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This study reports the efficiency of continuous column adsorption for removal efficiency of benzene from aqueous solutions using 

thermally modified inorganic adsorbents. Brick powder (BP), granite powder (GP) and their composite mixture (BGM) were employed 

as adsorbent materials under varying thermal treatment conditions and column heights to assess their adsorption performance. Benzene 

concentrations of 5.56 mg/L, 3.10 mg/L and 1.28 mg/L were evaluated in a continuous flow system. The experimental data were analysed 

using the Thomas and Yoon-Nelson kinetic models to determine the rate constants (KTH and KYN) and the maximum solid-phase 

adsorption capacity (qe). Thomas model exhibited excellent correlation with the experimental data, with regression coefficients (R2) of 

0.910, 0.980 and 0.976 for benzene concentrations of 5.56, 3.10 and 1.28 mg/L, respectively. Similarly, the Yoon-Nelson model showed 

strong agreement, with R2 values of 0.998, 0.978 and 0.916 for the respective concentrations. XRD and SEM studies revealed that the 

thermal activation at elevated temperatures significantly enhanced the surface area and pore morphology of the adsorbents, transforming 

them from homogeneous to heterogeneous structures. The BP400 ºC column demonstrated the highest adsorption capacity and 

breakthrough efficiency, attributed to improved surface roughness and porosity. The results confirm that thermal modification improves 

the adsorption performance of both BP- and GP-based materials, making them suitable candidates for the removal of benzene and the 

treatment of contaminated water. 
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INTRODUCTION 

 Benzene is a volatile organic compound (VOC) widely 

used in industrial processes such as petrochemical refining, 

chemical manufacturing and polymer production. Its release 

through industrial effluents, chemical spills, storage tank leak-

age and landfill leachates has resulted in widespread environ-

mental contamination. Long-term exposure to benzene can 

cause neurological disorders, hematological abnormalities and 

carcinogenic effect [1-3]. Occupational exposure remains a 

major concern for workers in industries such as rubber manu-

facturing, printing, steel production, shoe making, laboratory 

analysis and fuel handling [4,5]. Symptoms of acute exposure 
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include dizziness, headaches, tremors and unconsciousness, 

while chronic exposure is associated with bone marrow 

suppression and an increased risk of leukemia. Consequently, 

benzene is classified as a Group 1 human carcinogen by the 

International Agency for Research on Cancer (IARC) [6].  

 Benzene exposure is commonly assessed by monitoring 

its metabolites in blood or urine shortly after exposure [7]. 

Due to its persistence and toxicity, the removal of benzene 

from contaminated water has become an important environ-

mental challenge [8]. Among the available treatment methods, 

adsorption is considered one of the most efficient and cost-

effective approaches for removing benzene and other arom-

atic pollutants from aqueous systems [9,10]. 
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 Although many studies have investigated benzene 

removal using low-cost adsorbents, most have focused on 

batch adsorption systems and individual adsorbent materials, 

with limited attention given to continuous fixed-bed opera-

tion and the effect of thermal activation [11-14]. The present 

study addresses this gap through a systematic investigation of 

benzene adsorption under continuous-flow conditions using 

construction waste-derived silicate materials, namely BP, GP 

and BGM (80% BP + 20% GP). A comparative evaluation of 

thermally activated adsorbents prepared at 100 ºC and 400 ºC 

was carried out under different influent benzene concentrations 

and column bed depths to assess breakthrough characteristics 

and adsorption kinetics. The experimental data were analysed 

using the Bohart-Adams, Thomas and Yoon-Nelson models, 

together with regeneration studies and structural characterisa-

tion, to evaluate the potential of thermally modified construc-

tion waste as a sustainable and cost-effective adsorbent for 

the treatment of benzene-contaminated water. Thermal acti-

vation at elevated temperatures improved the surface morpho-

logy and pore structure of the silicate-based adsorbents, 

leading to enhance the adsorption performance.  

EXPERIMENTAL 

 Analytical-grade benzene (99.7% purity) and other 

solvents as well as chemicals obtained from Merck was used 

for adsorption studies. Sulphuric acid was served as the supp-

orting electrolyte, while deionised water and HPLC-grade 

methanol were used as solvents. Benzene stock solutions 

(500 mg L–1) were prepared and diluted to 5.56, 3.10 and 1.28 

mg L–1 for adsorption experiments.  

 Preparation of column material: Brick powder (BP), 

granite powder (GP) and their blended mixture (BGM) were 

collected from local construction waste and utilised as low-

cost silicate-based adsorbents for the removal of benzene from 

aqueous solutions. The raw materials were repeatedly washed 

with demineralised water to eliminate adhering dust, soil and 

impurities. Their adsorption capability is mainly attributed to 

the negatively charged silicate mineral surfaces, which enhance 

interactions with aromatic organic pollutants such as benzene. 

