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Abstract: Activated carbon was produced from powdered Raphia palm nut endocarp (REAC) using H3PO4 and CaCl2 

as activators before carbonization, and the responses studied to investigate its suitability for solid adsorption 

refrigeration applications. Temperature, resident time, concentration, and impregnation ratio, were the parameters used 

and ash content, carbon yield and surface area were the responses. The effect of preparation sequence was evaluated. 

The efficiency of the activated carbon on the adsorption of methanol was investigated an experimental rig. 100 g of 

sample was carbonized at 200, 400 and 600 oC, and the carbonized samples were used for solid adsorption 

refrigeration to determine the optimum carbonization temperature. Carbonization times (30, 60, 90, and 120 minutes), 

activating agent concentrations (25, 50, 75 and 100 %) and impregnation ratios (1:1, 1:2, 1:3, and 1:4 precursor to 

activating agents) at the optimum temperature were used to determine the optimum resident time, concentration and 

impregnation ratio. The results revealed that H3PO4 activated samples at optimum conditions of 500˚C temperature, 50 

% concentration, 60 minutes resident time and 4 ml/g impregnation ratio yielded better response with low percentage 

of ash content (2.25 %), high carbon yield (73.63 %) and large surface area (2857.51 m2/g) activated carbon were 

obtained at the optimum conditions. The adsorbing efficiencies of the carbons prepared through activation with H3PO4 

achieved 0.084 and 14.5 of Coefficient of Performance (COP) and Specific Cooling Power (SCP) respectively. The 

results indicated that the carbon is activation before carbonization is well suited solid adsorption refrigeration 

applications. 

Keywords: Activated carbon, adsorption refrigeration, Carbonization temperature, Coefficient of performance, 

Impregnation ratio, Resident time. 

 

1. INTRODUCTION 
Activated  carbon  (AC)  is  a  generic  term  for  a  family  of  highly  carbonaceous  materials  [1-5]. It is perhaps one of the 

most  important  types  of  industrial  carbon  materials  and  is  prepared  by  carbonization  and physical or chemical activation  

of  a  large  number  of  raw  materials  of  organic  origin  such  as  wood,  coal,  and  lignite [6-10]. Characteristics of AC 

depend on the physical and chemical properties of the raw materials as well as method of activation [11-14].  The  carbonization  

process  enriches  the  carbon  content  and  creates  an  initial  porosity  in  the char  while  activation  further  develops  the  

porosity  and  creates  some  array  of  the  structure, thereby generating a highly porous solid as the final product [15-19]. One 

major advantage of naturally occurring organic substances as precursors for activated carbon is the possibility of producing a 

high-quality activated carbon with high percent yield when processed. This is actually impossible in the case of agricultural by-

products because most of the biomass wastes have lower carbon content compared to the fossils fuel sources [20-24]. Industrially 

however, the cheap cost of raw material gives more significant impact as compared to the yield percent obtained. There have 

been significant increase  technology requiring  the  use  of  activated  carbons  in  a  wide  range  of  applications involving  

adsorption [25-29], with a corresponding increase in demand for adsorbents. Consequently, locally available carbonaceous 

materials have proven worthy for producing ACs.  In  search  of  alternative  sources  and  cheaper  carbons,  agro  wastes  with 

average carbon content of 35 % have attracted the interest [2, 6, 16, 30]. 

Addressing climate change requires many solutions, with many of these solutions existing and centring on humans 

shifting the way of generating and consuming energy. The critical measures span through technologies that encourage less 

waste and smarter use of resources. Improvements to energy efficiency and pricing carbon are potent ways of reducing the 

quantity of carbon dioxide and other gases trapping heat on the planet. The exploitation of renewable energy offers a lot of 

outstanding benefits. A sustainable energy system may be regarded as a cost-efficient, reliable and environmentally one that 

effectively exploits local resources and production schemes [28, 31]. 

Thermally driven adsorption cooling cycles, popularly referred to as vapour adsorption refrigeration systems can be driven by 

low energy sources, such as industrial waste heat, solar systems etc. Apart from this, the system is relatively simple to construct, 

as it has no major moving parts. However, the heat source temperature can be further reduced as low as 50 °C [32-36].  

AC is a proven and suitable adsorbent for solid adsorption refrigeration system when paired with an appropriate refrigerant. 

A challenge in activated carbon is to produce very specific carbons which are suitable for certain application. The most important 

characteristics of an activated carbon are the adsorption capacity and thermal conductivity which are highly influenced by source 



 

 

materials and preparation conditions [37-42]. Thermal conductivity of adsorbent plays an important role towards improved 

performance of Adsorption Refrigeration System (ARS) in terms of Coefficient of Performance (COP) and Specific Cooling 

Point (SCP). The major challenge of activated carbon pair with refrigerant for ARS is poor thermal conductivity of the adsorbent 

that is usually close to those of insulation materials. Thermal conductivity of activated carbon is largely dependent on source 

material and activation conditions. These activation conditions directly influence the physical properties of the activated carbon. 

The activation conditions could be evaluated to obtain best production parameters for activated carbon that will be suitable for 

solid Adsorption Refrigeration System [43-46]. 

Activated carbon-methanol is one of the most promising working pairs in practical systems because of its large adsorption 

quantity and low adsorption heat (1800 to 2000 kJ/kg). Low adsorption heat is beneficial to the system’s COP because the 

majority of heat consumption in the desorption phase is the adsorption heat. Another advantage of activated carbon-methanol is 

low desorption temperature (about 100 °C), which is within a suitable temperature range for using solar energy as a heat source 

[47-49]. Thus, the exploration of functional carbonaceous adsorbent materials such as Raffia endocarp activated carbon (REAC) 

paired with methanol for adsorption cooling/refrigeration applications could be beneficial in terms of COP [50]. 

Raphia palm is an evergreen palm with an un-branched stem up to 10 m tall topped by a crown of erect large leaves up to 12 

m long each. The oily mesocarp is a laxative with stomachic properties and is used in traditional medicine and as an ointment for 

pains. In Nigeria, Raphia palms grow wild in the lowland forest region and swamps of the South as well as river courses of the 

Savannah region of the North. The economic importance of Raphia Africana fruits includes its oil which can be used for cooking 

and making of confectionery, the mature and ripe fruit served as food for coastal people of Katsina Ala local government of 

Benue state, Nigeria. It is also reported that the fruit contains plant growth regulators such as auxins, cytokinins, ethylene, 

gibberellins and other chemicals which can be used in tissue culture and also to stupefy fish [50-53]. 

