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A B S T R A C T   

In this study, the adsorption of several classes of volatile organic compounds by materials with a range of pore 
size distributions and chemistries were assessed gravimetrically in both dry and wet carrier gas conditions. 
Measurements carried out at room temperature, and a range of relative humidity values (RH) from 0 to 70%, 
reflected real-world conditions similar to those of indoor air. Dry removal performance appeared to be dependent 
on the surface area of adsorbents and, for polar compounds, the relative hydrophobicity of the material. Per
formance of sorbents with hydrophilic surface chemistry, such as silica gel and molecular sieve 13X, decreased 
drastically with small increases in pre-exposed humidity. Activated charcoal and high-silica faujasite Y retained 
their capacities for toluene in relative humidities up to 50% and 70% respectively, with their selectivity for non- 
polar species credited to hydrophobic pore structure and low water vapour uptake. These conclusions help to 
emphasise the importance of process humidity as a key parameter when designing or selecting adsorbents in 
realistic process conditions. Additionally, the methods used in this study provide a simple and reproducible way 
of testing porous materials for applications requiring or involving high levels of relative humidity.   

1. Introduction 

Volatile organic compounds (VOCs) are a broad class of chemical 
species commonly present in waste gas streams from many chemical, 
petrochemical, and biological sources [1]. Although records vary 
depending on source and region, the top contributions to airborne VOCs 
include: refining of mineral oil and gas [2]; industrial production of 
food, drink, household products, and chemicals [2,3]; and the surface 
treatment of substances and objects including dyes, paints, and sealants 
[3,4]. Increased levels of volatile chemicals have been affiliated with a 
variety of chronic health problems such as asthma [5,6], allergic 
dermatitis [5], and cancer [5]. However, in recent years it has been 
hypothesised that the complex mixture of VOCs in indoor air might be a 
primary cause of several symptoms of ‘sick building syndrome’ 
including mucosal irritation, headaches, fatigue, and dizziness [7,8]. 
The reduction of indoor volatile organic concentrations through 
adsorption processes is an important research objective, due to its po
tential to provide improved quality of life for individuals in exposed 
spaces. Much of this research has been focused on the design and syn
thesis of porous adsorbents with high surface areas, such as metal 

organic frameworks [9,10], porous polymers [11], and mixed matrix 
membranes [12,13]. Despite the vast improvements made in the field of 
gas adsorbents, materials such as zeolites and activated carbons are 
ubiquitous in air cleaning applications, due to their low cost and ease of 
availability. 

Many reports exist studying the uptake of VOCs by zeolites [14–16] 
and carbonaceous [17,18] materials, with studies most commonly car
ried in dry conditions, or 0% relative humidity (RH). However, water 
vapour is omnipresent within the environment, and is present in indoor 
spaces at concentrations several orders of magnitude greater than the 
concentrations of VOCs. Dynamic studies on zeolitic adsorbents [19,20] 
and activated carbons [21] have found the presence of humidity has a 
noticeable impact on the adsorption of gases and volatiles. The common 
hypothesis among these studies is that the impact of water on adsorbed 
pollutant quantity depends strongly on the hydrophobicity of the 
adsorbent, with the presence of hydrophilic bonding sites being found to 
encourage water adsorption, increasing the degree of competition for 
volatile species [22]. Developing fast and reproducible methods for the 
selection or development of materials resistant to pre-exposed water 
vapour is important to further the field of air cleaning. 
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This study aims to help bridge the gap between industrial adsorption 
research on porous materials, commonly performed at 0% RH, and the 
realistic conditions of air quality applications, by assessing several ma
terials for the removal of harmful species in environmental conditions 
comparable to indoor air. Adsorbents were chosen based on their high 
surface area, varying surface chemistry, as well as their popularity in 
adsorption applications. Activated charcoal, amorphous silica, and both 
hydrophilic and hydrophobic zeolites were studied for their suitability 
in adsorbing environmentally relevant species with a range of bonding 
chemistries. Single component adsorption measurements were carried 
out gravimetrically to measure the sensitivity of each material to low 
concentrations of volatile species, typically in the part-per-million 
range. Two-component gravimetric adsorption measurements with 
water vapour and volatiles were used to qualitatively assess the impact 
of pre-exposed ambient humidity on removal performance, to better 
replicate the real-world conditions these adsorbents would be exposed 
to in air cleaning applications. 

