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Abstract 

The performance of porous carbon materials as sorbents is often compromised 
by the presence of humidity. Studying the kinetics of water vapour adsorption 
on activated carbons will undeniably help to overcome this issue. This has been 
approached in this work by evaluating the influence of several operational factors 
on the dynamic adsorption of water vapour in these materials. Specifically, 
different carbon types, particle sizes, air flows and ambient conditions (temperature 
and relative humidity (RH)) were systematically investigated. The impact of each 
isolated parameter on both the maximum water uptake and the uptake rate was 
analyzed by fitting the experimental data to the Linear Driving Force (LDF) kinetic 
model. The results show that except for the particle size, the studied variables play 
a role in the water sorption kinetics, although to a different extent. It was also 
confirmed that the LDF model can adequately describe the kinetics of water vapour 
adsorption independently of the experimental conditions. Finally, the complete 
water vapour adsorption process can be described by this model, obtaining a 
different value of the kinetic constant for the sequential stages, involving different 
adsorption mechanisms.
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1. Introduction 

The study of water adsorption on activated car-
bons is very important since ambient humidity is 
present in most of the gas phase applications of 
these materials. Under real operating conditions, 
the water molecules from the surrounding atmos-
phere tend to infiltrate and occupy the adsorption 
sites reserved for other target molecules (e.g. or-
ganic vapours) or to influence the kinetics of the 
water vapour adsorption, thus compromising the 
performance of the carbon [1‒4]. In this regard, 
while the mechanisms of water adsorption in car-
bon pores have been the subject of extensive re-
search in the last years [5 and references therein], 
scarce works have been devoted to the study of the 
kinetics of adsorption [6‒8]. 

Thus, it has been established that water adsorp-
tion in nanoporous carbon materials is initialized 
by the interactions between the adsorbate and the 
surface groups attached at the edge of the graphene 
layers [9]. This is followed by additional adsorp-
tion on the initially adsorbed water molecules, 
which act as nucleation sites with the formation of 
3D clusters [10]. As the relative pressure increas-
es, these clusters grow and coalescence to fill the 
micropores [11]. The unique nature of this process 
would probably affect the kinetics of water vapour 
adsorption as well.

In this respect, most of the kinetic studies have 
been focused on the surface and textural properties 
of the carbon adsorbent [7‒8, 12] and there is a 
general agreement that the rates of adsorption and 
desorption vary with the loading [5]. However, 
the effect of the operating conditions on the water 
sorption kinetics has not been properly addressed 
yet. In order to fill this gap, the carbon type and 
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other properties such as the air flow, particle size, 
temperature and relative humidity (RH), which 
may influence the dynamic adsorption of water, 
were investigated in this work. The contribution 
of each variable was isolated and the experimen-
tal results were correlated using the Linear Driving 
Force model (LDF).

2. Experimental

Two different commercial activated carbons, 
CGranular and R1 Extra (both Cabot Norit) were 
used in this study. They were selected based on their 
different textural and physico-chemical properties 
(Table 1). In order to evaluate the impact of the par-
ticle size on the water adsorption kinetics, two dif-
ferent particles sizes of CGranular were employed: 
1‒2 mm (sample CG1) and 0.5‒0.8 mm (CG2). 

The materials were characterized by means of 
nitrogen adsorption at -196 °C using an Autosorb-1 
sorption device (Quantachrome Instruments). The 
isotherms were used to calculate textural parame-
ters such as the BET specific surface area (SBET), the 
micropore volume (by applying the Dubinin-Radu-
shkevich equation), the total pore volume and the 
pore size distribution (slit-QSDFT kernel). Before 
each sorption measurement the activated carbons 
were outgassed at 120 °C for 24 h under vacuum. 
Water sorption isotherms at 20 °C were measured 
in a gravimetric water sorption analyzer (Aquadyne 
DVS, Quantachrome Instruments). The first part of 
the water adsorption isotherm was used to calculate 
the surface oxygen content by applying the equa-
tion described in [13]. A Quanta 400 (FEI Com-
pany) Scanning Electron Microscope (SEM) was 
used to visualize the morphology of the samples. 

Contrary to organic vapour adsorption, there 
is no adsorption front in the case of water vapour 
adsorption [14‒15]. This means that the break-
through is immediate and therefore, the process 
needs to be followed gravimetrically. The humid-
ified air passed through the activated carbon fil-
ter, which retained an amount of water that was 
translated into a gain in weight until saturation (the 

weight of the filter became stable). Thus, the sam-
ples were weighed at regular intervals to obtain a 
curve for weight gain versus time until a constant 
weight (+/- 0.025 g) was measured. All the dynam-
ic adsorption experiments were conducted with the 
same bed height (4 cm) and with a filter diameter 
of 4.3 cm. Besides the nature of the carbon and the 
particle size, the other studied variables included 
air flow (10, 20 and 40 L/min), relative humidity 
(35, 65 and 85%) and temperature (20 and 40 °C). 
The latter parameters were only evaluated with 
sample CG1. The water vapour adsorption exper-
iments were conducted on two test rigs, one that 
permits the control of relative humidity (RH) and 
airflow (at a fixed temperature) and a second one 
that allows to work at different temperature, but 
under fixed conditions of RH and airflow. More 
details about the specific conditions employed for 
each variable will be given in the subsequent cor-
responding sections. 