Not many studies have been reported on converting Raphia nut endocarp into activated carbon for the purpose of adsorption 

refrigeration system experimentation. Akpen et al. [51] produced AC carbon from raffia nut for the purpose of coloring removal 

from waste water using chemical activation with ZnCl2. They concluded that the best procedure for preparation is activation 

before carbonization. Elizalde et al. [52] produced AC from three source such as Guava seed, Avocado kernel and used 

commercial AC for removal of gadolinium-based contrast agents, chemical activation was used and a proposed method for 

elimination of GBCA from patient urine before its discharge into wastewater was arrived at. Kwaghger et al. [54] produced AC 

from Mango kernels and compared the isotherms for it with those of commercial activated carbon. Abdulrazak et al. [55] 

produced AC from African palm fruit for removal of heavy metals that have several components constituting high level of 

pollution to the environment. Pathania et al. [56] developed AC from Ficus Carica bast (FCBAC) using chemical activation for 

the purpose of methylene blue (MB) uptake by the FCBAC. A challenge in AC production is to produce very specific carbons 

which are suitable for certain applications. The most important characteristics of an activated carbon is its adsorption capacity 

which is highly influenced by the preparation conditions [57, 58].  

At present, there is limited local technology available in the country for the preparation processing of activated carbons for 

adsorption refrigeration applications. Nigeria is among the world leaders in agriculture production. However, much of our 

produce goes waste due to absence of storage facilities like refrigeration system in the rural area where this production takes 

place. The solution to this problem lies in researching into the feasibility or otherwise of using local raw materials to develop 

adsorbents for adsorption cooling systems, which are much cheaper, simpler and easier to maintain. Raffia palm endocarp which 

are in abundance in some parts of Nigeria, most especially in Benue State in the North central part of the country have not been 

investigated as possible precursor for the production of activated carbons for solid adsorption refrigeration. Raffia palm endocarp 

is choosing for this study because of one important common ground about adsorbent from agricultural by-product which is the 

fact that they are waste by-product that always constitute disposal problem. Another advantage of this adsorbent production 

technique is the use of waste to preserve another agricultural product hence resulting to environmental sustainability, especially 

for the coastal part of Nigeria where the product is available in abundance and agriculture is the main economic activity [31]. The 

transformation of agricultural wastes into valuable end products may help to increase crop yields, create jobs and reduce solid 

waste disposal problems [32].  

In the present study, the possibility of using Raphia nut endocarp as adsorbent source was explored using chemical activation 

and the best production parameters required to obtain adequate activated carbon with suitable properties in terms of carbon yield, 

surface area and ash content were also explored. The AC produced with the desired characteristics was compared with the 

commercial activated carbon through experimental test in an experimental rig to determine cooling effect/Specific Cooling Power 

(SCP) and Coefficient of Performance (COP). 

 

MATERIALS AND METHODS 
Matured Raphia palm nuts were collected from fresh water swamp forest of Shitile district of Katsina Ala local government 

area of Benue State. Samples were processed according to the procedure adopted by Walhof [59]. The sample fruit pericarp, 

mesocarp and endocarp were separated after which the endocarps were sun-dried for two weeks and then crushed with a 3 Hp nut 

cracker mill. The particles were sun-dried again for 5 hours to remove any residual moisture and sieved using sieve size of 600 



 

 

µm (6 mm) for further experimentation. Figure 1(a) shows the samples before impregnation for 24 hours. After impregnation, the 

samples were carbonized in a Carbolite- Model-GPC 12/81+103 furnace, rinsed, dried and crushed to obtain the desired particles 

that were passed through the sieve size of 300 µm (3 mm). The samples were stored in a moisture free container for further 

experimentation [60] as shown in Figure 1(b). 

 

  
Fig. 1. (a) Sieved Samples Prepared for Chemical Impregnations and (b) Samples of Produced Activated Carbon Stored Against Moisture. 

 
Two activating agents, phosphoric acid (H3PO4) and calcium chloride (CaCl2), were used to treat the Raphia nut seed prior to 

pyrolysis to further improve the porous properties of the AC. They were prepared in concentrations of 25, 50, 75 and 100 % to 

evaluate their effects, among other parameters, on the properties of the AC. H3PO4 was chosen as one of the reagents because of 

its ability to increase carbon content and reduce hydrogen and oxygen contents from carbon materials. The higher the 

concentration of H3PO4, the lower the hydrogen and oxygen content and the higher the carbon yield [61]. Kwaghger et al. [33] 

found that CaCl2 generated better result than other reagents used for chemical activation of activated carbon from mango kernels 

which prompted its choice as the second activating agent for this study. 

H3PO4 was prepared in four different concentrations of 25, 50, 75 and 100 % using distilled water. 25, 50 and 75 ml of the 

acid were added to 75, 50 and 25 ml of distilled water to obtain 25, 50 and 75 % by volume concentrations of acid activating 

agent. For 100 % volume concentration, no distilled water was added. In preparing the CaCl2 into the concentrations studied, 25, 

50, 75 and 100 g of the anhydrous salts were each added to 100 ml of distilled water to obtain 25, 50, 75 and 100 % concentration 

of the salt activating agent. 

Four production parameters which are carbonization temperature, concentration of the activating agent, impregnation ratio of 

activating agent to Raphia fruit endocarp sample and resident time were studied because of their significance to the ash content, 

surface area and carbon yield [28]. Optimization with mathematical and statistical package (IBM SPSS Statistics Data Editor 

(Software) Version 23 and Excel Solver 2010) were applied in this work to study the effect of variables on ash content, carbon 

yield and surface area of the prepared ACs. This method is suitable for fitting a quadratic surface and it helped to optimize the 

effective parameters with a minimum number of experiments as well as analyze the interaction between parameters [58, 62]. 

Moisture content, ash content, bulk density, carbon yield and surface area were calculated using relevant equations based on 

proximate analysis of the product and relevant literature reviewed for the prepared AC. The moisture content was determined 

according to ASTM 2867-99. The weight of a dried crucible was recorded as W1. Then 3 g of the sample was weighed into a pre-

weighed crucible and the weight of both of the sample and the crucible was also recorded as W2. The sample was dried at 115 °C 

in an electric oven with the crucible left opened in the oven for 2 hours, 2 minutes and the weights were recorded after the 

samples were allowed to cool until a constant weight was obtained. The moisture content was computed using equation 1 [63].  

                      
     

  
                                                            

 

      The Ash content was determined according to the ASTM D2866-94. The crucibles used were washed, dried in an oven and 

cooled in a desiccator. The weight of each crucible was recorded as W1. Then 2 g of the sample was measured into the pre-

weighed crucible and the weight of both the sample and the crucible were recorded as W2. The sample was then heated at a 

temperature of about 750 °C in a muffle furnace with the crucible left opened for 58 minutes. It was then removed from the 

furnace, allowed to cool and the weight of the sample and the crucible after ash was recorded as W3. The ash content for the 

sample was calculated using equation 2 [64].  

                 
     

     
                                                                      

where W1 = weight of the empty crucible, W2 = weight of crucible + sample before heating, and W3 = weight of crucible + sample 

after heating.  
The bulk density was determined by steeping 3 g of uncarbonized sample into a 10 ml measuring cylinder which was then 

tapped on a table until it occupied a minimum volume.  The apparent volume was taken at the nearest graduated unit. The bulk 

density was calculated in g/ml using equation 3.  