After cleaning and drying, the materials were subjected to 

thermal pre-treatment at 100 ºC for 2 h in a hot air oven and 

at 400 ºC for 3 h in a muffle furnace to improve surface activ-

ation, pore formation and adsorption efficiency. The treated 

adsorbents were sieved through a 4.76 mm mesh to obtain 

uniform particle size distribution. Prior to adsorption studies, 

the adsorbents were pre-treated with NaCl solution followed 

by washing with distilled water and drying at 80 ºC [15]. The 

Na+ saturation process enhanced the cation exchange capa-

city and surface reactivity of the materials. Continuous-flow 

adsorption experiments were carried out using a glass column 

of 20 mm internal diameter packed with BP, GP or BGM at 

bed depths of 5, 8 and 11 cm. Benzene solutions with concen-

trations of 5.56, 3.10 and 1.28 mg/L were used as influent feed 

solutions to evaluate breakthrough behaviour and removal 

efficiency. 

 Preliminary optimisation studies were conducted using 

adsorbent particles of approximately 70 m average size to 

investigate the effects of particle size, adsorbent dosage and 

contact time under controlled pH and flow conditions [16]. 

The results demonstrated that thermally activated BP, GP and 

BGM possess favourable physico-chemical characteristics for 

efficient benzene adsorption from aqueous media. The acti-

vation temperatures of 100 ºC and 400 ºC were selected to 

represent dehydration/conditioning and moderate thermal 

activation regimes, respectively. 

 Temperature of adsorbent: In this study, BP, GP and 

BGM were thermally treated at 100 ºC and 400 ºC to evaluate 

temperature-dependent adsorption behaviour [16]. The maxi-

mum improvement was observed at 400 ºC.  

 High pressure liquid chromatography (HPLC): A 

Shimadzu HPLC system (SPD-M20A, LC-20AT) equipped 

with Class VP software was employed for chromatographic 

measurements. A 500 mg L–1 benzene standard solution was 

prepared from a stock solution using acetonitrile. All reagents 

used were of HPLC grade and solutions were stored at 4 ºC in 

Amber bottles to prevent photodegradation [17]. Fresh stan-

dards were prepared daily with HPLC-grade water. A 20 L 

sample volume was injected for analysis with a total runtime 

of 20 min. Benzene concentrations were quantified using 

retention time comparison and calibration curve analysis. 

The concentration of benzene in the treated samples was 

determined according to eqn. 1:  

Area of  the peak in sample

Concentration of  standard solution
Benzene concentration

Area of  peak in standard solution



=  (1)  

Adsorption modelling  

 Bohart-Adams (BM) model: The Bohart-Adams model 

is widely used to evaluate the breakthrough behaviour and 

dynamic performance of continuous fixed-bed adsorption 

columns. It relates influent and effluent concentrations, while 

break-through curves provide information on adsorption 

kinetics, mass transfer and adsorbent saturation [18]. The model 

is useful for evaluating adsorbent performance and optimising 

the design and operating conditions of large-scale adsorption 

systems. The model is defined by eqn. 2:   

Treatment efficiency at a time interval (mg/L)
BM

Initial concentration of  the influent (mg/L)
=  (2)   

 Thomas model: The Thomas model is widely used to 

predict adsorption behaviour in continuous fixed-bed columns. 

Based on Langmuir kinetics, it relates solute concentration to 

time and is used to determine the maximum adsorption capa-

city (qo) and Thomas rate constant (KTH). The model accounts 

for external film and internal pore diffusion, enabling the 

evaluation of adsorption kinetics and breakthrough behaviour 

for the removal of benzene [19]. The mathematical expression 

of the model is given in eqn. 3: 

  o
TH o

t

C m
ln 1 K q kt C t

C Q

   
− =   −     

  
  (3)  

where m is the mass of the adsorbent, Co and Ct are the 

influent and effluent concentrations (mg/L), KTH is the Thomas 

rate constant (mL/(min·mg) and t is the duration (min), The 

quantity of adsorbent in the column was measured as Q (g) 

and the adsorption kinetics (kt) were calculated from the plot 

of ln [(Co/Ct)] over time for a constant flow rate. 
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 Yoon-Nelson model:  The Yoon-Nelson model describes 

adsorption in fixed-bed columns based on the probability of 

adsorbate adsorption and breakthrough [20]. The model esti-

mates the rate constant (KYN) and the time required for 50% 

breakthrough (), providing a simple approach to evaluate 

adsorption kinetics and column performance. 

  t
YN

o t

C
ln K

C C
= −

−
  (5)  

where the time reach for 50% of the adsorption break through 

(min), KYN is the adsorption rate constant (1/min) and t is the 

time (min).  

 Column regeneration: The adsorption column was rege-

nerated to restore the adsorption capacity of BP, GP and BGM 

for reuse. Spent adsorbents were washed with distilled water 

and NaCl solution to remove retained benzene and impurities 

[21], followed by air drying for 8 h before subsequent adsorp-

tion cycles. 