3. Results and Discussion

3.1. Characterization of the materials

The SEM images of both carbons are present-
ed in Fig. 1, revealing their different morphology. 
This can be explained by the distinct precursor and 
activation procedure followed for their prepara-
tion: whereas CGranular is obtained from wood by 
chemical activation, rendering a carbon with low 
apparent density, R1 is synthesized by the physical 
activation of peat. This also leads to a different po-
rous structure, as it is discussed next.  

The textural parameters presented in Table 1 
show that R1 and CGranular displayed similar 
BET specific surface areas and consequently, mi-
cropore volumes, although being slightly lower for 
the former. In spite of this, the carbons display a 
different micropore size distribution (Fig. 2). Spe-
cifically, the size of the micropores of R1 is nar-
rower, with a higher volume of ultramicropores 
(d<0.7 nm), while the volume of wide micropores is 
larger for CGranular. Furthermore, there is a marked 

Table 1 
Characteristics of the commercial activated carbons used in this study

Sample Precursor Shape Particle size (mm) SBET (m2/g) Vmicropores (cm3/g) Vtotal (cm3/g) [O] (%)
CG1 Wood-based Granular 1-2 1427 0.51 1.13 18.9
CG2 Granular 0.5-0.8 1409 0.46 1.13 18.9

R1 Peat-based Extruded 0.5-5 length
0.8 diameter 1358 0.47 0.64 13.0
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Fig. 1. SEM images of a) CGranular and b) R1 at two different magnifications (400 and 800x).

difference in the total pore volume, this indicating 
that while R1 is essentially a microporous carbon, 
CGranular has an important contribution of meso-
pores to the porous structure. This is also reflected 
in the pore size distributions of both carbons (Fig. 
2). On the other hand, their differences in surface 
chemistry are highlighted by the higher surface ox-
ygen content of CGranular, which was chemically 
activated. More precisely, the surface of CGran-
ular is rich in carboxylic groups, as studied in a 

previous work by infrared and thermogravimetric 
techniques [16]. Sample R1 displays a similar 
thermogravimetric profile, but with a considerably 
lower mass loss. It is also important to note that 
the properties of CGranular were mostly preserved 
regardless of the particle size (CG1 and CG2).

The water vapour sorption isotherms of the acti-
vated carbons are plotted in Fig. 3. Both materials 
exhibit quite different adsorption profiles, it being 
linked with their particular textural and surface 
properties. The first region of the isotherm is dom-
inated by the specific interactions between water 
and the surface oxygen functionalities. Thus, the 
slope of the curve is herein steeper for CGranular, 
with higher surface oxygen content. At higher rel-
ative humidities (RH), where water-water interac-
tions prevail, there is a sharp raise of the curve, as-
sociated with the filling of the microporous system. 
The onset of the upswing is related to both the pore 
size and the surface chemistry of the material [5], 
being favored for more hydrophilic ones [17]. This 
is followed by the filling of the narrow mesopores 
at high relative humidities. In this last region, the 
curve is practically flat for R1 while it is still steep 
for CGranular due to its micro-mesoporous struc-
ture, reaching a much higher final water uptake. 

 

Fig. 2. Pore size distributions of carbons R1 and 
CGranular.
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Fig. 3. Water vapour sorption isotherms at 20 °C of R1 
and CGranular carbons. Vertical dotted lines indicate 
the relative humidities chosen for the kinetic study.

3.2. Kinetics of water adsorption

Among the various kinetic models for water ad-
sorption described in the literature [5, 8], the Line-
ar Driving Force model was applied for the corre-
lation of the experimental results:

ate
maxW
tW

−−=
∆

∆
1
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where ∆W(t) is the mass gained as a function of 
time (gH2O/gcarbon), ∆Wmax is the mass gained at the 
saturation point (gH2O/gcarbon) and a is the kinetic 
constant (min-1). 

This simple and versatile model is widely used 
to describe the adsorption kinetics of supercritical 
gases (such as nitrogen, oxygen, and argon) but it 
has also demonstrated its validity for water vapour 
on certain heterogeneous adsorbents such as acti-
vated carbons [6, 18‒19].