 

 

                 
     

 
                                                                                           

where M1 = mass of the empty measuring cylinder in grams, M2 = mass of measuring cylinder + its contents, and V = volume of 

the measuring cylinder in litres. 
The pH was determined using the following procedure. 1 g of carbonized carbon of the shell sample was measured into a 

conical flask and 100 ml distilled water was mixed with it. The mixture was vigorously agitated for an hour and then filtered. The 

pH of the filtrate was recorded using a pH meter [65].  

The  carbon  yield  was  determined  after  sample  processing  in  terms  of  raw  material  mass.  The dried weight, Wca (g) 

of each pre-treated sample was determined using a Mettler balance and the carbon yield calculated using equation 4. 

                  
  

   
                                                                                

Wf    dry weight of REAC and Wca (g) = pre-treated sample used in the carbonization and activation processes.   

The diameter assuming spherical shape of the REAC was obtained by passing the crushed carbon through sieve size of 3 mm 

and the external surface area was calculated using equation 5 [30]. 

             
        

    
                                                                             

where Bd    particle bulk density and Pd   the particle diameter. 

Figure 2 shows a picture of the experimental rig for the solid adsorption refrigeration system. The design was done according 

to the procedure adopted by Kwaghger et al. [32] with some modifications in a view of achieving desired objectives. The system 

incorporates a combined one each of adsorber/generator, and a condenser, a control (capillary tube) and one evaporator 

integrating measuring devices for temperature and pressure. The experimental set up consists of two vessels, a spiral piped air 

cooled condenser, a vertical tube for conveying refrigerant vapour, 2 pressure gauges, 1 thermocouple,  one control valves, 3 m 

length of high temperature fluid pipe (HTF) and an electric kettle. One vessel with implant of corrugated pipe wrapped with wire 

gauze acts as a combined adsorber/generator while the other vessel with coiled bundle of pipe served as an evaporator/receiver 

for storing the condensed methanol. During generation, the liquid refrigerant (methanol) was released from the AC as vapour and 

was condensed in the condenser tubes before metered by the capillary tube to the evaporator/receiver. Heating of high 

temperature fluid was achieved by the use of electric kettle filled with water as shown in Figure 1. 

In order to improve the thermal conductivity of the adsorbent and enhancing the heat transfer properties of the bed, the 

adsorbent materials (REAC) was consolidated by compressing it mechanically into the shell. Additionally, a highly conductive 

compound (cerabol) and aluminum strips were incorporated in the adsorbent bed to further enhance the heat transfer within the 

adsorber shell. The evaporator is lagged with fibre glass and elastomeric thermal insulator (amarflex) to retard heat gain and 

control condensation drip from chilled water from the refrigeration system. Lagging of receiver/evaporator also guaranteed 

sustainable thermal efficiency. 

The response of the control device was monitored by a counting down time switch calibrated in 12 hours. A fast response 

metering instrument (clinical thermometer, pressure gauge, and thermocouple) was used to measure the operating condition of 

the system. All modifications were aimed at enhancing accuracy of the readings. A capillary tube expansion device was 

employed as a refrigerant control device for the constructed test rig. The rig was used for determination of adsorption capacity of 

the activated carbon-methanol pair, refrigeration effect, and the COP. The system is capable of operating at temperature and 

pressure in the ranges of 25 - 120 °C and 0.5 - 7 bar respectively. 

The leakages that may undermine the effectiveness of the system due to the thermal stresses were prevented by proper 

construction. A leakage testing procedure to ensure that change in atmospheric pressure does not affect methanol leakage at it is 

sensitive to changes in atmospheric pressure was carried out. 

According to the Holdridge life zone system of bioclimatic classification, Makurdi is situated in or near the tropical dry forest 

biome and as such has average temperature of 27.6 °C. Condensing temperature of 28 oC was then selected as the average 

ambient temperature for the air cooled condenser for a typical Makurdi weather condition. The corresponding saturated pressure 

at this temperature was 0.17 bars [32]. 

Two similar vessels of aluminum were used as the adsorber/generator and evaporator/ receiver. They have maximum 

capacity of 2 liters to accommodate activated carbon- methanol, high temperature fluid pipe (hot water pipe) and desorbed 

methanol respectively. Weighing the evaporator/ receiver at the beginning and end of each test run gave the mass of methanol 

generated.  

The generating temperature was between 100 to 120 oC and the corresponding pressure was 6.39 bars. Decomposition of 

methanol into other compounds such as diethyl ether occurs above the chosen temperature range. The vessels internal diameter, 

d, was chosen to be 100 mm. The minimum tensile strength of the aluminum alloy used,   was 90 MPa [32].The wall thickness, 

t, was calculated from equation 6. 

   
     

      
 

  
                                                                                                         

where,    Tensile strength of material, D = outer diameter, d = internal diameter and P = system pressure.  



 

 

From the calculated value t, the vessels outer diameter was to be 101 mm. Due to the difficulty in casting the vessel with this 

thickness, an outer diameter of 105 mm was selected giving the vessel a thickness of 5 mm. The capacity of the vessels was to be 

2 liters (2000000 mm3). So the height, h of the vessels was calculated using equation 7 from which h = 254 mm. 

   
    

 
                                                                                                                    

A height of 255 mm was used and a rubber O-ring of diameter 100 mm was incorporated in the generator cover to make it air-

tight. The same dimensions were used for the evaporator/receiver. 

 
Fig. 2. Picture of the Experimental Rig for Solid Adsorption system 

Assuming the maximum amount of methanol to be condensed as 50 g and a condensing time of 120 minutes, and the other 

operating conditions used were generating pressure = 6.39 bars, generating temperature = 120 oC, condensing temperature = 28 
oC, mean ambient room temperature = 25 oC, tube internal diameter = 3.0 mm and tube external diameter = 6.35 mm. The mass 

flow rate of methanol, m was calculated as 6.944   10-6 kg/s from   
     

    
 b. 

Literature suggests that both steel and copper are compatible with methanol for tubing. Copper tube was thus selected due to 

its low cost and availability. Estimating the length of the condenser tube requires considering the condenser as a heat exchanger 

with hot fluid flows inside and a fluid of constant temperature (air) flowing outside it. A counter flow heat exchanger situation 

was assumed. The rate of heat loss from the fluid, Q was calculated from equation 8. 

              
       

   
   

   
 

                                                                      

where U = overall heat transfer coefficient, A = cross- sectional area of condenser pipe, 

            
                         

   
          

          
 

, Thin = methanol inlet temperature (120 oC), Thout = methanol outlet temperature (28 

oC), Tcin= ambient air temperature at inlet section (25 oC) and Tcout = ambient air temperature at outlet section (25 oC). 

On the inside of the tube, heat transfer is by convection. The fluid properties change with changes in temperature but 

effective values could be estimated at arithmetic mean temperature,     of the methanol. Thus,     
      

 
     . The pipe 

cross sectional area was calculated from the equation,      

   to be            . 



 

 

Reynolds number was calculated from equation 9, with the viscosity at 78 °C (351 K),                    to be 

10.51. 