 Characterisation: The structural, morphological, funct-

ional and elemental properties of BP, GP and BGM before 

and after benzene adsorption were characterised using X-ray 

diffraction (XRD), scanning electron microscopy (SEM), 

Fourier transform infrared spectroscopy (FTIR) and scanning 

electron microscopy coupled with energy-dispersive X-ray 

analysis (SEM-EDAX). XRD was performed under 2 geo-

metry with a step size of 0.019º to examine the crystalline phases 

and structural changes. SEM was employed to investigate the 

surface morphology and pore structure, while FTIR spectra 

were recorded in the range of 4000-400 cm–1 using the KBr 

pellet method. SEM–EDAX analysis was carried out to eval-

uate the elemental composition and its distribution before and 

after adsorption. The combined characterisation techniques 

were used to assess the effect of thermal activation and 

benzene adsorption on the physico-chemical properties of the 

adsorbents.  

RESULTS AND DISCUSSION 

 In this work, four adsorbent systems were investigated 

in the fixed-bed column experiments: (i) BP heated at 100 ºC, 

(ii) BGM consisting of 80% BP and 20% GP heated at 100 

ºC, (iii) BP heated at 400 ºC and (iv) BGM consisting of 80% 

BP and 20% GP heated at 400 ºC. The adsorption perfor-

mances of these materials were evaluated at influent benzene 

concentrations of 5.56, 3.10 and 1.28 mg/L using column 

heights of 5, 8 and 11 cm under an inlet flow rate of 2.5 mL/ 

min. The corresponding adsorption efficiencies, break-

through times and flow characteristics are shown in Table-1. 

 Effect of temperature and column height on benzene 

adsorption performance: Fixed-bed adsorption experiments 

were carried out using brick powder (BP) and granite powder 

composite (BGM; 80% BP + 20% GP) at influent benzene 

concentrations of 5.56, 3.10 and 1.28 mg/L to examine the 

role of thermal activation and bed depth on adsorption beha-

viour. The adsorption response varied with influent concen-

tration, activation temperature and hydrodynamic conditions 

within the packed bed. Variations in the break-through time, 

adsorption efficiency and outlet flow rate reflected changes 

in pore accessibility, surface activity and mass-transfer charac-

teristics of the adsorbents [22]. 

 Influence of thermal activation temperature on adsor-

ption efficiency: The thermal treatment applied to the adsor-

bents governed the development of adsorption sites and pore 

structure. Activation at 400 ºC produced materials with higher 

adsorption activity than those treated at 100 ºC, owing to the 

removal of residual volatile matter and the formation of addi-

tional micro- and mesopores within the silicate matrix [23]. 

The increase in surface energy and accessible pore volume 

strengthened the interaction between benzene molecules and 

the adsorbent surface through van der Waals forces and - 

interactions [24]. 

 At an influent concentration of 5.56 mg/L, BP heated at 

400 ºC exhibited initial adsorption efficiencies of 0.295, 0.673 

and 0.732 mg/L for column heights of 5, 8 and 11 cm, respec-

tively. The corresponding values for BP activated at 100 ºC 

were lower, reaching 0.313 mg/L only at the 5 cm bed depth. 

The BGM composite activated at 400 ºC produced adsorption 

efficiencies of 0.105, 0.425 and 0.519 mg/L, while the com-

posite treated at 100 ºC reached 0.112, 0.291 and 0.097 mg/L 

for the same column height. 

 

TABLE-1 

CONTINUOUS ADSORPTION STUDY FOR HIGH ADSORPTION EFFICIENCY FOR BENZENE AT DIFFERENT CONCENTRATIONS 

Set 

Adsorbent 

type/heating 

condition 

Column 

height 

(cm) 

Inlet 

flow 

(mL/min) 

Outlet 

flow 

(mL/min) 

Initial efficiency (mg/L) 
Breakthrough/ 

Exhaustion time (min) 

Final high adsorption 

efficiency (mg/L) 

5.56 

mg/L 

3.10 

mg/L 

1.28 

mg/L 

5.56 

mg/L 

3.10 

mg/L 

1.28 

mg/L 

5.56 

mg/L 

3.10 

mg/L 

1.28 

mg/L 

1 

BP heated at 

100 ºC (Hot air 

oven, 2 h) 

5 2.5 0.50 0.313 0.110 0.230 2000 400 240 5.56 3.10 1.28 

8 2.5 0.42 – – – 1160 360 220 5.56 3.10 1.28 

11 2.5 0.37 – – – 1060 380 200 5.56 3.10 1.28 

2 

BP 80% + GP 

20% heated at 

100 ºC 

5 2.5 0.40 0.112 0.210 0.140 2000 380 200 5.56 3.10 1.28 

8 2.5 0.35 0.291 0.260 0.270 1180 460 140 5.56 3.10 1.28 

11 2.5 0.30 0.097 0.090 0.390 1160 440 120 5.56 3.10 1.28 

3 

BP heated at 

400 ºC (Muffle 

furnace) 

