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Abstract 22 

ZSM-5, as a hydrophobic zeolite, has a good adsorption capacity for methyl tert-butyl ether 23 

(MTBE) in batch adsorption studies. This study explores the applicability of ZSM-5 as a 24 

reactive material in permeable reactive barriers (PRBs) to decontaminate the MTBE-25 

containing groundwater. A series of laboratory scale fixed-bed column tests were carried out 26 

to determine the breakthrough curves and evaluate the adsorption performance of ZSM-5 27 

towards MTBE under different operational conditions, including bed length, flow rate, initial 28 

MTBE concentration and ZSM-5 dosage, and regeneration tests were carried out at 80, 150 29 

and 300 °C for 24 h. Dose-Response model was found to best describe the breakthrough 30 

curves. MTBE was effectively removed by the fixed-bed column packed with a ZSM-5/sand 31 

mixture with an adsorption capacity of 31.85 mg∙g
-1

 at 6 cm bed length, 1 mL∙min
-1

 flow rate, 32 

300 mg∙L
-1

 initial MTBE concentration and 5% ZSM-5 dosage. The maximum adsorption 33 

capacity increased with the increase of bed length and the decrease of flow rate and MTBE 34 

concentration. The estimated kinetic parameters can be used to predict the dynamic behaviour 35 

of column systems. In addition, regeneration study shows that the adsorption capacity of 36 

ZSM-5 remains satisfactory (>85%) after up to four regeneration cycles. 37 

Key words: MTBE, ZSM-5 zeolite, Fixed-bed column tests, Permeable reactive barriers, 38 

Regeneration 39 

  40 
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1. Introduction 41 

Gasoline spills from the accidental leakage of storage tanks, transfer pipes and boats are 42 

typical pollution sources of soil, groundwater, surface water and the marine environment 43 

(Reuter et al., 1998). Methyl tert-butyl ether (MTBE) was an extensively used gasoline 44 

additive for fuel oxygenation. In spite of the bans in some countries, it is still the second most 45 

common volatile organic compound in shallow groundwater (Levchuk et al., 2014). Due to 46 

its genotoxicity, its hazard of causing skin and eye irritation and its unpleasant odour 47 

(Mancini et al., 2002), the existence of MTBE in aquatic environments has raised 48 

considerable public concerns.  49 

 50 

Permeable reactive barriers (PRBs) is an effective in-situ technology for aquifer and 51 

groundwater remediation (Hou et al., 2014). Due to the rapid migration (Levchuk et al., 2014) 52 

and limited natural biodegradation potential of MTBE (Lindsey et al., 2017; Mohebali, 2013), 53 

using PRBs to mitigate/eliminate MTBE contamination holds much promise. As the key 54 

component of PRBs, the reactive medium is selected primarily depending on the nature of 55 

target contaminants and the hydro-geological conditions of field sites. ZSM-5 as a reactive 56 

medium in the PRBs can act as adsorbents due to its high adsorption capacity (Abu-Lail et al., 57 

2010; Martucci et al., 2015; Zhang et al., 2018b) and hydrogen form of ZSM-5 (HZSM-5) 58 

may also catalyse the hydrolysis of MTBE to t-butyl alcohol (TBA) and methanol  which are 59 

more biodegradable (Centi et al., 2002; Knappe and Campos, 2005). These products can also 60 

be adsorbed onto ZSM-5 and be released slowly with time which favours their 61 

biodegradation by microorganisms growing on the barrier (Centi and Perathoner, 2003). The 62 

PRBs design requires a kinetic characterisation using fixed-bed columns as a simulation of 63 

real PRBs to evaluate the dynamic removal of contaminants for the practical application 64 

(Cruz Viggi et al., 2010; Gavaskar, 1999). Various theoretical models, such as Logit, Adams-65 
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Bohart, Thomas, Yoon and Nelson, Dose and Response, and bed length/service time (BDST) 66 

models, have been developed to fit the experimental data and obtain the breakthrough curves 67 

and column kinetic parameters. These parameters can be employed to predict the adsorption 68 

performance under new operational conditions and further facilitate the full-scale design of 69 

fixed-bed column systems, e.g., PRBs. 70 

 71 

To date, fixed-bed column tests have been widely applied to simulate PRBs towards various 72 

contaminants, such as heavy metals and dyes (Calero et al., 2009; Han et al., 2008), with 73 

different adsorbents such as activated carbon and zeolites (García-Mateos et al., 2015; 74 