   
  

  
                                                                                                                

Hence, the flow was laminar. Assuming the flow was fully developed, it has constant heat flux along the axial part of the wall 

and the pipe being circular then, the Nusselt number was constant to be 3.66 based on the aforementioned assumptions [66]. Then 

from equation 10, the convective heat transfer for methanol hm can then be computed. 

   
   

  
                                                                                                                  

The thermal conductivity of methanol, km at 78 oC is 0.1864 W/moC from where hm =            . 

The heat transfer in the case of condensation at the outside wall of the condenser to ambient air was basically by free 

convection. For a horizontal pipe, equation 11 is applicable.  

     
          

 

                                                                                      

where, Gr = Grashof number, Pr = Prandtl number, a = acceleration due to gravity, β = temperature coefficient of thermal 

conductivity  given as    
  , Tm = temperature of methanol in tube, Ta = ambient temperature, d = diameter of tube and ν = 

kinematic viscosity and                                    and    
                    . At this 

temperature, properties of air are          and                    It follows that               . Now,    
       

 . The values of C and m are 0.53 and 0.25 respectively (Holman, 1979). So that          .    was also calculated 

from equation 12, from which,    
   

 
 .  

   
  

  
                                                                                                                      

 

The thermal conductivity,    for air at 299.5 K is            , so that              . 

The thermal resistance of aluminum wall material was neglected because of its high thermal conductivity. The overall heat 

transfer coefficient was calculated from equation13 to be            K. 

 

 
 

 

  
 

 

    
                                                                                                         

The heat to be extracted from the hot methanol to cool from 120 oC to 28 oC was calculated from equations 14, 15 and 16. 

                    (14) 

                            
 

       
                                                                                                          

 

                    (16) 

where l is the length of condenser tube   
 

         
,                  and                 Hence, the length of the 

tube, l was 1.96 m. 

For methanol condensing at 28 oC, assuming laminar flow of condensate and that condensation was essentially film-wise. For 

a vertical tube, the Nusselt number was calculated from equation 17. 

          
  
                          

      
 

 
  

                                 

The thermo physical properties of methanol at 301 K (28 oC) used were    = liquid density (783.9      ),    = vapour 

density (0.329     ),    = specific heat of methanol (1161.5      ),   = liquid kinematic viscosity (401          ),   = 

heat capacity (2.554       ) and   = thermal conductivity (0.193     ). Thus, the condensing length wasl2 = 7.688 mm. 

This implies that the condensing length was very small compared with the cooling length; a condensing length of 2 m was used.  

The result of predictive equation derived from equation 18 as below is depicted in table 9, this is used to compare R2 value 

for the treatment of samples with the activating agents (CaCl2 and H3PO4). 

                                                  
                                      

                                                       (18) 
The accomplishment of an adsorption/desorption refrigeration cycle relies upon the nature of the AC utilized. Also, 

performance declination can be attributed to the loss of vacuum in the system. The sensible heat of both the generator and the 

adsorbent was not to exceed 100 oC, as excessive heating would result in the decomposition of the methanol to dimethylether 

[67].To achieve this, the test rig was first pressurized by pumping through the vacuum valve/gauge to detect leakages. After this 

procedure, the system was evacuated through the same vacuum valve during which all other valves were opened. After 

evacuating the system, the valve was shut for the rest of the experiment. The vacuum pressure was recorded using the vacuum 



 

 

pressure gauge. In order to further analyze the characteristics of the REAC, it was necessary to measure desorption and 

adsorption characteristics of REAC- methanol pair and compare with the behavior with commercial activated carbon (CAC) - 

methanol pair  known to be a suitable adsorbent, measure the refrigeration effect (or the cooling effect) and the COP [68].  

As seen in Figure 3, the generator of mass 2300 g, embedded with corrugated high temperature fluid pipe, was filled with 250 

g of AC and 250 g of methanol in the first instance (masses of both REAC and CAC were later varied). The water was heated 

using electric kettle with variable heat input control. Assuming full flow through the high temperature fluid pipe (HTF), the 

energy in the hot water flowing through the pipe increases the temperature and pressure of the system. During the refrigerant 

generation process (generator heated) the appropriate valves were also closed and then opened when the system pressure reached 

the condenser pressure and heating continued at that pressure till the concentration of the adsorbent reach the minimum level. 

As heat was added, the increase in temperature of the generator and the weight of methanol generated were recorded at 15 

minutes intervals. When the pressure of methanol in the generator reached desorption pressure, coinciding with increase in the 

receiver mass, the valve connecting the generator to the condenser was then opened for the methanol vapour to escape and be 

condensed. The desorbed refrigerant vapour then flows through the air cooled condenser pipe. The valves connecting the 

condenser to the control device (capillary tube) and evaporator/ receiver containing cooling coils were then opened to admit. The 

process continued until the temperature of the adsorbent reached the desorption temperature of about 100 oC. The valves 

connecting the evaporator/receiver to the capillary tube and condensing pipe were then shut and that of the methanol vapour 

return line opened to allow the pressure of methanol drop. When the temperature of the adsorbent in the generator as well as the 

pressure of the methanol in the evaporator dropped, the adsorbent re-adsorbed the refrigerant. The system is intermittent as two 

or more adsorbers are required to make it continuous. For this reason, the adsorber needed to be cooled down to evaporator 

pressure for the purpose of re-adsorption of desorbed methanol. This was achieved by closing hot water inlet valve and opening 

of cool water inlet valve to run through the HTF.  During the return cycle, the weight loss of the refrigerant as it evaporates, 

temperatures at generator and evaporator were measured every 30 minutes [47]. The cooling effect was obtained from refrigerant 

evaporation during the adsorption process as the temperature dropped. The produced REAC and the CAC were subjected through 

this experimental procedure with the mass of the REAC and CAC adjusted (250, 200, 150, and 100 g) to give initial adsorbent 

capacity of 1, 0.8, 0.6 and 0.4 g/g respectively. 

Desorption and adsorption characteristics of REAC and CAC were analyzed and the cooling effect compared. Usually, the 

desirable characteristics of any cooling device are described by its cooling effect, the COP and its ability to exhibit desorption 

and adsorption equilibrium. The COP was calculated from the expressions in equations 18 - 20. The refrigeration effect is the 

difference between the initial temperature of water in the evaporator/ receiver and the temperature at the end of the adsorption 

process at the evaporator/ receiver [32, 46, 68]. According to Li et al. [44], equilibrium is established when the quantity of 

refrigerant desorbed equals the quantity re-adsorbed.  

    
  

   
                                                                                                      

where the useful cooling of adsorbent,    and the heating output per kilogram of adsorbent,    were calculated from equations 

19 and 20 respectively. 

                          (19) 

                  (20) 

The sensible heat,      in equation 20, can be calculated from equation 21. 

                       (21) 

IBM SPSS statistic 23 (2015 version) software package was used to analyze the results. It is a collection of mathematical and 

statistical techniques that are useful for modeling and analyzing problems in which a response of interest is influenced by several 

variables [69, 70]. 