2. Experimental 

2.1. Materials 

High-silica zeolites zeolite Y (A88Y) and high-silica ZSM-5 (A14Z) 
were acquired from the PQ Corporation, USA. Molecular sieve 13X 
(MS13X) and activated charcoal (AC) were acquired from Sigma- 
Aldrich, USA. Amorphous silica (AS) was acquired from Huber Engi
neered Materials, USA. All materials were analysed as-received with no 
modifications, with the exception of drying and activation. All solvent 
chemicals for vapour generation were ordered with a minimum of 99% 
purity: toluene and 2-butanone were ordered from Thermo Fisher Sci
entific, USA; and ethanol was ordered from Sigma-Aldrich, USA. In- 
house de-ionised water was used for water vapour measurements and 
humidity pre-conditioning. 

2.2. Adsorbent characterisation 

X-ray diffraction (XRD) patterns were collected using an X’Pert Pro 
X-ray diffractometer (Malvern Panalytical, UK) with the following 
operating conditions: Cu-Kα radiation at 40 kV and 20 mA, in a 2θ scan 
range of 4�-60�, with a step size of 0.03�. The thermal stability of each 
sample was assessed using an STA 449 F5 Jupiter (NETZSCH, Germany) 
to identify any phase transitions or decomposition points that may be 
encountered during pre-preparation for adsorption measurements. 
Sample temperatures were raised from 50 to 1000 �C at a rate of 15 �C/ 
min under dry air flow during analysis to test for adsorbent decompo
sition or the presence of phase transitions. The Si:Al ratios and elemental 
composition of samples was determined using an Epsilon 3 XLE X-ray 
fluorescence spectrometer (Malvern Panalytical, UK) with the following 
operating conditions: Ag anode with maximum settings 50 kV, 3 mA and 
15 W; Cu tube filter; Si drift detector, 145 eV @ 5.9 keV/1000 cps. 

2.3. Surface area and free space measurements 

Surface area and pore volumes of all adsorbents were analysed by 
low temperature nitrogen sorption, measured at � 196 �C using a 3-Flex 
Physisorption (Micromeritics, USA). Samples weighing 120–200 mg 
were activated overnight at 300 �C under vacuum overnight prior to 
analysis, to remove any water or organics present. Bru
nauer–Emmett–Teller (BET) surface area values were determined using 
data points in the relative pressure region of P/P0 ¼ 0.02–0.07. Micro
pore and mesopore volumes were determined using the t-plot and 
Barrett-Joyner-Halenda (BJH) N2 desorption models respectively. Pore 
size distributions were determined from adsorption data using non- 
linear density functional theory (NLDFT) models, assuming cylindrical 
pore geometry. 

2.4. Single-component adsorption measurements 

Adsorption isotherms of all volatile species, as well as water vapour, 
were carried out gravimetrically using a DVS Endeavour (Surface Mea
surement Systems, UK) at 25 �C and atmospheric pressure, using 200 
mL/min of dry air as the carrier gas for vapour species. Vapour con
centrations were measured and maintained using closed-loop control of 
speed-of-sound (SOS) sensors, with the lowest relative pressure of 
vapour studied being P/P0 ¼ 0.005. Samples weighing between 40 and 
80 mg were activated at 300 �C for 3 h before being held under dry 
airflow at 25 �C until their masses remained constant. 

2.5. Adsorption isotherm model fitting 

Experimental adsorption isotherm datasets were fitted using two 
different data ranges, to better represent the key concentration ranges in 
the study. Volatiles were fitted in the data range of P/P0 ¼ 0–0.20 using 
Langmuir, Sips, and Dubinin-Astakhov (DA) models [23], and water 
vapour was fitted in the data range of P/P0 using 
Brunauer-Emmett-Teller (BET) and Guggenheim-Anderson-de Boer 
(GAB) models [24]. Fitting was carried out through the minimisation of 
the Marquardt’s percent standard deviation (MPSD) [25] calculated 
between the fitted and experimental values. 