In the next subsections, the influence of a range 
of factors on the water adsorption kinetics will be 
presented and discussed.

3.2.1. Carbon type

The first element to be evaluated was the carbon 
type. For this purpose, the tests were performed 
with samples R1 and CG1, with similar particle 
size. The rest of the parameters were fixed as fol-
lows: 20 L/min of air flow, 25 °C and 65% RH. 

The obtained results are shown in Fig. 4a and 
Table 2. Therein, it is observed that carbon CG1 
leads to a higher and faster adsorption of water va-
pour than R1. The first remark is in line with the 
water sorption isotherms (Fig. 3) and it is due to 
the more hydrophilic character and a more devel-
oped porous structure of CG1. Faster kinetics are 
illustrated by a steeper slope of the curve and the 
rapid reach of a plateau. On the contrary, the gain 
in weight for the R1 sample is steadier. In fact, 
the calculated kinetic constant is 3 times higher 
for CG1 (0.0067 vs 0.0215 min-1). This behavior 
can be principally ascribed to the different textural 
properties of both carbons, and particularly to the 
more microporous nature of R1 and the abundance 
of narrow micropores. In this regard, it has been 
reported that the presence of pores of smaller size 
can retard the rate of diffusion and lead to much 
longer equilibration times [12, 20]. Moreover, the 
surface groups present on the surface of CG1 can 
enhance the rate of adsorption by providing nucle-
ation sites for water clustering. 

Finally, the goodness of fit of the LDF model 
to the experimental data seems to be acceptable, 
although some slight deviations are observed at the 
very first stages of the process, where equilibrium 
was not yet reached, and once the filter is saturated 
[21]. It is worth to note that the divergences are 
higher for the R1 carbon. This may be due to its 
more microporous nature, leading to longer equi-
libration times.

 
Fig. 4. Kinetics of water vapour adsorption as a function of a) carbon type and b) particle size.
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Table 2
Kinetic parameters and goodness of fit obtained by 

applying the LDF model when studying the influence 
of the carbon type and the particle size

Sample Kinetic parameters
a (min-1) Maximum uptake 

(% weight)
R2

CG1 0.0215 32.4 0.998
CG2 0.0195 34.6 0.997
R1 0.0067 25.9 0.997

Altogether, it is clear that the nature of the car-
bon plays a fundamental role on the adsorption ki-
netics of water adsorption.

3.2.2. Particle size

Then, CGranular carbon with different particle 
size (CG1 and CG2) was used to isolate the effect 
of this variable under the same operational circum-
stances indicated in 3.2.1. 

The results gathered in Fig. 4b and Table 2 are 
very similar in both cases. Still, there is a slight-
ly higher water uptake for the material of smaller 
grain diameter, which, on the contrary, exhibits a 
sensibly slower adsorption rate. This could a pri-
ori indicate that the particle size favours the total 
adsorption capacity while hardly hampering the 
adsorption kinetics. However, based on the charac-
terization of the two carbons (Table 1), one would 
expect the opposite trend: a somewhat reduced ca-
pacity for CG2, showing less volume of micropo-
res with the same surface oxygen content. Thus, 
bearing in mind the low degree of deviation and 
the plausible contribution of the experimental er-
ror, the influence of the particle size (if any) on the 
water sorption kinetics seems not to be significant. 

3.2.3. Air flow

From this point in the study, the carbon type 
was fixed to CG1. Three different air flows were 
evaluated. 10, 20 and 40 L/min at 20 °C and 65% 
RH. The results are recorded in Fig. 5 and Table 3. 

First, a direct relation between the air flow and 
the adsorption rate is noticed. This can be explained 
by an increased pressure through the filter when 
raising the air flow, thus contributing to increase 
the concentration gradient and therefore, the mass 
transfer within the pores. Also, a higher linear ve-
locity through the filter will enhance the interpar-
ticle diffusion. Consequently, the sorption kinetics 
will be accelerated. Nonetheless the impact of this 

variable on the kinetics is gradually reduced as the 
air flow is increased. In this manner, the increase in 
the kinetic constant is higher from 10 to 20 L/min 
(2.3 times) than from 20 to 40 L/min (1.7 times), 
as it can be clearly seen in the graph. A second 
interesting observation is that the total capacity of 
the carbon towards water keeps constant (32%) re-
gardless of the air flow used. 

Finally, the fitting of the LDF model is once 
again satisfactory, and even more accurate when 
the air flow is increased. This trend indicates again 
that the equilibration time has an influence on the 
accuracy of the model. 

Summarizing, it can be concluded that the air 
flow has an important effect on the water adsorp-
tion rate but not on the total capacity.