The effect of preparation variables temperature, concentration, impregnation ratio and resident time on surface area, carbon 

yield and ash content of the produced AC were investigated. ANOVA at 95 % confidence level was used to identify which 

factor(s) or their interactions in the models were significantly contributing to obtaining a particular response. Excel 2010 solver 

for Response Optimizer was used to determine the right settings for optimal results. GRG (generalize Reduced Gradient) design 

was adopted because the regression equation of best fit was non-linear. Local optimum solution was found. The value of model 

terms where P-value is less than 0.05 or where F-value is greater than F-critical indicates that the model terms were significant 

and there is synergetic relationship between the factors. Checking the adequacy of the model is an important part of data analysis 

procedure, since it would result in poor or misleading results if the fit is inadequate. Cell mean plots were used to validate the 

ANOVA result for combinations of different factors on responses.   

Texture and surface properties of the adsorbents play an essential role in determining their performance and the final 

application of carbon materials. Characterization of REAC by Scanning electron microscopy was conducted to study its surface 

topography. Scanning Electron Microscope with high magnifications (BRUKER 125ev model) shown in Figure 3 was used to 

characterize surface properties of the REAC under optimized condition. 

 



 

 

 
Fig. 3. Scanning Electron Microscope (BRUKER 125ev) used for the SEM Analysis. 

 

RESULTS AND DISCUSSION 
Table 1 shows the phytochemical analysis of raffia nut endocarp carried out in the laboratory of department of agronomy, 

Federal University of Agriculture (now Joseph Sarwuan Tarka University), Makurdi. The results indicate the suitability of the 

material for AC production [10, 54]. 

The experimental response varied between 67.00 - 1.0 % ash content, 64.59 - 891.71 m2/g surface area and 38.10 - 78.90 % 

carbon yield for CaCl2, and 50.18 - 0.22 % ash content, 387.80 - 4000.0 m2/g surface area and 55.48 - 82.10 % carbon yield for 

H3PO4. These results were obtained at various temperatures (200, 400 and 600 °C), resident time (30, 60, 90 and 120 minutes), 

concentration (25, 50, 75 and 100 %) and impregnation ratio (1, 2, 3 and 4). The responses fall within acceptable range for 

adsorption application [4, 58]. In order to determine the best experimental conditions for maximum output of the REAC, the 

obtained results were further exploited using Excel 2010 solver response optimizer to determine which factor(s) or their 

interactions was significant or had greatest or least effect on the responses investigated, and at what point the variation of the 

studied variables will give maximum requirements of a good adsorbent. Table 2 show Spearman’s correlation table showing p-

values to test the effect of individual input parameters over the output parameters according to the treatment with the activating 

agents. P < 0.05 denotes significant effect. Table 3 shows spearman’s correlation to test of treatments on the outputs. 

 

Table 1. Phytochemical Analysis of Raffia Nut Endocarp 

Parameters Values 

Ash content (%) 2.74 

Moisture content (%) 10.24 

Crude Fibre (%) 23.28 

Crude Protein (%) 11.38 
Fat/Oil (%) 1.85 

 

Table 2. Spearman’s Correlation Showing p-values (0.5 level) to test the effect of input Parameters over the output Parameters based on treatment 

with the Activating Agents.  

 CaCl2 Activated  

Samples 

H3PO4 Activated 

Samples 

Combined  

Treatments 

 Ash SA CY Ash SA CY Ash SA CY 

T 0.706 0.3
41 

0.0
53 

0.92
8 

0.0
00 

0.50
5 

0.84
1 

0.00
0 

0.32
1 

C 0.672 0.0

00 

0.2

54 

0.79

5 

0.7

91 

0.00

7 

0.57

5 

0.13

6 

0.04

7 
Ti 0.000 0.0

00 

0.7

17 

0.99

5 

0.8

12 

0.00

0 

0.00

0 

0.00

0 

0.00

8 

R 0.768 0.7
56 

0.0
00 

0.79
2 

0.0
72 

0.97
5 

0.96
8 

0.72
0 

0.00
0 

 

Table 3. Spearman’s Correlation for Testing of Treatments on the outputs (p-values at 0.5 level of significance) 

 Ash 

Content 

Surface 

Area 

Carbon 

Yield 

Treatments 0.560 0.000 0.000 

 

The regression equations developed using code units for all the activating agents are presented in Table 4 for ash content, 

surface area and carbon yield with their correlation coefficient (R2). The R2 describes the amount, in percentage, of the total 

variation in the observed responses (ash content, surface area and carbon yield)  that was attributed to the experimental variables 

(temperature, carbonization time, impregnation ratio and concentration of activating agent) studied. The positive sign in front of 

all terms in the models indicates a synergistic effect, whereas negative sign indicates antagonistic effect (IBM SPSS statistic 23, 

2015 version). The ash content, surface area and carbon yield were utilized in the quadratic model according to the propositions 



 

 

of the software. The adequacy of the developed models was justified through the cell-mean-plot some of which are shown in 

Figures 5-18. 

The model equations for ash content are shown in Table 4 for CaCl2, H3PO4 and combined treatment. H3PO4 show very weak 

R2 value for ash content (  26 %), indicating that only 26 % of the variation in ash content was explained by the model for 

H3PO4. For CaCl2, resident time and impregnation ratio had antagonistic effect on the ash content while temperature and 

concentration had synergistic effect on the ash content. This was because resident time and impregnation ratio have negative 

coefficient while temperature and concentration have positive coefficient. The highest effect was from resident time with a 

coefficient of +1.445 for H3PO4, and only concentration had synergistic effect on ash content. Temperature, resident time and 

impregnation ratio had antagonistic effect on the ash content of the REAC. Here also, of the studied factors, combined treatment 

had the highest contribution to the ash content with a coefficient of +1.085   107. The R2 value for CaCl2 was however higher 

(66.5 %). Time and concentration were the independent variables that had significant contributions to ash content of all the 

studied factors using CaCl2. However, impregnation ratio and concentration have synergistic contribution to ash content. 

Impregnation ratio was the highest factor contributing to the ash content with a coefficient of -2.304. The studied factors however 

contributed more than their interaction. This could be why higher R2 values were observed for CaCl2. The low R2 value of 26 % 

for H3PO4 could be due to the fact that the ANOVA for ash content of these activating agents indicate that most of the studied 

parameters were significant to the ash content of the REAC. For H3PO4, temperature and concentration were significant with p - 

values of 0.001 and 0.005 respectively. The contribution of the quadratic effect of temperature was negative for H3PO4 and 

positive for CaCl2. This observation could be due to the fact that H3PO4 have very poor ash reducing ability while CaCl2 is 

generally good in that [4]. 

 

Table 4. Predictive Equations for Ash Content, Surface Area and Carbon Yield for CaCl2 and H3PO4. 

