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Adsorption of water vapors onto silica-gel and two types of carbon based adsorbents (CBAs) 
has been experimentally investigated. Adso!ption data has been analyzed for various adsorption 
models. The Guggenhein, Anderson. De-Boer (GAB) and Dubinin-Astakhov (D-A) models gave 
the good fit for silica-gel and CBAs respectively with an error of less than 5%. The greenhouse 
air-<:onditioning is proposed the water sorption application for CBAs. Results showed that the 
CBAs can dehumidify the greenhouse air by utilizing low regeneration temperature and 3-6 times 
less adsorbent mass as compared to silica-gel. The isosteric heat of adsorption of CBA&Iwater pair 
does not extremely effect on dehumidification performance. 
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1. Introduction 

Photosynthesis and Evapo-transpiration are the basic 
phenomena for plants growth by which water vapors are 
released into the air that increases the humidity in the 
greenhouse continuously. The required relative humidity 
(RH) for a plant depends on its ideal vapor pressme 
deficit (VPD) which varies depending upon the product 
growth stage, its maturity, danger of insect/pest/fungus 
a.ttack, extreme weather conditions, and water stresses 
etc. A low cost dehumidification and air-conditioning 
(AC) system is always required in greenhouse to ensme 
maximum product yield. Desiccant air-conditioning 
(DAC) systems are getting lot of attention for room AC 
application. In the present study the activated carbons are 
analyzed for greenhouse AC application. 

The carbon based adsorbents (CBAs) are usually 
considered as hydrophobic substance but many studies 
have shown their water adsorbing ability1-4). The 
adsolption performance of CBAs is entirely different at 

different adsorption temperatures and relative pressures 
(PIP0) or RH which is based on source of CBAs, 
activation temperature, and the employed techniques5). 
As compared to conventional silica-gel, many materials 
gave interesting water SOiption performance under 
certain conditions e.g. activated carbonS>, titanium 
dioxide6), and composite desiccants7.S) for adsorption 
uptake; whereas coconut coi?> for adsorption kinetics. 
Most of the CBAs adsorb very small amount of water 
vapors at lower P/P0 but at certain upper range ofPIPo it 
adsorb its maximum am.ount10). Due to this ability the 
present study focus on the use of CBAs for greenhouse 
AC. The ideal VPD for most of the greenhouse products 
varies from 0.45 to 1.25 kPa11> which means CBAs can 
be interesting candidates for greenhouse 
dehumidi:fi.cation. 

In the present study an investigation is made on 
CBA&Iwater pair for greenhouse AC application. The 
experimental data of water vapor adsorption onto 
silica-gel and two types of CBAs have been correlated 
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adsorber to avoid the flying of the sample particles 
during the evacuation. The measuring range of KL 79 
type pressure gauges was 0-20 kPa with an accuracy of 
±0.3%F.S. The accuracies of K type thermocouples and 
temperature control units were ±0.05°C and ±0.1 oc 
respectively. Vacuum pump was capable to provide the 
vacuum up to 1.0 Pa. As the experiments were made in 
winter conditions so an adjustable voltage tape heater 
was used for temperature adjustment onto the tubing to 
avoid the condensation. A high resolution camera with 
stand had been mounted to record the water readings in 
the evaporator. The minimum measurable change in 
evaporator's height was 0.25mm which is almost 1.25% 
of the total uptake. The accuracy in height measurement 
was ±0.25mm. The uncertainty in the experimental data 
was estimated by Eq. 1 which equals to± 0.045 kg/kg. 

Where oU is the uncertainty in measuring the 
adsorption uptake [kg/kg], and oD1-oD4 are the 
uncertainties in measuring each experimental parameter. 