2.6. Adsorption measurements under humidity 

Humid adsorption measurements utilised the dual-solvent mode of 
the DVS Endeavour. Following pre-preparation and drying, samples 
were equilibrated with different levels of humidity, before introducing a 
step change of P/P0 ¼ 0.005 in volatile concentration while maintaining 
the same humidity level. The final adsorbed quantity of VOC was 
calculated by subtracting the mass increase following water adsorption 
from the total mass uptake of the dry sample in the course of the 
experiment, assuming no loss of water adsorption. An example of this 
process, Fig. S1, can be found in the supplementary information. The 
carrier gas for this process was dry air in all cases, using a total flowrate 
of 200 mL/min. This experiment represents the ‘wet adsorbent’ mode of 
competitive adsorption, where the volatile species bond to unoccupied 
sites, or attempt to displace pre-adsorbed water present on the material. 
A similar method has been utilised for studying the impact of humidity 
on CO2 adsorption by metal organic frameworks [26,27]. As gravimetric 
sorption analysis of a two-component vapour stream quantifies the total 
amount of sorption, any measurements of humid performance must 
consider this limitation and be considered only semi-quantitative, even 
when reproducible. In all experiments, the relative pressure of water 
exceeded that of the VOC by at least 20 times in order to reduce the 
effect of competition on the reproducibility of results. 

2.7. Regeneration of adsorbents under humidity 

To test the reusability of porous samples under realistic conditions, 
adsorption-desorption cycling experiments were carried out using the 
DVS Endeavour. Cycling of toluene, water, and toluene under the effects 
of humidity were all tested using similar experimental conditions to the 
isotherm measurements, using 200 mL/min of dry air at 25 �C, or wet air 
with a water relative pressure of P/P0 ¼ 0.5 for the two-component 
cycles, to facilitate regeneration without the use of vacuum or high 
temperature. Adsorbed quantities were calculated using the change in 
mass between the ends of the current cycle’s adsorption and previous 
cycle’s desorption step. 

3. Results and discussion 

3.1. Material characterisation 

Fig. 1a shows the X-ray diffraction (XRD) patterns for molecular 
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sieve 13X (MS13X), zeolite Y (A88Y), and ZSM-5 zeolite (A14Z), all of 
which were compared to, and matched well with, zeolitic reference 
patterns from the X’Pert HighScore Plus database, indicating that these 
samples demonstrated a single highly crystalline phase. The similar 
patterns of MS13X and A88Y are due to the two zeolites having the same 
faujasite crystal structure, with the two differing in terms of their 
chemical functionality, with A88Y having a higher framework silica to 
alumina ratio. Patterns for activated charcoal (AC) and amorphous silica 
(AS) produced broad peaks and lacked definition due to the materials’ 
amorphous nature. The thermogravimetric mass loss profiles for the 
adsorbent materials are shown in Fig. 1b. Following initial mass loss in 
the range T < 200 �C due to surface-bound water and contaminants, all 
samples were thermally stable up to temperatures around 600 �C in air, 
confirming that activation could be carried out at any temperature 
below this point. Past this point, activated charcoal began to thermally 
degrade, whereas amorphous silica and all zeolites studied were stable 
until temperatures approaching 1000 �C. MS13X, A88Y, and A14Z were 
found to have SiO2:Al2O3 ratios of 1.9, 35.8, and 29.7 respectively ac
cording to the data collected by x-ray fluorescence. For the high-silica 
zeolites, this value is lower than the ratio given by the supplier, and is 
likely due to the presence of extra-framework aluminium or binding 
agents [28]. AS was found to be over 98.5 mol% SiO2, with trace 
amounts of alumina and other metals. XRF could not determine the 
composition of AC due to its carbonaceous nature. A full summary of 
elemental compositions can be found in Table S1 of the supplementary 
information. 