Parameters Activation 

Method 

Linear Models R2 

Ash 

Content 

CaCl2                                  

                            
         

   

0.665 

 H3PO4                                    

                            
 
 

            
         

             
   

0.255 

 Combined 
Treatment 

                             

                    
         

         
   

0.236 

Surface 

area 

CaCl2                                   

                             
 
 

                 
         

             
   

0.275 

 H3PO4                                

                       
        

         
   

0.599 

 Combined 

Treatment 
                                         

                 
         

 
 

                      
         

   

0.685 

Carbon 
yield 

CaCl2                                

                     
          

          
   

0.528 

 H3PO4                          

                        
  

0.258 

 Combined 

treatment 
                                          

                            
  

                      
   

0.541 

              ;                 ;        ;         ;              

 
The model equations for surface area for the two activating agents are also shown in Table 4. The R2 values for surface area 

of the studied activating agents were in the range of 28-68%. H3PO4 had the highest R2 value of 68.5 %. From the Table 5, the t-

Test of difference between the measured outputs according to treatment with CaCl2 and H3PO4, all the studied variables 

significantly contributed to the surface area of the REAC, since all studied factors have p-values > 0.05. For H3PO4, 

Impregnation ratio had the highest effect and synergistic on the surface area with a coefficient of 86.46. Impregnation ratio was 

also reported to be a dominant factor responsible for surface area. The effects of concentration, resident time, and impregnation 

ratio were however synergistic while temperature remains the only factor with antagonistic effect. The model equation for CaCl2, 

suggested that all the studied factors had antagonistic effect on the surface area than their interaction with concentration having 

the highest effect on the surface area with a coefficient of -5.45. This observation was consistent with those of Yorgum and 

Yildiz [71] and Shamsuddin et al. [72].  

The model equation for carbon yield for the activating agents used are shown in Table 4. The R2 values for the models 

equations for carbon yield range from 26 to 54 %. The model for CaCl2 suggests that impregnation ratio was the highest factor 



 

 

contributing to the carbon yield with a coefficient of 4.089. All the factors apart from resident time had synergistic effect on the 

carbon yield. The effect of resident time suggests that as the resident time of CaCl2 increases, the carbon yield decrease. The R2 

value was 53 % which was better than H3PO4 (26 %). All the independent variables studied had effect on the carbon content of 

the REAC. All variables studied had effect on the carbon content of the REAC and synergistic to the carbon yield as observed 

with H3PO4. Also, impregnation ratio had dominant effect on the carbon yield. Tan et al. [57] reported that temperature had a 

highly negative influence on the carbon yield compared with other factors, reporting an R2 value of 95.7 %. The discrepancies 

observed could be due to the type of activating agent used and the nature of the activation used.  

The ANOVA for ash content using H3PO4 suggests that concentration and temperature played decisive roles in the ash 

content of REAC (F- value   171.21215). This observation was noted both at the linear and quadratic levels of the model (p-

values of 0.000 and 0.000 respectively), that the p-values for concentration and temperature were 0.000 and 0.048 respectively. 

The interaction terms in the model were also significant. The interaction effect between temperature and concentration was 

observed to be highly significant (p-value of 0.000 < 0.05) as well as that of temperature and time with p-values of 0.000. This 

observation indicates that the effect of temperature on ash content was due to the concentration of H3PO4 as well as the resident 

time.  

 

Table 5. T-Test of difference between the Measured Outputs According to Treatment with CaCl2 and H3PO4 

           CaCl2         H3PO4 Combined 
Treatments 

P-

value 

t-value P-

value 

t-value P-

value 

t-value 

Ash 0.000 18.506 0.000 19.770 0.000 26.513 

Surface 

Area 

0.000 80.003 0.000 
28.435 

0.000 
31.636 

Carbon 

Yield  

0.000 76.658 0.000 
152.590 

0.000 
113.141 

 

The ANOVA for ash content using CaCl2 suggests that the model was significant. However, only the quadratic and the 

interaction terms of the model were significant (p-values of 0.000). The interaction effects between temperature and 

concentration as well as that of concentration and impregnation ratio were significant (p-values of 0.007 and 0.001 respectively). 

All the factors studied were not linearly significant to the ash content of the REAC using CaCl2 (p-values > 0.05). The quadratic 

effects of temperature and time were significant (p-values of 0.000 and 0.033 respectively). The quadratic effect of temperature 

played a decisive role in the ash content of the REAC (F- value   126.00). The interaction effect between temperature and 

concentration as seen in the ANOVA for ash content using CaCl2 was highly significant (p-value of 0.007). This suggests that the 

effect of concentration on the ash content depends on the carbonization temperature.   

The ANOVA for carbon yield of REAC produced using CaCl2 suggests that the model is significant at all levels (linear, 

quadratic and interaction) having p-values of 0.000. The interaction effect between temperature and time is highly significant 

with a p-value of 0.000 suggesting that the effect of temperature on carbon yield depends on the resident time. Temperature and 

concentration have significant quadratic effect on carbon yield having p-values of 0.000 and 0.005 respectively. The ANOVA for 

carbon yield using CaCl2 indicates that out of the studied parameters, temperature and time contributed predominantly to surface 

area of the REAC.  

The ANOVA for carbon yield using H3PO4 suggests that the model is significant as well as the linear, quadratic and 

interaction terms in the model (p-values of 0.000). The interaction effects between temperature and time, concentration and time 

as well as concentration and impregnation ratio were significant (p-values of 0.000, 0.013 and 0.044 respectively). The 

interaction effect between temperature and time suggests that the effect of temperature on the carbon yield depends on the 

resident time. The linear relationship of resident time with the carbon yield is significant (p-value of 0.000). Also, the ANOVA 

for carbon yield shows that resident time contributed decisively to carbon yield. The coefficient for resident time in the equation 

is positive (3.4286). These observations indicate that carbon yield increases linearly as the resident time increases. The 

interaction effects between concentration with resident time and impregnation ratio suggest that the effect of concentration on 

carbon yield was as a result of resident time and impregnation ratio. The trend observed with impregnation ratio using H3PO4 

could be due to the fact that it promotes the oxidation process, therefore with high impregnation ratio, the gasification of surface 

carbon atoms was the predominant reaction, leading to increase in weight loss of carbon [73, 75].  

Figures 4 to 9 show the effect of resident time, impregnation ratio and concentration on the ash content of the AC for the two 

activating agents. Figure 4 shows that the ash content generally reduced with increasing resident time for the CaCl2 activating 

agent which is to be expected. It also shows that the reduction is less drastic for the lower temperatures. The Figure indicates that 

ash content decreases as the resident time increases. This observation was however noticed at carbonization temperatures of 200 

and 400 °C only. Hesas et al. [75] stated that it is not necessary to prolong activation time beyond the basic requirement as doing 

so would cause pores enlargement that may collapse into ash, which may be undesirable depending on the requirements of the 

application. This observation could be due to the fact that diluting the concentration of H3PO4 could reduce its ash reducing 



 

 

ability. Typical ash content values of a good activating agent were observed at 100 % concentration with all p-value of almost 

(0.000). Figure 5 also shows a general decrease in the ash content with resident time for H3PO4. 50% concentration exhibited 

highest ash content [76]. However, the reduction curves were generally dispersed for the lower resident times and more clustered 

as at higher values. The figure shows the effect of concentration on the ash content at the studied temperatures; it shows that at 

200 °C, ash content decrease with increase in concentration. At higher temperatures, 400 and 600 °C, concentration shows no 

effect on the ash content.  