Ozdemir et al., 2009) etc. Nevertheless, to our best knowledge, limited studies exist on fixed-75 

bed column tests of using ZSM-5 for MTBE removal, especially regarding the influence of 76 

operational conditions, such as the bed length, flow rate, inlet adsorbate concentrations and 77 

the percentage of the adsorbent on the adsorption behaviour. Abu-Lail et al. (2010) studied 78 

the removal of MTBE with three adsorbents including granular ZSM-5 in large and small 79 

diameter fixed-bed columns, and evaluated the influence of bed length on the breakthrough 80 

curves with the BDST model. It was shown that the granular ZSM-5 with a shorter bed length 81 

reached the breakthrough point earlier due to the less mass of adsorbents in the column. 82 

However, besides the bed length, other variables, such as flow rate, the MTBE concentration 83 

and ZSM-5 dosage, also need to be considered in practical groundwater contamination 84 

applications due to the fact that the groundwater flow rate and MTBE concentrations vary in 85 

different regions. Therefore, this study discussed the influence of several operational 86 

parameters (bed length, flow rate, initial MTBE concentration and ZSM-5 percentage) in 87 

fixed-bed column tests. The parameters obtained from modelling are crucial for PRB design 88 

and can be used to guide the application of ZSM-5 as a reactive medium in the PRBs for the 89 

MTBE-contaminated groundwater remediation. 90 
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 91 

Reusability is considered as a key criterion to judge the feasibility of an adsorbent in practical 92 

applications (Xin et al., 2017). The exhausted adsorbents are generally considered as 93 

hazardous wastes and need to be incinerated, leading to secondary pollution, such as thermal 94 

pollution and potential desorption of adsorbate in the atmosphere (Shah et al., 2014).  The 95 

regeneration of spent adsorbents can recover material resources, minimize the demands of 96 

virgin adsorbents and avoid the generation of hazardous waste. Zeolites, including ZSM-5, 97 

demonstrate good stability under a wide range of environmental conditions, such as acidic 98 

(Pascoe, 1992) and high temperature environments (Anderson, 2000). They can be 99 

regenerated by heat treatment, chemical treatment, such as Fenton oxidation (Wang and Zhu, 100 

2006) and KCl (Katsou et al., 2011), and biological regeneration (Wei et al., 2011). However, 101 

chemical or biological methods may lead to the generation of hazardous residues. Although 102 

HZSM-5 may adsorb and catalyse the hydrolysis of MTBE, and then release the adsorbed 103 

reaction products (TBA and methanol) to achieve self-regeneration, this process takes a long 104 

time (Centi and Perathoner, 2003) and our previous study showed that the desorption was 105 

negligible after 3 days in batch tests (Zhang et al., 2018b). Further studies will investigate the 106 

long term behaviour. Thermal regeneration is effective and time-saving for adsorbents used 107 

for volatile and semi-volatile organic compounds, including MTBE, due to its high vapour 108 

pressure under normal temperatures and low boiling points. In this study, in order to avoid 109 

excessive consumption of materials and secondary pollution, repeated thermal regeneration 110 

was used for the regeneration of ZSM-5 to evaluate the stability of ZSM-5 after several 111 

adsorption-desorption cycles. 112 

 113 

This study aims to (1) analyse the effects of various operational conditions (flow rate, bed 114 

length, initial MTBE concentration and ZSM-5 percentage) in fixed-bed column tests on the 115 
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MTBE adsorption onto ZSM-5;  (2) find the most suitable model to describe the 116 

breakthrough curve and obtain column parameters; (3) predict adsorption performance at a 117 

new flow rate without further experimental runs with the BDST model and (4) examine the 118 

recyclability of ZSM-5 with repeated thermal regeneration tests.  119 

 120 

2. Materials and methods 121 

2.1 Materials 122 

MTBE was purchased from Fisher Scientific, and hydrogen form of ZSM-5 powder was 123 

obtained from Acros Organics. ZSM-5 used in this study has a large surface area of 400 m
2
·g