The nitrogen adsorption isotherms for the studied sorbents are 
shown in Fig. 2, with a summary of the results given in Table 1. Acti
vated charcoal was found to have the highest surface area and possessed 
high pore volumes in both microporous and mesoporous regions. AC’s 
pore structure leads to a network of pores of varying sizes, resulting in a 
narrow and long hysteresis loop. Faujasites MS13X and A88Y, had 
similar surface areas, but the latter was found to have a greater fraction 
of its free space located in mesopores, similar to A14Z. The deal
umination process carried out on these zeolites has been shown to create 
mesopores within the structure of the material [28], which accounts for 
their comparatively wide hysteresis loops. MS13X, A88Y, and A14Z’s 
specific surface areas were within reported ranges for similar zeolites 
[29]. Amorphous silica differed from the other sorbents due to its rela
tive lack of micropores, with over 99% of its pore volume located in 
pores 2 nm or larger. Both AC and AS have surface area values similar to 
those reported in literature [30,31]. All samples contained pores in 
suitable size range for adsorbing the volatile species in this study (i.e. 
above 0.5 nm). Pore size distributions for the five adsorbent samples and 
comparisons to literature surface area values can be found in Fig. S2 and 
Table S6 of the supplementary information respectively. 

3.2. Single-component adsorption of water and VOCs 

Fig. 3a shows the water isotherms for the five studied samples, with 
the performance of each appearing to depend on both surface chemistry 
as well as the porosity of the adsorbent. The interaction of adsorbent 
materials with water molecules is important for indoor air applications 
due to the prevalence of the latter in these spaces. Molecular sieve 13X 
was found to be most sensitive to the presence of low levels of humidity, 
likely due to its high surface area and hydrophilic surface. Amorphous 
silica, despite its low surface area, adsorbed greater quantities of water 
than both the high-silica zeolites A14Z and A88Y, and activated 

Fig. 1. The (a) X-ray diffraction and (b) thermogravimetric mass loss curves for studied adsorbents: molecular sieve 13X, MS13X; zeolite Y, A88Y; ZSM-5 zeolite, 
A14Z; activated charcoal, AC; amorphous silica, AS. XRD patterns for activated charcoal and amorphous silica not shown due to amorphous nature. 

Fig. 2. Nitrogen isotherms for adsorbent samples: activated charcoal, AC; 
amorphous silica, AS; molecular sieve 13X, MS13X; zeolite Y, A88Y; ZSM-5 
zeolite, A14Z. Solid and dashed lines correspond to adsorption and desorp
tion points respectively. T ¼ � 196 �C. 

Table 1 
Surface properties of adsorbents: molecular sieve 13X, MS13X; zeolite Y, A88Y; 
ZSM-5 zeolite, A14Z; activated charcoal, AC; amorphous silica, AS. Determined 
using N2 sorption at � 196 �C.  

Adsorbent SiO2:Al2O3 

[mol/mol] 
Surface area 
[m2/g] 

Micropore 
volume [cm3/g] 

Mesopore 
volume [cm3/g] 

AC N/A 1245 0.210 0.845 
AS >2000b 338 0.008 1.187 
MS13X 1.9 666 0.209 0.208 
A88Y 35.8 (80a) 659 0.174 0.395 
A14Z 29.7 (80a) 413 0.076 0.318  

a Quoted from suppliers. 
b Trace amounts of alumina detected via XRF. 
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charcoal, especially at mid-to-high humidity values. Amorphous silica’s 
use as a desiccant is owed to its high water uptake in these humidity 
ranges, and matches well to literature data for wide-pore silica [32], 
likely due to its high mesopore volume and lack of hydrophobicity. 
Despite similar crystal structures, faujasites MS13X and A88Y had 
notable disparities in their behaviour with water vapour. A88Y and 
A14Z are designed to have reduced aluminium and sodium cation con
tent, both of which have been attributed to an increase in hydropho
bicity in various zeolites [33,34], and are reflected in their water uptake 
in previous studies [29]. AC had the lowest water uptake initially, fol
lowed by an increase at water relative pressures exceeding 0.5 P/P0 due 
to the porous nature of the adsorbent, matching well with the trends and 
absolute quantities reported previously [35]. Higher humidity levels, 
and corresponding uptakes, are important for adsorption in built envi
ronments, as adsorption processes within these locations will typically 
occur at similar relative humidity levels [36]. 

The adsorption isotherms of toluene shown in Fig. 3b were best 
described by type I or type II isotherms, both of which describe rapid 
micropore filling or surface adsorption at low concentrations [37]. The 
BET surface area appeared to be a good determinant for the low-pressure 
adsorption of non-polar species [38], whereas the quantity adsorbed at 
higher pressures was dependant on the volume of mesopores within the 
adsorbents. When exposed to 0.005 P/P0 of toluene, AC was found to 
possess the highest capacity (264.2 � 1.2 mg g-1), almost double that of 
the second-best performer MS13X (145.4 � 1.6 mg g-1), due to the 
former’s surface area. Good agreement with literature values for 
low-concentration toluene adsorption was found for AC [39], AS [31], 
and all zeolites samples [29]. 