5 2.5 0.60 0.295 0.820 0.390 1160 360 180 5.56 3.10 1.28 

8 2.5 0.50 0.673 0.830 0.510 1060 320 140 5.56 3.10 1.28 

11 2.5 0.40 0.732 0.930 0.840 920 260 100 5.56 3.10 1.28 

4 

BP 80% + GP 

20% heated at 

400 ºC 

5 2.5 0.50 0.105 0.100 0.060 2000 480 240 5.56 3.10 1.28 

8 2.5 0.45 0.425 0.580 0.060 1160 460 220 5.56 3.10 1.28 

11 2.5 0.40 0.519 0.630 0.060 1060 440 200 5.56 3.10 1.28 
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 The influence of activation temperature became more 

pronounced at an influent concentration of 3.10 mg/L. BP 

activated at 400 ºC achieved adsorption capacities of 0.820, 

0.830 and 0.930 mg/g at bed heights of 5, 8 and 11 cm, res-

pectively, compared with 0.110 mg/g for BP treated at 100 ºC 

under identical operating conditions [25,26]. The BGM com-

posite activated at 400 ºC exhibited adsorption capacities 

between 0.100 and 0.630 mg/g, whereas the corresponding 

material treated at 100 ºC exhibit values between 0.090 and 

0.260 mg/g. At the lowest influent concentration of 1.28 

mg/L, BP activated at 400 °C reached adsorption efficiencies 

of 0.390, 0.510 and 0.840 mg/L for column heights of 5, 8 and 

11 cm, respectively. BP heated at 100 ºC exhibit a maximum 

value of 0.230 mg/L at 5 cm [27,28]. The BGM composite 

activated at 100 ºC yielded adsorption efficiencies of 0.140, 

0.270 and 0.390 mg/L, whereas the corresponding composite 

heated at 400 ºC maintained values close to 0.060 mg/L 

throughout the investigated bed depths. Thus, the adsorption 

data obtained at all three influent concentrations identify 

400 °C as the most favourable activation temperature for 

enhancing benzene uptake by both BP and BGM through 

improvement of pore structure and surface activity [25]. 

 Effect of column height and flow rate: The inlet flow 

rate remained constant at 2.5 mL/min throughout the study, 

whereas the outlet flow rate varied between 0.60 and 0.30 

mL/min depending on the bed depth and adsorbent compo-

sition. The reduction in outlet flow with increasing column 

height originated from the larger hydraulic resistance deve-

loped by the packed bed [29].  

 For the influent concentration of 5.56 mg/L, outlet flow 

rates decreased from approximately 0.50-0.60 mL/min at the 

5 cm bed to 0.30-0.40 mL/min at the 11 cm bed. BP activated 

at 100 ºC produced exhaustion times of 2000, 1160 and 1060 

min for bed heights of 5, 8 and 11 cm, respectively, while BP 

activated at 400 ºC reached 1160, 1060 and 920 min. BGM 

activated at 400 ºC recorded exhaustion times of 2000, 1160 

and 1060 min for the corresponding column heights [30]. At an 

influent concentration of 3.10 mg/L, BP activated at 400 ºC 

exhibited breakthrough times of 360, 320 and 260 min with 

increasing bed depth from 5 to 11 cm [31]. The BGM compo-

site activated at 400 °C exhibited breakthrough times of 480, 

460 and 440 min for bed heights of 5, 8 and 11 cm, respec-

tively, which may be attributed to the more uniform distribu-

tion and accessibility of adsorption sites within the composite 

structure [32]. BP treated at 100 ºC reached breakthrough times 

of 400, 360 and 380 min, whereas BGM activated at 100 ºC 

yielded values of 380, 460 and 440 min. 

 At 1.28 mg/L, BP activated at 400 ºC exhibited exhaustion 

times of 180, 140 and 100 min at bed heights of 5, 8 and 11 cm, 

respectively. The corresponding BP material treated at 100 ºC 

remained operational for 240, 220 and 200 min, reflecting 

slower adsorption kinetics and diffusion-controlled transport 

within the less active adsorbent matrix [33]. BGM activated 

at 100 ºC produced breakthrough times of 200, 140 and 120 

min, while the composite treated at 400 ºC maintained break-

through times of 240, 220 and 200 min. The reduction in 

breakthrough time observed in some of the deeper beds may 

be associated with the rapid occupation of highly active sites 

generated during thermal activation, resulting in steeper break-

through curves and a narrower mass-transfer zone despite the 

increase in adsorbent mass [34]. 

