evaluate the adsorption performance of toluene, we uti-
lized the Langmuir isotherm model for initial concentrations of
30 mg/L, analyzing the maximum adsorption capacity as a
function of time (0 to 60 min) and temperature (25 to 55 C).
The Langmuir equation is suitable since toluene is a nonpolar
chemical and tends to adsorb as a monolayer on the adsorbent
surface. The Langmuir isotherm can be represented by:

30
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10

25 35 45 55
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Figure 4. The corrected adsorption performance of ACF by apply-
ing the natural evaporation rate of toluene.

ge=(Qo x K x C) /(1 + K x C) (12)

Here, g. denotes the equilibrium adsorbed amount of toluene
(mg/g), C, represents the equilibrium concentration of toluene
in the solution (mg/L), O, signifies the maximum adsorption
capacity (mg/g), and K; stands for the Langmuir constant (L/
mg). We present the results for Q, and the adjusted adsorption
performance, accounting for the natural evaporation rate of tol-
uene in Figure 4. The discrepancies between O, and the cor-
rected O, values for samples at varying temperatures are as
follows: 5.86% at 25 C, 5.60% at 35 C, 5.42% at 45 C, and
5.19% at 55 C. This adjustment facilitates a more precise
depiction of the actual adsorption efficiency of ACF in elim-
inating toluene from the solution. The decreasing percentages
indicate that a considerable fraction of the detected toluene
removal may be ascribed to natural evaporation, rather than the
adsorption process. This observation implies that the natural
evaporation phenomenon plays a non-trivial role in the overall
toluene removal mechanism. This insight may prove valuable
in optimizing adsorption processes for the maximization of tol-
uene removal from contaminated water.

Conclusions

In the pursuit of a comprehensive understanding of the
behavior of toluene in aqueous systems, and to enhance the
accuracy of adsorption performance assessments of adsorbents,
it is imperative to accurately quantify its natural evaporation rate.
The current investigation delves into the natural evaporation
rate of toluene in aqueous solutions under varying conditions,
encompassing diverse concentrations, time intervals, and tem-
peratures. Initially, we employed the Antoine equation to deter-
mine the evaporation rate of toluene. Our findings underscore
the substantial influence of both temporal and thermal factors
on the evaporation of toluene from aqueous solutions. Spe-
cifically, we observed an increase in the mass of evaporated
toluene concomitant with extended exposure durations and ele-
vated temperatures. These observations emphasize the neces-
sity of meticulous control of experimental conditions when
conducting research involving toluene. By integrating the nat-
ural evaporation rate into the experimental design, researchers
can refine their methodologies, thereby mitigating the reper-
cussions of evaporation on their results. In summation, the
insights gleaned from our investigation elucidate the intricacies
of toluene evaporation in aqueous systems, furnishing a valu-
able reference for future endeavors focusing on toluene removal
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via adsorption or alternative techniques. The implications of
this study are manifold, not only augmenting our knowledge of
toluene's behavior in aqueous environments but also informing
the optimization of experimental designs pertaining to toluene
removal. Additionally, our findings serve to heighten awareness
of the critical role played by time and temperature in toluene
evaporation, further emphasizing the need for stringent control
of these parameters in related experiments. Ultimately, this
investigation paves the way for future research on toluene reme-
diation and offers a valuable resource for the relevant meth-
odologies.
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