The adsorption of polar species, similarly to water, seemed to be 
dependent on both the physical and chemical properties of the adsorbent 
materials. As shown in the low-pressure region of Fig. 3d, AC had a 
lower capacity for ethanol than MS13X despite the former possessing a 
higher surface area. Activated charcoals have been found to more 
readily adsorb non-polar or weakly polar species due to their dispersive 

bonding chemistry [40]. 2-butanone and ethanol are relatively polar 
molecules compared to toluene [41] and so, like water, will interact 
strongly with adsorbents with hydrophilic bonding chemistry such as 
low-silica molecule sieves [42]. This effect is seen by studying the 
steepness of the initial stages of the isotherm for AC and A88Y, which 
decreased noticeably as molecular polarity increases. A88Y formed a 
stepped type V isotherm when exposed to ethanol, indicating an 
unfavourable interaction at lower relative pressures. A previous study 
[43] on methanol and dealuminated zeolites credited this to the diffi
culty of the polar molecule overcoming the electrostatic barrier of the 
zeolite Y pores. In this work on ethanol, the ‘step’ occurs at a lower 
relative pressure, indicating the repulsion is likely dependant on the 
electrostatic properties or polarity of the adsorbates. The adsorption of 
toluene and water onto A88Y provide the two extremes of this interac
tion: capacity for toluene, due to ease of micropore filling, increases 
rapidly at low pressure; whereas water is seemingly unable to penetrate 
this barrier, and is limited to adsorption on the surface or inside the 
mesopores of A88Y. This reduced capacity for non-polar species due to 
surface chemistry is a key design constraint for removing VOCs from 
humidified environments. Polar species such as aldehydes, alcohols, and 
ketones are some of the most prevalent molecules within built spaces, 
and contribute significantly to human health and general air quality [44, 
45]. Therefore, an ideal adsorbent would have sufficient hydrophobicity 
as to minimise water adsorption but still allow the capture of VOCs with 
polar bonding chemistries. 

3.3. Fitting of adsorption data to isotherm models 

A range of adsorption isotherm models were used to fit the experi
mental data in the P/P0 data ranges of 0–0.2 for volatile species, and 
0–0.8 for water vapour. These best represent the concentration ranges of 
interest for air cleaning and volatile adsorption applications. For brev
ity, full summaries of fitting parameters for these models can be found in 
Tables S2–S5 in the supplementary information. For the majority of 

Fig. 3. Gas-solid adsorption isotherms for (a) water, (b) toluene, (c) 2-butanone, and (d) ethanol. Samples studied: activated charcoal, AC; amorphous silica, AS; 
molecular sieve 13X, MS13X; zeolite Y, A88Y; ZSM-5 zeolite, A14Z. All measurements carried out at atmospheric pressure under dry air flow of 200 mL/min. T ¼
25 �C. 
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volatile species, Dubinin-Astakhov (DA) isotherms provided the best fit 
of experimental data, followed by Sips model, and finally Langmuir, 
except in the case of MS13X where the steep initial slope of the exper
imental isotherm led to difficulties converging the Sips model. The un
usual Type V isotherm of the A88Y-ethanol system was described best by 
the Sips isotherm, as it was capable of fitting the pore-filling inflection 
point present around P/P0 ¼ 0.05. Experimental data for water uptake 
was best described by the GAB model for AS, MS13X, and A88Y, and 
similar errors were found with both GAB and BET for AC and A14Z. 