 Comparative performance of BP and BGM: Differ-

ences between BP and BGM became evident across the three 

influent concentrations and activation conditions. The addition 

of 20% GP improved the structural integrity of the adsorbent 

bed and provided a more uniform pore network, contributing 

to greater hydraulic stability during continuous operation [30, 

32]. At 5.56 mg/L, BGM activated at 400 ºC achieved break-

through times between 1060 and 2000 min, accompanied by 

adsorption efficiencies ranging from 0.105 to 0.519 mg/L. BP 

activated at 400 ºC reached higher instantaneous adsorption 

efficiencies, attaining 0.732 mg/L at the 11 cm bed depth, 

although saturation occurred more rapidly. 

 For the influent concentration of 3.10 mg/L, BP activated 

at 400 ºC exhibited adsorption capacities between 0.820 and 

0.930 mg/g, while BGM activated at 400 ºC maintained capa-

cities between 0.100 and 0.630 mg/g together with break-

through times extending to 480 min. The BP material favoured 

rapid benzene uptake, whereas the composite favoured longer 

column operation. At 1.28 mg/L, BP activated at 400 ºC shows 

the highest adsorption efficiency of 0.840 mg/L at the 11 cm 

column height. The BGM composite maintained more stable 

breakthrough behaviour across the investigated bed depths 

and thermal conditions, which may be attributed to the benefi-

cial contribution of GP to pore connectivity and flow distri-

bution within the packed bed [32]. 

 Thus, the effluent benzene concentration approached the 

influent values of 5.56, 3.10 and 1.28 mg/L at column 

exhaustion confirmed the achievement of adsorption equilib-

rium under the selected operating conditions. Among the stu-

died absorbents, BP favoured higher adsorption rates and 

capacities, whereas BGM provided better operational stability 

during prolonged continuous adsorption experiments. 

 X-ray diffraction study: The X-ray diffraction (XRD) 

patterns of the powdered adsorbents before and after benzene 

adsorption are shown in Fig. 1. The diffraction profiles con-

firm the presence of mineral phases associated with cons-

truction waste-derived materials, primarily silica, iron oxide, 

alumina and magnesia. All adsorbents exhibited partially 

ordered to predominantly amorphous structures. Benzene 

adsorption caused changes in peak intensity and slight peak 

broadening without the appearance of new diffraction peaks, 

confirmed that no new crystalline phases were formed during 

adsorption. BP400 exhibited sharper diffraction peaks than 

BP100, reflecting improved structural ordering after thermal 

activation. Similar behaviour was observed for the BGM 

composite, where BGM400 exhibited a more defined diffrac-

tion pattern than BGM100. The reduction in peak intensity 

after adsorption can be attributed to surface coverage by 

benzene molecules and minor structural perturbations, while 

the persistence of the characteristic diffraction peaks confirms 

the structural stability of the adsorbents throughout the adsorp-

tion process [35,36]. The XRD analysis was limited to quali-

tative structural assessment as JCPDS/PDF card matching 

and quantitative crystallinity analysis were not performed. 

 SEM studies of packed column material: SEM was 

employed to examine the surface morphology of the sorbents 

before and after benzene adsorption (Fig. 2). Prior to adsorp-
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tion, all sorbents exhibited relatively compact and continuous 

surfaces with limited surface irregularities and fewer discer-

nible pores. Such morphological characteristics are typical of 

thermally treated silicate-based adsorbents before exposure 

to organic contaminants. After benzene adsorption, the surface 

appearance changed appreciably. The SEM images display 

petal-like surface features accompanied by interconnected 

micron-sized channels, irregular cavities and enlarged voids 

[37]. These features exhibit a rougher and more heterogeneous 

surface compared with the corresponding pristine materials. 

 The development of channels and cavities is consistent 

with the accessibility of the pore network during adsorption. 

Interaction of benzene molecules with the adsorbent surface 

may promote local rearrangement of surface particles and 

expose previously inaccessible regions within the porous 

framework. The resulting increase in surface irregularity is 

associated with a larger number of accessible adsorption sites 

and higher textural heterogeneity, both of which favour mass 

transfer during adsorption. 

 FTIR analysis: Fourier transform infrared (FTIR) spectro-

scopy was employed to investigate the surface functional 

groups of the sorbents before and after benzene adsorption, 

providing insight into the adsorption mechanism (Fig. 3). It 

had amino, carboxyl, sulphonate and hydroxyl groups. 

Around 3421 cm–1, OH and NH groups showed a wide and 

pronounced absorption. In the absorption band at 1633 cm–1, 

C=O stretch is primarily shown. COH could be the source of 

bands at 1043 cm–1. The internal reaction of the sorbent was 

clearly visible in the FTIR spectra of BP-100, BGM100, BP-

400 and BGM-400 following sorption [38]. The large peak in 

BP100 at 2347.35 cm–1 was attributed to benzene groups and 

the elongating vibration of H2O molecules in the pattern. The 

elongating vibration of the N2 groups of water that were taken 

in from the surrounding environment coincided with the de-

formation peak at 777.31 cm–1. The characteristic stretching 

vibrations for alumina oxide and iron oxide bonds were inves-

tigated at 694.37 cm–1 and group bending modes were observed 

between 459.06 and 580.57 cm–1 [39]. After benzene adsorp-

tion, the FTIR spectra of fully exhausted columns revealed 

notable modifications in the column contents.  