3.2.4. Relative humidity

Next, the experiments were performed at three 
different relative humidities: 35, 65 and 85% with 
an air flow of 20 L/min and at 20 °C. These RH 
values were not randomly chosen but based on the 
existence of three differentiate regions in the water 
sorption isotherms (Fig. 3), accounting for differ-
ent adsorption phenomena as previously explained.  

 
Fig. 5. Kinetics of water vapour adsorption on CG1 as a 
function of the air flow.

Table 3 
Kinetic parameters and goodness of fit obtained by 

applying the LDF model when studying the effect of 
the air flow

Kinetic parameters
Sample Air flow 

(L/min)
a (min-1) Max. uptake 

(% weight)
R2

CG1 10 0.0093 32.7 0.995
20 0.0215 32.4 0.998
40 0.0360 31.9 0.997
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Logically, the maximum water uptake of the 
carbon (Table 4 and Fig. 6a) becomes higher with 
increasing the relative humidity used. Regarding 
the kinetics, the rate of adsorption at 35% RH is 
much higher than at 65 and 85%, obtaining much 
closer values for these latter two, where the fill-
ing of the micropores and narrow mesopores takes 
place. Besides the fact that a higher quantity of 
water vapour will require a longer time to be ad-
sorbed in the carbon, the different mechanisms 
involved in the water sorption process also play 
a role in the kinetics. At low relative pressures 
(35%) the adsorption rate is fast because the wa-
ter molecules are still building up around the sur-
face oxygen functional groups [5]. However, as 
the water sorption process proceeds, the filling 
of the pores starts to take place. In this regard, it 
is assumed that the slowest step in water adsorp-
tion is related to the formation of water molecular 
assemblies [8, 19, 22]. Thus, the kinetic rates at 
65 and 85% will be both mainly determined by 
the pore filling and consequently be slower. The 
slightly lower value at 85% is due to the filling of 
a somewhat higher fraction of the pore network of 
the activated carbon.

The theoretical model overlaps the experimen-
tal data successfully for the three RHs tested, thus 

meaning that even if the adsorption mechanism at 
each RH is different, they all obey the LFD equa-
tion. It is worth of note that the goodness of fit 
close to saturation is directly related to the value of 
the kinetic constant.

3.2.5. Temperature

Finally, the influence of the temperature was as-
sessed. In this case, the experiments were realized 
at 20 and 40 °C, 75% RH and 40 L/min of air flow 
and the data are compiled in Table 4 and Fig. 6b. 

As expected, the total water uptake decreas-
es while raising the temperature. This is due to 
the exothermic character of the adsorption pro-
cess and to the hindering of the formation of wa-
ter clusters by significant thermal fluctuations at 
higher temperatures [5]. Contrarily, the kinetic 
constant increases with the temperature. In this 
case, this is linked with an increased diffusivity. 
The Knudsen diffusivity can be disregarded in the 
actual experimental conditions due to the high air 
flow used. However, the inter- and intra- particle 
diffusion coefficients will directly increase with 
the temperature and therefore, boost the velocity 
of the process [18, 23]. 

The experimental data follow a linear driv-
ing force mass-transfer rate law for most of the 

Table 4 
Kinetic parameters and goodness of fit obtained by adjusting the experimental data 

with the LDF model when varying the relative humidity or the temperature

Kinetic parameters Kinetic parameters
Sample RH (%) a (min-1) Max. uptake 

(% weight)
R2 T (°C) a (min-1) Max. uptake 

(% weight)
R2

CG1
35 0.0750 6.0 0.987 20 0.027 31.9 0.992
65 0.0215 32.3 0.997 40 0.032 23.9 0.996
85 0.0195 52.7 0.998

 
Fig. 6. Kinetics of water vapour adsorption on CG1 as a function of a) RH and b) T.
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adsorption process. However, and interestingly, 
the theoretical curves obtained by the LFD model 
underestimate the experimental data at different 
stages of the adsorption process depending on the 
temperature: close to saturation for 20 °C and ini-
tially for 40 °C. 

4. Conclusions 

A better understanding of the water adsorption 
kinetics in activated carbons is fundamental in or-
der to enhance the performance of these materi-
als in a wide range of applications. In this work, 
several experimental parameters were modified in 
order to study their impact on the water sorption 
kinetics. Among them, the ones having the highest 
effect were the carbon textural and surface prop-
erties and the environmental parameters (temper-
ature and relative humidity). The air flow has an 
important influence on the adsorption rate but not 
on the maximum water uptake. On the contrary, 
the particle size does not seem to have a relevant 
effect.

It was also confirmed that the Linear Driving 
Force model can adequately describe the kinetics 
of water vapour adsorption independently of the 
experimental conditions. Moreover, the three steps 
of water vapour adsorption, involving different 
mechanisms, may be described by this model using 
a different kinetic constant for each mechanism.
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