3.4. Hydrophobicity of adsorbents 

A summary of the low relative pressure capacities is shown in 
Table 2, the values of which were used to assess the relative hydro
phobicity of each adsorbent through the calculation of hydrophobicity 
indexes (H.I.) [46]. Several methods for measuring H.I.s exist for both 
gas and liquid phase adsorption processes, including chemistry [47], 
energy distributions [48], or wettability [49] of the material’s surface 
using molecular probes with different bonding chemistries. The use of 
equilibrium adsorption data for calculating indexes has also been out
lined in several studies: using dynamic adsorption experiments, where 
the materials is exposed to the competing species simultaneously [29,50, 
51]; and static experiments, where the material is exposed to each 
competing species separately [43,50]. In applications where 
pre-exposure to humidity is likely, such as passive adsorption processes 
without the use of active regeneration or a continuous process stream, 
the additional considerations of dynamic H.I.s (i.e. selectivity based on 
adsorption kinetics) may not be as pertinent. In this study, indexes were 
calculated using static adsorption data as a function of process humidity 
to better understand how humid performance might be linked to the 
concentration of water vapour. This study defines the hydrophobicity 
indexes in each system as  

H.I.static(x) ¼ QTOL, 0.005 / QH2O, x                                                            

where H.I.static(x) (mol/mol) is the material’s static hydrophobicity 
index at a particular water relative pressure x, QTOL, 0.005 (mol/g) is the 
molar toluene quantity adsorbed by the material at a relative pressure of 
P/P0 ¼ 0.005, and QH2O, x (mol/g) is the same quantity for water vapour, 
at a relative pressure of x. In this work, the relative pressure of toluene 
used for comparison was 0.005 P/P0, and the relative pressure of water 
used was varied in order to ascertain how the H.I. value for each 
adsorbent changed with process humidity, as shown in Fig. 4. 

At low humidity, activated charcoal possessed the highest H.I. 
values, followed by high silica zeolites, and finally amorphous silica and 
molecular sieve 13X. However, when calculated using water vapour 
pressure of 0.5 P/P0, which more accurately represents the relative 
water and volatile concentrations in indoor air, the H.I. value of zeolite Y 
was found to be highest. As shown in Fig. 3a, activated charcoal’s high 
mesopore volume leads to an increase in water adsorption when its 
relative pressure exceeded P/P0 ¼ 0.4, contributing to a steep reduction 
in its hydrophobicity index in Fig. 4. In the case of zeolite Y, water’s 
interactions are restricted to bonding sites on the surface of the material, 

due to the hydrophobic nature of the adsorbent’s pore openings [19,20, 
43]. These indexes, calculated using single-component adsorption data, 
may be useful indicators of the performance of adsorbents in the pres
ence of water vapour. 

3.5. Impact of humidity on adsorption of toluene and ethanol 

Samples were equilibrated with relative pressures of water vapour in 
the range of P/P0 ¼ 0–0.7 in order to represent both high and low hu
midity conditions for built environments. The toluene and ethanol 
removal performance of adsorbents in humid environments, shown in 
Fig. 5, was found to depend strongly on the hydrophobicity and relative 
water uptake of the adsorbent. In general, two-component adsorption 
interactions can be divided into two phenomena: co-adsorption, where 
the species interact with different adsorption sites; and competitive 
adsorption, where they occupy and compete for the same adsorption 
sites. MS13X is the best example for competitive adsorption, as its ca
pacity for both toluene and ethanol dropped to negligible levels 
following exposure to water vapour. On the other hand, A88Y was found 
to retain its high adsorption performance for toluene at all humidity 
values studied. As mentioned previously, the hydrophobic nature of 
high-silica zeolite pores restrict the adsorption of water molecules to 
sites on the external surface of the zeolite [19,20,43], allowing water 
and toluene to co-adsorb onto different bonding sites in the material. 
Despite A88Y’s selectivity for toluene over water, its low capacity for 
dry ethanol led to similarly low removal in humid conditions. AC’s in
teractions with water and volatile vapour depend on the concentration 
of water vapour it is exposed to, as predicted by the hydrophobicity 
indexes calculated previously. At all but the highest humidity, AC 
maintained a high capacity for both toluene and ethanol despite the 
presence of water vapour, but its performance was found to decrease 
noticeably at a relative water pressure of 0.7 P/P0. 