 The large peak in BGM100 at 1049.28 cm–1 was attri-

buted to benzene groups and the elongating vibration of H2O 

molecules in the pattern. The elongated vibration of the N2 

groups of water received from the environment outside was 

associated with the deformation peak at 777.16 cm–1 [40]. 

Possible carbonyl or amide group C=O bonds may be found 

within a radius of 2347.37 cm–1 and group bending modes 

could be seen between 582.50 and 644.22 cm–1. The large 

peak of 1047.35 cm–1 in BP400 was linked to benzene groups 

and the pattern’s elongating vibration of water molecules. 

The elongating vibration of N2 groups of water received from 

the external environment coincided with the deformation 

peak at 775.38 cm–1. Possible carbonyl or amide group C=O 

bonds may be found within a radius of 2347.37 cm–1 and group 

bending modes could be observed between 582.50 and 644.22 

cm–1. The broad peak of 1041.56 cm–1 in BGM400 is attri-

butable to C=O. The peak at 1629 cm–1 could be attributed to 

polysaccharide C-O stretching [41]. The elongating vibration 

of N2 groups of water received from the external environment 

coincided with the deformation peak at 775.38 cm–1. Possible  

 

Fig. 1. XRD patterns of (a) BP 100, (b) BP80% + GP20% 100, (c) BP 400 and (d) BP80% + GP20% 400 
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Fig. 2. SEM images of (a) BP 100, (b) BP80% + GP20% 100, (c) BP 400 and (d) BP80% + GP20% 400 before and after treatment 
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–OH (carboxylic acid) peak at 2347.37 cm–1 and group 

bending modes between 582.50 and 644.22 cm–1 were obser-

ved. 

 SEM-EDAX studies: SEM–EDAX analysis of BP100, 

BGM100, BP400 and BGM400 was performed to examine 

the surface morphology and elemental composition of the pre-

pared adsorbents. SEM micrographs (Fig. 4) revealed irregu-

lar, rough and porous surfaces with interconnected pores and 

micro-cavities. Thermal treatment at 400 ºC produced a more 

developed surface texture than that observed at 100 ºC impro-

ving pore accessibility for benzene diffusion. The incorpo-

ration of 20% granite powder produced a more heterogene-

ous surface morphology with a higher diversity of accessible 

adsorption sites. EDAX spectra (Fig. 4) confirmed the pre-

sence of oxygen (O), silicon (Si), calcium (Ca), potassium 

(K), sulfur (S), phosphorus (P), magnesium (Mg), carbon (C) 

and nitrogen (N), together with trace amounts of copper (Cu) 

and lead (Pb), characteristic of silicate-based materials [42]. 

The dominant oxygen and silicon signals confirmed the oxide-

rich silicate framework, while the higher silicon content in 

the brick-granite composites reflected the contribution of 

silica-rich granite minerals, which enhance the structural 

stability of the adsorbents [43]. Trace quantities of Cu and Pb 

were attributed to naturally occurring mineral impurities or 

background signals during EDAX analysis [44].  

 Bohart–Adams adsorption study: The Bohart-Adams 

model was used to evaluate the breakthrough behaviour of 

benzene by relating the influent and effluent benzene concen-

trations during fixed-bed adsorption. The model was applied 

at influent benzene concentrations of 5.56, 3.10 and 1.28 mg/L 

to examine the dynamic performance of the adsorption column 

under different operating conditions [45]. The 11 cm BP column 

activated at 400 ºC exhibited the highest adsorption perfor-

mance, achieving complete removal of benzene at an influent 

concentration of 5.56 mg/L within 920 min. At influent concen-

trations of 3.10 and 1.28 mg/L, complete benzene removal  

 

Fig. 3. FTIR spectra of (a) BP 100, (b) BP80% + GP20% 100, (c) BP 400 and (d) BP80% + GP20% 400 
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Fig. 4. SEM-EDAX spectra of (a) BP 100, (b) BP80% + GP20% 100, (c) BP 400 and (d) BP80% + GP20% 400 
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was achieved within 260 and 100 min, respectively. The 

improved performance can be attributed to the development 

of a porous structure and a higher number of accessible adsorp-

tion sites following thermal activation. The BP-GP composite 

(80:20) activated at 400 ºC exhibited lower adsorption perfor-

mance, which may be attributed to reduced pore accessibility 

within the mixed material matrix [46]. The Bohart-Adams 

model closely matched the experimental breakthrough curves 

(Fig. 5). 

 Thomas model adsorption studies: The Thomas model 

was used to evaluate the adsorption kinetics of benzene in 

fixed-bed columns packed with BP and BGM under different 

thermal activation conditions. The Thomas rate constant (KTH), 

maximum adsorption capacity (qo) and coefficient of determi-

nation (R2) obtained from the model are presented in Table-

2 for influent benzene concentrations of 5.56, 3.10 and 1.28 

mg/L, respectively [45,47]. 