 

Fig. 4. Effect of Resident Time on Ash Content at a studied Temperature using CaCl2. 

 

Fig. 5. Effect of Resident Time on Ash Content using H3PO4 for the various Concentrations.  

 
Figures 6 and 7 show that the effect of impregnation ratio on ash content for the two activating agents is generally uniform 

with some fluctuations. They also show that temperature had a more profound effect on the ash content for the H3PO4 activated 

carbon than the one for CaCl2 [77]. 

 

Fig. 6. Effect of Impregnation Ratio on Ash Content at a Studied Temperature Using CaCl2. 

 

Fig. 7. Effect of impregnation ratio on ash content at a studied temperature using H3PO4. 
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Figures 8 and 9 show the effects of concentration on ash content for the activating agents at the various temperatures. For 

both of them, higher temperatures and increasing concentration favoured increase in ash content [58]. For CaCl2, the value ash 

content actually reduced with concentration for 200 °C. 

 

Fig. 8. Effect of Concentration on Ash Content at a Studied Temperature using CaCl2.  

 

Fig. 9. Effect of Concentration on Ash Content at a studied temperature using H3PO4. 
 

Figures 10 to 13 show the effects of some of the parameters on the surface area of the AC. Figures 10 and 11 show the effect 

of resident time on surface area of the AC activated using the two agents at the different temperatures. For the CaCl2 AC in 

Figure 10, surface area generally decreased with increasing resident time for all the temperatures due to the increase thermal 

stress within the material. For H3PO4 AC, however, the surface area did not change appreciably with increasing resident time as 

shown in Figure 11. However, the mean surface area was smallest for the highest temperature (600 °C) and highest for the 

medium temperature (400 °C), indicating that this activating agent aided the production of a more stable AC [9, 55].     

 

Fig. 10. Effect of Resident Time on Surface Area at different Temperatures using CaCl2. 

 

Fig. 11. Effect of Resident time on Surface Area at a Studied Temperature using H3PO4. 

 
Figures 12 and 13 show the effect of impregnation ratio on the surface area of the AC for the two activating agents. In Figure 

12, the effect was studied at different concentrations and it shows that the variation of the response with impregnation ratio was 
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not significantly dispersed, indicating that at the various concentrations the surface area was reasonably constant. 25% 

concentration produced the higher limit of the surface area and 50% the lower one showing a relationship that is not specifically 

fits any trend based on the concentration for the CaCl2 AC. This means that the combination of concentration and impregnation 

ratio do not affect surface area distinctly [21, 22]. Figure 13 shows the effect of the ratio on surface area for the AC activated 

with H3PO4 at the temperatures studied. For 200 °C, the surface area increased with impregnation ratio after an initial constant 

stretch up to about a ratio of about 2 before increasing more drastically for higher ratios. Also, the area was highest for this 

temperature and lowest for 600 °C, and the medium value at 400 °C. Hence, the lower temperature and increasing impregnation 

ratio favours the provision of larger surface area for the AC [39, 61]. 

 

 
Fig. 12. Effect of Impregnation Ratio on Surface Area at a Studied Concentration using CaCl2.  

 

 
 
Fig. 13. Effect of Impregnation Ratio on Surface Area at a Studied Temperature using H3PO4.  

 
Figures 14 to 17 show the effect of some of the parameters on carbon yield.  Figure 14 shows the effect of resident time on 

the carbon yield of REAC using CaCl2 at the temperatures studied, it can be seen that carbon yield increases as the resident time 

increases. This was noted mostly at temperatures of 400 and 600 °C while at 200 °C, the effect of time on carbon yield was 

almost negligible. This observation was not consistent with the results of Zhang et al. [8]. They reported that carbon yield 

decreased with increasing resident time, and temperature. However, they used coconut husk-based and oil palm fibre-based 

activated carbons. In the present study, temperatures of 400 and 600 °C favoured higher carbon yield at increasing resident time. 

The discrepancies between their observation and the present study could be due to the fixed carbon and lignocellulosic 

composition of the starting materials used. Koehlert [26] reported that materials with higher carbon content should be volatilized 

to a much lesser extent to avoid carbon burn-off. High surface area is most important for activated carbons, however high carbon 

content is desired to achieve this high surface area [65].  

Figure 15 shows that for the REAC using H3PO4, the same trend was observed up to around 60 to 80 minutes resident time. 

From that range however, the increase was observed for 400 and 200 °C carbonization temperature, while a decrease was 

observed for 600 °C with increasing resident time. Also, at the lower resident periods, the carbon yield was highest for 600 C and 

fairly steady while it commenced steady increment for 400 and 200 °C. On the whole, the increment for 200 °C temperature was 

more linear than the others signifying a more a more straightforward interaction under those conditions [22, 77]. 

 
Fig. 14. Effect of Resident time on Carbon Yield at the Studied Temperature using CaCl2.  
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Fig. 15. Effect of Resident Time on Carbon Yield at a Studied Temperature using H3PO4. 
 

Figure 16 depicts the influence of impregnation ratio on the carbon yield of the REAC produced with CaCl2 at the various 

carbonization temperatures. The variation at 200 °C was literally constant probably due to inadequacy of the thermal environment 

to produce significant change in carbon generation. At the higher temperatures of 400 and 600 °C, carbon yield increased steadily 

with impregnation ratio with the carbonization temperature of 400 °C yielding the highest carbon content agreeing with the fact 

that though adequate thermal environment is needed, continual temperature increase is not necessary [58, 75].  

 

Fig. 16. Effect of Impregnation Ratio on Carbon Yield at the Studied Temperature using CaCl2.  

 

Figure 17 shows the effect of impregnation ratio on carbon yield for the various concentrations of the REAC produced with 

H3PO4. There was a general increase in carbon yield with increasing impregnation ratio without significant difference between 

the values for the respective concentrations indicating that there was no significant contribution by this parameter to the 

interaction between impregnation ratio and carbon yield [10, 22]. 

The result of the response evaluation analysis using the two activating agents are shown in Tables 6 and 7. The results 

indicate the optimum conditions at which the study could be set. The results also indicate that for the production process of 

REAC using H3PO4 to meet the desired quality, these conditions should be met. This will result in products with the 

characteristics shown in Table 7. All responses fall within acceptable boundaries. The results compared favourably with the 

reports of Hesas et al. [75], Karthikeyan et al. [4] and Sahu et al. [58]. The result suggests that H3PO4 have high ash reducing 

ability over the other activating agent used. The results of the response analysis for CaCl2 are also shown in the Tables indicating 

the optimum conditions, within the limits of the study, at which desirable products could be achieved and the characteristics of 

the of the products as well as the individual desirability respectively. 