For the adsorption of ethanol, the capacity for A14Z and AS with 
increasing humidity decreased less severely than for toluene. The polar 
nature of ethanol could have led to it occupying higher energy adsorp
tion sites unfilled by water molecules. The adsorbed quantity of ethanol 
for AC appeared to increase at a relative humidity of 30%, which may 
indicate beneficial adsorbate-adsorbate interactions between pre- 
adsorbed water molecules and the adsorbing ethanol molecules [52, 
53]. This interaction likely requires a balance between sufficient surface 

Table 2 
Summary of adsorbed vapour amounts by adsorbents: molecular sieve 13X, 
MS13X; zeolite Y, A88Y; ZSM-5 zeolite, A14Z; activated charcoal, AC; amor
phous silica, AS. Determined gravimetrically in single-solvent mode at T ¼ 25 
�C.  

Adsorbate Quantity adsorbed [mg/g][a] 

AC AS MS13X A88Y A14Z 

Water 1.7 10.9 158.1 5.3 8.7 
Toluene 264.1 21.2 145.4 120.6 57.4 
2-Butanone 167.2 43.0 131.6 95.8 79.5 
Ethanol 113.8 61.7 148.2 24.0 73.2  

a Relative pressure of adsorbate, P/P0 ¼ 0.005. 

Fig. 4. Hydrophobicity indexes as a function of water relative pressures. His 
calculated using single-component capacities of toluene at relative pressure of 
0.005 P/P0 and capacities of water vapour at various relative pressures. Inset 
displays values at water relative pressures exceeding 0.4 P/P0 for clarity. 
Samples studied: molecular sieve 13X, MS13X; zeolite Y, A88Y; ZSM-5 zeolite, 
A14Z; activated charcoal, AC; amorphous silica, AS. T ¼ 25 �C. 
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wetting and limited pore blocking as the ethanol capacity was found to 
decrease at all other humidity values studied. The data collected in 
single-component measurements appears to offer insight into the per
formance losses of studied adsorbents. As shown by Fig. 3a, AC’s in
teractions with water vapour begin the transition from type III to type V 
at relative pressures exceeding 0.5 P/P0, marked by a sudden increase in 
water capacity. This point also appears to mark the transition from 
co-adsorption into competitive adsorption of water vapour and volatiles 
in Fig. 5, due to the lack of selectivity in the adsorption sites of the 
studied adsorbent. This decrease in capacity is mirrored in the hydro
phobicity indexes plotted in Fig. 4, emphasising the potential use of 
single-component data in predicting humid adsorption performance. 

3.6. Relationship between single- and two-component adsorption 
measurements 

To assess the usefulness of single-component adsorption experiments 
in predicting performance in realistic conditions, plots were constructed 
for the relationship between H.I. values and relative toluene adsorbed 
amounts, calculated using the materials’ uptakes under dry and humid 
conditions. The correlation between single- and two-component results, 
shown in semi-log plot Fig. 6, was found to be strongest for high-silica 
zeolites A14Z and A88Y, and activated charcoal, with logarithmic 
fitting curves having linear regression coefficient (R-squared) values of 

0.989, 0.899, and 0.884 respectively. These materials showed a gradual 
decrease in the amount of toluene they adsorbed, indicating both co- 
adsorption and competitive adsorption of species, with the exception 
of A88Y. On the other hand, hydrophilic adsorbents amorphous silica 
and molecular sieve 13X had weaker correlations with coefficients of 
0.649 and 0.198 respectively, the latter of which showed almost no 
trend between H.I. and relative uptake. There are two possible expla
nations for these discrepancies in hydrophilic adsorbents: the high 
relative standard deviations present for low H.I. and relative uptake 
values lead to a skewing of the data; or indexes calculated using the 
assumption of co-adsorption were unable to explain the drastic reduc
tion in capacity. Despite these inconsistencies, the results show that data 
collected from single-component adsorption experiments can provide an 
insight into performance in humid conditions, in the absence of more 
complicated or time-intensive experimental techniques. 