 Across all the studied conditions, the model provided 

satisfactory agreement with the experimental data, with R2 

values ranging from 0.775 to 0.993, confirm its suitability for 

describing benzene adsorption in fixed-bed columns [48-50]. 

At 100 ºC, BP exhibited adsorption capacities (qo) of 19.08-

1.512, 2.10-4.60 and 0.392-0.970 mg/g for influent concen-

trations of 5.56, 3.10 and 1.28 mg/L, respectively, while the 

corresponding KTH values varied from 1.4 × 10–5–2.9 × 10–5, 

2.0 × 10–5–13.1 × 10–5 and 0.357–0.440 × 10–3 mL/min/mg 

[48,50,51]. Under the same conditions, the BGM composite 

exhibited qo values of 15.78-19.33, 2.35-5.37 and 0.756-2.455 

mg/g, with R2 values ranging from 0.866 to 0.979, which are 

consistent with stable adsorption behaviour across the investi-
 

 

Fig. 5. Breakthrough curves on benzene adsorption at different concentrations by Bohart–Adams model 

 
TABLE-2 

VALIDATION OF THOMAS MODEL AT DIFFERENT CONCENTRATIONS, Q = 2.5 mL/min 

Material 
Column 

size (cm) 

kt × 10–3 (mL/(min mg) qo (mg/g) R2 

5.56 

mg/L 

3.10 

mg/L 

1.28 

mg/L 

5.56 

mg/L 

3.10 

mg/L 

1.28 

mg/L 

5.56 

mg/L 

3.10 

mg/L 

1.28 

mg/L 

BP-100 

5 0.015 0.131 0.381 19.08 4.35 0.970 0.910 0.993 0.966 

8 0.029 0.020 0.440 0.40 4.60 0.896 0.929 0.963 0.984 

11 0.014 0.067 0.357 1.512 2.10 0.392 0.954 0.919 0.976 

BP 80% + GP20% 

(BGM-100) 

5 0.016 0.133 0.323 19.33 4.21 1.345 0.922 0.948 0.878 

8 0.015 0.110 0.319 17.80 5.37 0.756 0.919 0.775 0.979 

11 0.016 0.030 0.134 15.78 2.35 2.455 0.929 0.922 0.866 

BP-400 

5 0.014 0.032 0.382 12.34 6.80 0.572 0.922 0.919 0.859 

8 0.011 0.086 0.106 14.49 3.62 2.749 0.943 0.958 0.956 

11 0.006 0.141 0.067 0.008 3.65 1.246 0.985 0.971 0.981 

BP 80% + GP20% 

(BGM-400) 

5 0.018 0.050 0.465 18.03 6.28 0.748 0.985 0.918 0.903 

8 0.012 0.030 0.465 17.91 7.92 0.656 0.973 0.880 0.826 

11 0.008 0.062 0.596 10.02 3.22 0.866 0.993 0.973 0.123 
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gated concentrations [22,51]. Thermal activation at 400 ºC 

altered the adsorption characteristics of both adsorbents. For 

BP, the maximum adsorption capacities were 12.34, 6.80 and 

2.749 mg/g at influent concentrations of 5.56, 3.10 and 1.28 

mg/L, respectively, whereas the corresponding BGM compo-

site exhibited qo values of 10.02-18.03, 3.22-7.92 and 0.656-

0.866 mg/g [52-54]. The BGM composite produced the 

highest model correlation (R2 = 0.973-0.993) at 5.56 mg/L, 

while the lowest value (R2 = 0.123) was obtained for the 11 

cm column at 1.28 mg/L, which may be associated with non-

uniform flow distribution within the packed bed [55]. The 

variation in qo and KTH with influent concentration, thermal 

activation and bed height reflects changes in adsorption kinetics, 

pore accessibility and mass-transfer behaviour during fixed-

bed operation. 

 Yoon–Nelson model for adsorption study: The Yoon-

Nelson model parameters obtained for influent benzene con-

centrations of 5.56, 3.10, and 1.28 mg/L are shown in Table-

3. The model constants like the rate constant (KYN), charact-

eristic time () and coefficient of determination (R2), were used 

to evaluate the breakthrough behaviour of benzene under diff-

erent thermal activation conditions and column heights. 