 

 
Fig. 17. Effect of Impregnation Ratio on Carbon Yield at the Studied Concentration using CaCl2.  
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The result indicates that for production of REAC using CaCl2 to meet the requirements of good adsorbents for adsorption 

refrigeration application. The optimal conditions reported by Kwaghger et al. [40] were 500 °C temperature, 60 minutes time and 

4 g/g impregnation ratio. This resulted in carbons with surface area of 1141 m2/g and carbon yield of 17.96 %. The temperature, 

impregnation ratio and time were higher than that obtained in this study using CaCl2. 
The SEM images of the REAC produced from the two activating agents used (H3PO4 and CaCl2) are shown in Figure 18. 

They show that the activation stage produced extensive external surfaces, smooth but irregular cavities and pores. Also revealed 

is the fact that the activated carbon from H3PO4 has more desirable pore volume for refrigeration applications compared to the 

one activated with CaCl2 [54]. This is shown in Figure 19. 

 

Table 7.  The Responses at Optimal Production Conditions 

Activating 

Agent Ash Content 

(%) 

Surface 

Area (m2/g) 

Carbon 

Yield       

(%) 

CaCl2 6.00 698.91 53.13 
H3PO4 2.25 2857.51 73.63 

 
The efficiency of an adsorption/desorption refrigeration system is influenced by the choice of adsorbent/adsorbate pair. To 

further analyse the performance characteristics of the developed REAC- methanol pair, it was necessary to measure the desorbing 

and adsorbing characteristics of the pair, the refrigeration effect, the COP and compare with the CAC- methanol pair adjudged to 

be suitable for refrigeration purposes as reported by Li et al. [64].  

Generally, the characteristics of an adsorption refrigeration system are described by the refrigeration effect (cooling effect in 

the evaporator) and the COP [64]. The refrigeration effect achieved was the reduction of the initial temperature of water of mass 

500 g from 28-14, 28-14, 28-14 and 28-13.5oC for REAC and from 28-15, 28-15, 28-15, and 28-14.5 oC for CAC at the studied 

adsorbent capacities. This low cooling effect could be attributed to the fact that the quantity of methanol desorbed was not 

significant to cause ice production. Ullah et al. [48] reported that the quantity of ice production (cooling effect) depends to a large 

extent on the quantity of desorbed refrigerant.  

Figures 20 to 23 compare the refrigeration effect of REAC and CAC at different initial adsorbent capacity (1.0, 0.8, 0.6 

and0.4 g/g). It could be seen that REAC achieved lower value of refrigeration effect (13.5) compare to CAC (14.5) at 0.4 initial 

adsorbent capacity respectively. The reason for this desirable performance of REAC could be traced to its improved preparation 

conditions tailored towards a specific purpose for preparing REAC which is mainly for solid adsorption system. The result 

compared favourably with Kwaghger et al. [32] where refrigeration effect of 15.5 was achieved at 0.4 initial adsorbent capacity. 

 

  
 

  

Fig. 18. SEM Micrograph for REAC produced under Optimum Condition to show Surface Morphology.  

 



 

 

  
Fig. 19: SEM Micrograph showing Internal Radius of the Pore Cavity REAC produced with (a) H3PO4 and (b) CaCl2. 

The COP is the amount of cooling achieved by a refrigeration machine per unit of heat supplied. The COP for the REAC was 

0.084, 0.051, 0.038 and 0.041, while that of CAC was 0.0782 0.038, 0.026 and 0.023 at 1, 0.8, 0.6 and 0.4 g/g initial adsorbent 

capacities respectively as seen in Table 8. This range was indeed close and could obviously be due to the fact that REAC and 

CAC have common desirable characteristics such as surface area and carbon yield. This could also be due to the fact that REAC 

and CAC have affinity for methanol [78, 79]. It was however observed that the COP of REAC is slightly higher than that of CAC 

at all the initial adsorbent capacities investigated. This could be due to the fact that the REAC has higher surface area and lower 

ash content (2857.51m2/g and 2.25 %) than the surface area and ash content of CAC (950- 1500 m2/g and 3 %). The COP 

obtained in the study compared favorably with that obtained by Saha et al. [40] and Saha et al. [41] who used for solar sorption 

refrigeration with different adsorption pair. They were able to achieve the COP of 0.13 and 4.5 of ice produced. Boubakri et al. 

[80] achieved COP of 0.15 and an ice production of 4 kg using Activated carbon-Methanol pair for a solar power adsorption ice 

maker. 

 

 
Fig. 20. Refrigeration effect for REAC and CAC at initial Adsorbent Capacity of 1.0. 

 

 
Fig. 21. Refrigeration effect for REAC and CAC at initial Adsorbent Capacity of 0.8. 

 

 
Fig. 22. Refrigeration effect for REAC and CAC at initial Adsorbent Capacity of 0.6. 

0 

10 

20 

30 

40 

50 

60 

30 60 90 120 150 180 210 240 270 300 330 360 390 

T
e
m

p
. 
(°

C
) 

Time (mins.) 

CAC 1.0 

REAC 1.0 

0 

10 

20 

30 

40 

50 

60 

30 60 90 120 150 180 210 240 270 300 330 360 390 

T
e
m

p
. 
(°

C
) 

Time (mins.) 

REAC 0.8 

REAC 0.8 

0 

10 

20 

30 

40 

50 

60 

30 60 90 120 150 180 210 240 270 300 330 360 390 

T
e
m

p
. 
(°

C
) 

Time (mins.) 

REAC 0.6 

 REAC 0.6 

(a) 
(b) 



 

 

 
Fig. 23. Refrigeration effect for REAC and CAC at initial Adsorbent Capacity of 0.4 

 
Table 8. Coefficient of Performance for the Adsorption Refrigeration at the Studied Adsorbent Initial Capacities. 

Activated 

Carbon 

         Coefficient of Performance  

 1.0  0.8  0.6 0.4 

REAC 0.084  0.051 0.038 0.041 

CAC 0.082  0.038 0.026 0.023 

 

CONCLUSIONS 
The best production parameters for REAC was obtained when H3PO4 was used as activating agent at carbonization 

temperature of 500 oC, 50 % concentration, 60 minutes resident time, and impregnation ratio of 4 ml/g. The COP evaluated for 

REAC- methanol was better than that obtained for CAC- methanol at the studied adsorbent capacities because chemical method 

was adopted for production of REAC and specifically for solvent recovery while common CAC usually produced through 

physical activation and most times not for solvent recovery. The refrigeration effect at the studied adsorbent capacities were low, 

suitable only for chilled water. Further studies to evaluate the best production parameters for activated carbon from Raphia nut 

endocarp are envisaged specifically for solid adsorption refrigeration through physical activation method. The effects of varying 

more production parameters will also be evaluated on specific properties of the activated carbon for solid adsorption 

refrigeration. 
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