3.7. Impact of humidity on cycling and regeneration of adsorbents 

In all toluene cycling experiments, shown in Fig. 7, adsorbed quan
tities decreased from cycle 1 to 2 before remaining constant in future 
cycles. This drop in performance was most noticeable in AC, which had 
its capacity decrease by around 35%, from 264.2 mg/g to 174.3 mg/g, 
although this was still noticeably higher than the other adsorbents 
studied in dry conditions. Regeneration studies on activated charcoal 
have shown decreases in adsorption capacity with increasing cycle time 
due to pore blockage, and often utilise high temperature or vacuum 
conditions for regeneration [54]. In the case of A88Y, the quantity of 
toluene it adsorbed dropped by around 5% before remaining constant. A 
similar study on ultra stable (high silica) zeolite Y [55] found its capacity 
for toluene drop by around 10% in cycling experiments. With the 
introduction of humidity of P/P0 ¼ 0.5, the amount of toluene adsorbed 
in the first cycle dropped to the values shown in Fig. 5. AC’s relative 
performance was found to drop by around 35%, identical to that of the 
dry cycling experiments. A14Z had a drop in performance of around 
57%, greater than the drop of ~20% in dry conditions. A88Y maintained 
a relative performance of over 98% in all studied cycles, allowing it to 
adsorb quantities of toluene similar to AC under these conditions. The 
trends observed suggest the role of water vapour in regeneration and 
adsorption cycling behavior likely depends on the adsorbent’s surface 
chemistry and pore structure, as well as the preferred bonding sites of 
water and toluene molecules. The negligible amount of toluene adsor
bed by AS and MS13X in humid toluene cycling experiments made any 
accurate analysis difficult. 

4. Conclusions 

Adsorption measurements were carried out for a number of volatile 
species relevant in indoor air environments, using five adsorbent ma
terials commonly used in VOC applications. Additionally, the physical 

Fig. 5. Adsorption capacities for toluene (a) and ethanol (b) after exposure to humidity, measured using two-solvent gravimetric experiments. Samples studied: 
activated charcoal, AC; amorphous silica, AS; molecular sieve 13X, MS13X; zeolite Y, A88Y; ZSM-5 zeolite, A14Z. Relative pressure of volatile in all experiments was 
0.005 P/P0.T ¼ 25 �C. 

Fig. 6. Relationship between hydrophobicity indexes and toluene uptakes 
relative to dry experiments, determined gravimetrically using single- and two- 
component experiments respectively. Samples studied: activated charcoal, AC; 
amorphous silica, AS; molecular sieve 13X, MS13X; zeolite Y, A88Y; ZSM-5 
zeolite, A14Z. T ¼ 25 �C. 
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properties of the adsorbents, such as surface area and micropore volume, 
were measured using low-temperature nitrogen adsorption. The surface 
area and microporosity were found to be good indicators for the low- 
pressure adsorption of non-polar volatiles for all adsorbents. However, 
these trends did not extend to the polar species studied, as the capacity 
for these appeared to be a function of both surface chemistry and 
porosity. Similarly, the adsorption of water vapour at relevantly high 
humidity was predominantly related to the relative hydrophobicity of 
the sample, and its degree of mesoporosity to allow for capillary 
condensation. Future studies quantifying the relative contributions of 
dispersive and specific energies in adsorbent surfaces could help to 
predict their adsorption behaviour. 

Hydrophobicity indexes, calculated using single-component 
adsorption data, were able to impart useful information regarding the 
impact that water vapour may have on VOC removal. These indexes, 
combined with qualitative trends generated using two-component 
gravimetric measurements, helped to provide guidelines for the selec
tion of air cleaning adsorbents. MS13X’s two-component interactions 
appeared to be purely competitive, with its uptake for both toluene and 
ethanol dropping to almost zero following the introduction of water 
vapour. Even activated charcoal, a commonly used adsorbent for vola
tiles due to its high surface area and hydrophobicity, had measureable 
drops in performance when exposed to relative humidity higher than 
50%. At the highest humidity values, only high-silica zeolite Y demon
strated a high capacity for toluene due to its hydrophobic micropores 
and selectivity for non-polar species. However, zeolite Y’s low uptake of 
polar volatiles such as ethanol means a ‘catch all’ adsorbent with high 
performance in humid conditions requires additional research. Humid 
adsorption-desorption regeneration experiments showed interesting 
behaviour for performance over several cycles, with A14Z having a 
marked decrease in its VOC desorption efficiencies, while AC and A88Y 
were largely unaffected. Regardless of the relative performance of the 
adsorbents tested, this study emphasises the importance of humidity as a 
key operating condition when assessing the performance of materials for 
VOC removal, especially in areas where water vapour is present in high 
concentrations, such as air-cleaning applications. 
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