2.2 Experimental procedure 

Initially adsorbents were dried in an oven at 120°C 
for 6-8 hours. Nearly 8-lOg oven-dried samples were 
used for water adsorption isotherms. With the adjustment 
of valves (7-1 to 7-6 in Fig. 1), whole system was 
evacuated part by part by using the vacuum pump. The 
pressure readings were observed continuously after 
evacuation to make sure there was no leakage from the 
system. Once the system became ready, sufficient 
amount of distilled water was added into the evaporator 
from adsorbate suction (no.1 0 at Fig. 1) and meanwhile 
oven-dried sample was loaded into the adsorber. During 
the sample loading into adsorber the ACP particles might 
fly because of its low density; which was avoided 
carefully. The mass of the ACP particles attached with 
the loading-pan after finishing loading into adsorber was 
subtracted from the total mass. The whole system was 
evacuated once again part by part for lPa in adsorber 
side and up to corresponding vapor pressure of water in 
evaporator side. Before starting the adsorption the 
sample had been regenerated and evacuated at 85°C for 
4-5 hours. Now the adsorber had fixed on the required 
adsorption temperature whereas the evaporator's 
temperature was varied from 2°C to adsorpti.onladsorber 
temperature by keeping P/P0 =0.90 at maximum. Once 
the temperature in adsorber and evaporator became 
steady, the valves (except 7-2 and 7-6) were opened for 
adsorption. The voltage of tape heater was adjusted in 
such a way that the temperature onto the tube always 
remained considerably higher than the evaporator 
temperature (roughly 5-l 0°C) which ensured zero 
condensation. The evaporator scale had been observed 
and recorded continuously by the high resolution digital 
camera to measure the uptake of water vapors onto the 

1.2 

I 

I 0.8 

t 0.6 

t 0.4 

0.2 

- Silica-gel [GAB fitting] 

-ACP [D-A tilting] 

- ACF [D-A tilting] 

o ACF [Experimerrtal reoul1ll) 

C ACP [Experimerrtal reoul1ll) 

C Silica-gel [Experimerrtal resullo] 

0.2 0.4 0.6 
P/Po [-) 

Fig. 2 Water vapor adsorption isotherm for (i) 
silica-gel, (ii) activated carbon powder (ACP), and (iii) 
activated carbon fiber (ACF) at 30°C. 

adsorbent. Once the adsorption equilibrium obtained, the 
evaporator temperature was increased to the next point 
reading. By increasing the evaporator's temperature, the 
vapor pressure of water increased which endorsed further 
adsorption. In the present experiments the maximum 
evaporator temperature was corresponds to relative 
pressure less than 90% to avoid desorption. During the 
calculation for adsorption isotherm, the mass of water 
vapor at certain conditions that remains in the tube and 
adsorber itself was also subtracted. 

3. Results and discussion 

3.1 Adsorption equilibrium and heat of adsorption 

Water vapor adsorption isotherms for silica-gel and 
two types of CBAs namely (i) activated carbon powder 
(ACP), and (ii) activated carbon fiber (ACF) are 
measured experimentally at adsorption temperature of 
30°C. The experimental results are shown in Fig. 2. The 
adsorption isotherms trend of CBAs clarifies their water 
adsorption ability at higher PIP o· Similar kind of trend 
for carbon/water pairs are also reported by many 
researchers2)-J),Jo). Pore width of CBAs might be the 
reason of this kind ofbehavior and the same trend can be 
shifted towards lower P/P0 by reducing pore width15>. 
Brunauer-Emmett-Teller (BET) adsorption model (Eq. 1) 
is commonly used for water adsorption data but it is only 
reliable for PIP0<0.45. The Guggenhein, Anderson, 
De-Boer (GAB) adsorption model (Eq. 2) is considered 
reliable for higher relative pressure (PIP o= 0.1 0-0.90) and 
it was found suitable to represent experimental data of 
silica-gel as shown in Fig. 2. The following adsorption 
models (Eq. 2-6) including GAB model were tried to fit 
the experimental data of CBAs but reliable fitting could 
not obtained. 

1. BET model16) 

X= ~~if~n ~ 
[(1-(P /P0 )] [(1-(P /P0)+~z(P /Po)] 



2. GAB model1
7) 

3. Oswin model18
) 

X = J.l. [ (P/Po) Jfl2 
1 1-(P/P0 ) 

4. Freundlich model19
) 

~]
(l/f.l.2) 

X= J.tt -
0 

5. Peleg model1
7) 

(4) 

(5) 

(6) 

Where X is the adsorption uptake of water [kg/kg]; !Lt. 
JL2, Jl.3, ~ are the model constants; and PIP 0 represents the 
relative pressure. 

The following Dubinin-Astakhov (D-A) model (Eq. 
7-8) gives good fit with the experimental data of ACP 
and ACF for P/Po range of 0.50-0.90 and 0.45-0.90 
respectively. The goodness of the fit can be visualized 
from the Fig. 2. The D-A equation also represent the 
Dubinin-Radushk:evich (D-R) equation for n=2. 