Across all operating conditions, R2 values ranged from 0.064 

to 0.998, confirming satisfactory agreement between the 

experimental and predicted breakthrough curves for most adsor-

ption systems. For BP activated at 100 ºC, KYN values ranged 

from 0.045-0.075, 0.027-0.126 and 0.006-0.581 min–1 at influ-

ent concentrations of 5.56, 3.10 and 1.28 mg/L, respectively, 

while the corresponding  values remained within 8.6-8.8 h, 

≈10 h and 2.33-2.92 h [56-58]. The BGM composite acti-

vated at 100 ºC exhibited KYN values of 0.062-0.087, 0.062-

0.087 and 0.196-0.489 min–1, with  values ranging from 8.4-

9.0 h, 7.1-7.3 h and 2.34-2.60 h, respectively. The corres-

ponding R2 values (0.769-0.979) indicate satisfactory model 

fitting despite minor deviations attributed to surface hetero-

geneity and pore accessibility [59,60]. Thermal activation at 

400 ºC increased the adsorption rate constants for both 

adsorbents. BP exhibited KYN values of 0.067-0.072, 0.332-

0.366 and 0.510-0.529 min–1, while the corresponding  values 

decreased from 8.48-8.74 h to 7.0-7.4 h and 1.48-1.86 h as 

the influent concentration decreased. The associated R2 values 

reached 0.998, indicating excellent agreement between the 

model and the experimental data [61-63]. The thermally 

activated BGM composite exhibited KYN values of 0.067-0.094, 

0.140-0.255 and 0.563-0.769 min–1, with  values of 8.48-

8.74 h, 7.1-7.6 h and 2.26-2.86 h, respectively. Most experi-

mental data were well represented by the model (R2 = 0.826-

0.981), although the 11 cm BP column at 1.28 mg/L exhibited 

a lower R2 value (0.064), which may be attributed to non-

uniform flow distribution within the packed bed [58]. The 

increase in KYN and the corresponding reduction in  after 

thermal activation indicates faster adsorption kinetics and 

earlier breakthrough, which can be attributed to improved pore 

development and better accessibility of active adsorption 

sites. 

 Comparison of the Bohart-Adams, Thomas and Yoon-

Nelson models revealed that the Thomas and Yoon-Nelson 

models consistently produced higher R2 values and better 

agreement with the experimental breakthrough curves, where-

as the Bohart-Adams model exhibited lower fitting accuracy 

for some operating conditions, particularly over the complete 

breakthrough profile. These observations support the applica-

bility of the Thomas and Yoon-Nelson models for predicting 

benzene adsorption in continuous fixed-bed columns. 

Conclusion 

 A continuous fixed-bed column was employed to eval-

uate benzene adsorption using brick powder (BP), granite 

powder (GP) and brick-granite composite (BGM) adsorbents 

at bed depths of 5, 8 and 11 cm and influent benzene concen-

trations of 1.28, 3.10 and 5.56 mg/L. The adsorbents exhibited 

effective benzene removal under the studied conditions, with 

adsorption performance improving as bed depth increased. 

The breakthrough data were satisfactorily described by the 

Bohart-Adams, Thomas and Yoon–Nelson models, which 

confirmed the applicability of these models for predicting 

fixed-bed adsorption behaviour. Thermal activation at 400 ºC 

enhanced the adsorption performance by modifying the surface 

morphology and pore structure of the adsorbents, which is 

consistent with the SEM and XRD characterisation results. 

 

TABLE-3 

PARAMETERS OF YOON-NELSON MODEL AT DIFFERENT CONCENTRATIONS 

Material 
Column 

size (cm) 

ky (min–1)  (h) R2 

5.56 

mg/L 

3.10 

mg/L 

1.28 

mg/L 

5.56 

mg/L 

3.10 

mg/L 

1.28 

mg/L 

5.56 

mg/L 

3.10 

mg/L 

1.28 

mg/L 

BP-100 

5 0.075 0.087 0.488 8.83 10.16 2.92 0.961 0.919 0.976 

8 0.062 0.126 0.581 8.67 10.04 2.74 0.924 0.600 0.980 

11 0.045 0.027 0.006 8.65 10.92 2.33 0.941 0.980 0.064 

 BGM-100 

5 0.087 0.087 0.196 9.02 7.12 2.60 0.925 0.775 0.834 

8 0.062 0.062 0.409 8.66 7.18 2.42 0.903 0.769 0.979 

11 0.074 0.074 0.489 8.42 7.33 2.34 0.938 0.769 0.976 

BP-400 

5 0.067 0.345 0.510 7.58 7.38 1.86 0.949 0.925 0.982 

8 0.068 0.366 0.529 7.62 7.32 1.64 0.966 0.943 0.986 

11 0.072 0.332 0.529 7.60 7.04 1.48 0.998 0.978 0.916 

BGM-400 

5 0.094 0.140 0.769 8.74 7.62 2.86 0.973 0.952 0.957 

8 0.068 0.255 0.596 8.66 7.44 2.68 0.923 0.959 0.826 

11 0.067 0.195 0.563 8.48 7.12 2.26 0.907 0.911 0.981 
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Among the investigated materials, BP400 exhibited the best 

agreement with the Thomas model and the highest adsorption 

performance. These findings demonstrate that thermally acti-

vated construction waste-derived adsorbents offer an efficient, 

low-cost and sustainable approach for the continuous removal 

of benzene from contaminated water. 
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