6. D-A modef0> 

X= X0 exp[- (ifl 
A = R T ads In c;:) 
Where, X= water vapor uptake [kg/kg] 
Xo= maximum uptake of water vapors [kg/kg] 
E= adsorption characteristics energy [kJ/kg] 
n= fitting parameter 
R=specific gas constant for water [kJ/kg-K] 
T ads= adsorption temperature [K] 
P =vapor pressure of water (evaporator side) 
Po= saturation pressure (corresponding to T ads) 

(7) 

(8) 

The estimated parameters of adsorption models for each 
adsorbent are given in Table 2. The fitting parameters are 
obtained through the linearization and non-linearization 
techniques by reducing mean relative percentage 
deviation module (E %) which can be defined as: 

(9) 

Using D-A adsorption model with calculated fitting 
parameters, the isosteric heat of adsorption (Qst) is 
determined for ACP by the Clausius--Clapeyron 
relationship for certain uptake21>. 
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Fig. 3 Isosteric heat of adsorption for ACP as a 
function of adsorption uptake. 

Qst [ OlnP ] 
R = - iJ(l/Tads) X 

(10) 

It can be notices from the Fig. 3 that the isosteric heat 
of adsorption decreases with the increase in total uptake. 
It remains in the range of 2440 to 2500 kJ/kg which is 
quite reasonable for dehumidification application in 
greenhouse. 

3.2 Psychometric analysis 

An appropriate growth region for a certain greenhouse 
product"> is shown by a black lined parallelogram in Fig. 
4. If the greenhouse condition sits at point 1 (usual 
conditions of greenhouse), the ACP can be used for DAC 
by following the process-air lines 1-2 (dehumidification) 
and 2-3 (cooling). If the same air is considered for 
thermal regeneration, the regeneration-air lines can be 
plotted as (1-2'-3'). Most of the thermal loads at (2-3) 
and (1-2') are exchangeable via effective heat 
exchangers. The same system can be tracked for the 
silica-gel which will follow the process-air lines (1-4-5) 
and regeneration-air lines (1-4'-5') under same 
conditions. As the point 2 and 4 is dependent on 
adsorption heat of corresponding adsorbent, the slope of 
the dehumidification lines can be calculated by the 
following relationship: 

0* = _!_0 
Qst 

(11) 

Where, !1)*= slope of dehumidification line (1-2 and 1-4) 
0 = slope of enthalpy line on psychometric chart 
11 =heat of condensation of water [kJ/kg] 
Qst = isosteric heat of adsorption [kJ/kg] 

The Qst for ACP goes nearly 2500 kJ/kg at maximum, 
which means (/)* = 0. 9 (/) so the ACP can track the ideal 
dehumidification process by following the isenthalpic 
process line. It means the thermodynamic 
dehumidification by ACP will not be so different from 
the silica-gel. For simple representation on psychometric 



Table 2 Estimated parameters of adsorption models for each adsorbent. 

Adsorption model Parameters Silica-gel ACP ACF 

P/P0 range 0.20-0.75 0.20-0.80 0.25-0.90 

Brunauer-Emmett-
~1 [kg/kg] 0.1054 -0.1294 0.47 

Teller (BET) model ~2[-] -30.488 -0.1267 0.0586 
R2 0.836 0.88 0.65 
E(%) 22.65 17.45 42.49 
PIP orange 0.20-0.75 0.20-0.90 0.25-0.90 

Guggenhein. ~1 [kg/kg] 0.361 2884.42 1.671 
Anderson, De-Boer ~ [-] 0.46 8.07E-6 0.046 

(GAB) model ~3[-] 4.4343 0.9812 0.883 
E(%) 4.42 25.87 75.69 
P/P0 range 0.20-0.75 0.20-0.90 0.15-0.90 
~1 [-] 0.2447 0.050 0.0421 

Oswinmodel ~2[-] 0.5209 1.6656 1.7761 
R2 0.90 0.986 0.883 
E(%) 14.59 20.55 87.78 
PIP0 range 0.20-0.75 0.20-0.90 0.15-0.90 
~1 [-] 0.5404 0.999 1.193 

Freundlich model ~2 [-] 0.9895 0.287 0.2502 
R2 0.971 0.937 0.98 
E(%) 7.64 48.09 23.69 
P/P0 range 0.20-0.75 0.20-0.90 0.15-0.90 
~1[-] 0.5059 0.0612 0.895 

Pelegmodel 
~2 [-] 0.02161 2.3233 0.493 
~3 [-] 0.8844 5.5195 4.333 
~4 [-] 58.7876 6.077 4.226 
E(%) 7.33 39.99 20.27 
PIP0 range 0.20-0.75 0.50-0.90 0.45-0.90 
X.,[ kg/kg] 0.4244 2.02 0.576 

Dubinin-Astakhov E [ kJ/kg] 184.202 28.57 68.484 
(D-A)model n [-] 1.50 1.20 2.30 

R2 0.994 0.999 0.989 
E(%) 5.21 3.48 4.95 

the following relationship. 

(~X) (Xt-X2 ) 
MFA-A = uw iJ.RH = wz- wt ilRH (12) 

chart, the dehumidification lines (1-2 and 1-4) are plotted 
as isenthalpic lines. It looks that silica-gel is producing 
deep dehumidification but the mass flow rate for the 
silica-gel is lower as compared to ACP for same amount 
of adsorbent hence producing the same return air 
conditions (point 1 ). Fig. 4 shows that the ACP can be 
regenerated at lower regeneration temperature (T 1) by 
employing higher regeneration-air humidity as compared 
to silica-gel which results in (T2). It can be seen from Fig. 
2 that the CBAs enabled 2-3 times higher moisture 
sorption ability at higher PIP o or RH as compared to 
silica-gel. It means that ACP will give more 
dehumidification if the same amount of adsorbents is 
functioned at regeneration temperature T 1• Silica-gel can 
accommodate the adsorption deficiency by 
dehumidifying at lower RH but it will require a higher 
regeneration temperature (T2). The adsorbent-to-air mass 
fraction (MF A-.0 for each adsorbent can be identified by 

Where, MFA-A= adsorbent-air mass fraction [g.w/kgnA] 
wh w2 =adsorption uptakes (gmdgada] 
X1. X2= humidity ratios [gmo/kgoAl 

The effect of regeneration temperature on MFA-A is 
shown in Fig. 5. The MFA-A and heating energy (Q) 
increases with the increase in regeneration temperature 
for each adsorbent. The MFA-A for ACP is found quite 
low as compared to silica gel which ensures a promising 
system size. For certain air amount, the ACP can 
dehumidify the air by utilizing 3-6 times less adsorbent 
mass as compared to silica-gel. This ability starts 
decreasing with the increase in regeneration temperature. 
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Fig. 4 Psychometric comparison of dehumidification by 
ACP and silica-gel for greenhouse 
air-conditioning. 

It is clear that silica-gel can give deep dehumidification 
as compared to ACP but it is not essential in greenhouse. 
The pre-cooling of the ACP before dehumidification can 
also be used as an asset to obtain lower absolute 
humidity and dew point temperature. Due to this ability 
CBAs can be the potential candidates for coupling with 
evaporative cooling and hybrid DAC systems. 

4. Conclusion 

Adsorption of water vapors onto silica-gel and two 
types of carbon based adsorbents (CBAs) has been 
experimentally investigated for greenhouse 
air-conditioning (AC) application. The CBAs enabled 
2-3 times higher water vapor adsorption amount as 
compared to silica-gel. The experimental data of water 
vapor adsorption is analyzed for various adsorption 
models. The Dubinin-Astak:hov (D-A) and Guggenhein, 
Anderson, De-Boer (GAB) adsorption models gave the 
good fitting results for CBAs and silica-gel respectively 
with an error of less than 5%. The CBAs dehumidify the 
greenhouse air by utilizing 3-6 times less adsorbent mass 
as compared to silica-gel and this ability starts 
decreasing with the increase in regeneration temperature. 
The lower adsorbent-air mass fractions of CBAs also 
ensure the optimum system size for greenhouse AC. The 
net isosteric heat of adsorption of CBAs does not 
extremely effect on dehumidification performance of 
CBAs. In comparison with silica-gel, the CBAs required 
relatively low regeneration temperature for greenhouse 
dehumidification which gives an opportunity to utilize 
low grade waste heat and renewable energy sources. 
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