-124 

1
 and a high SiO2/Al2O3 ratio of 469. Two pore systems, i.e. zig-zag channels and straight 125 

channels, exist in the structure of ZSM-5 with pore sizes of 5.3×5.6 Å and 5.1×5.5 Å, 126 

respectively. The detailed physicochemical properties and framework structure of ZSM-5 can 127 

be found in (Zhang et al., 2018b). 128 

 129 

2.2 Fixed-bed column tests 130 

A series of fixed-bed column tests were conducted in a Pyrex glass column (2 cm inner 131 

diameter and 10 cm high) for the simulation of ZSM-5 containing PRBs for MTBE 132 

adsorption. There is a layer of glass beads and a stainless steel mesh filter attached to each 133 

end of the column to ensure the uniform flow of the solution. The schematic of the fixed-bed 134 

column set-up is shown in Figure 1. 135 
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 136 

Figure 1 The schematic of the fixed-bed column set-up in this study 137 

 138 

ZSM-5 was mixed with sand to increase the permeability due to the fine texture of ZSM-5 139 

(Cappai et al., 2012). Columns were filled with a mixture of ZSM-5 (5% or 10% in w/w of 140 

sand) and sand to produce different bed lengths (3, 6 and 9 cm). The initial water content of 141 

the specimen was designated as 10% in w/w (of sand) and the bulk density was about 2 g∙cm
-142 

3
. The values of hydraulic conductivity of the mixture in the column were measured as 6.32 143 

×10
-6

 m∙s
-1

 (5% ZSM-5 and sand) and 1.21 ×10
-6

 m∙s
-1

 (10% ZSM-5 and sand). It was 144 

assumed that the specific gravity values of sand and ZSM-5 were 2.65 and 2 respectively in 145 

this study (Jha and Singh, 2016; Masad et al., 1996). It is noted that the seepage velocity 146 

differs at different regions and different depths (Gavaskar et al., 2000). Therefore in this 147 

study, pump rate (i.e., seepage rate) was selected based on a previous land remediation 148 

project with sandy soils in the ground (Al-Tabbaa and Liska, 2012). The solutions with 149 

different MTBE concentrations (200, 300 and 400 mg∙L
-1

) were pumped upward at different 150 

flow rates of 0.5 mL∙min
-1

 (seepage velocity: 0.011 cm∙s
-1

), 1 mL∙min
-1

 (seepage velocity: 151 

0.022 cm∙s
-1

) and 2 mL∙min
-1 

(seepage velocity: 0.044 cm∙s
-1

) controlled by a peristaltic pump. 152 

Flow rates and MTBE concentrations in this study were higher than the actual conditions in 153 
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most regions to save the operational time in the lab. Also, the PRBs were generally installed 154 

near pollution sources with a high MTBE concentration.  155 

 156 

The detailed operation variables are listed in Table 1. Where mZSM-5 is the mass of ZSM-5 in 157 

the column (g). The effect of flow rate was studied by tests C, F0.5 and F2; the effect of bed 158 

length was examined by tests C, B3 and B9; tests C and Z10 were conducted to discuss the 159 

effect of ZSM-5 dosage and tests C, M200 and M400 ascertained the effect of initial MTBE 160 

concentration. The effluents at the outlet were collected at set intervals and the MTBE 161 

concentration was measured. The saturation time (ts) was established when the effluent 162 

MTBE concentration exceeded 85% of inlet concentration. The breakthrough time (tb) (Goel 163 

et al., 2005) is established when the effluent MTBE concentration reaches 5% of the inlet 164 

concentration (C/C0=0.05) (García-Mateos et al., 2015).  165 

 166 

Table 1 Operational variables for fixed-bed column tests 167 

Test 

No. 

Influencing 

factors 

Flow rate 

(mL∙min
-1

) 

Bed 

length 

(cm) 

mZSM-5 

(g) 

ZSM-5 

(%) 

C0 

(MTBE)  

(mg∙L
-1

) 

Porosity 

F0.5 Flow rate 0.5 6 2.05 5 300 0.25 

C Flow rate 1 6 2.05 5 300 0.24 

F2 Flow rate 2 6 2.05 5 300 0.24 

B3 Bed length 1 3 1.03 5 300 0.24 

C Bed length 1 6 2.05 5 300 0.24 

B9 Bed length 1 9 3.08 5 300 0.24 

C ZSM-5 dosage 1 6 2.05 5 300 0.24 

Z10 ZSM-5 dosage 1 6 4.50 10 300 0.23 
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M200 MTBE 

concentration 

1 6 2.07 5 200 0.24 

C MTBE 

concentration 

1 6 2.05 5 300 0.24 

M400 MTBE 

concentration 

1 6 2.03 5 400 0.25 

 168 

2.3 Regeneration cycles 169 

The thermal regeneration tests were conducted to examine the recyclability of ZSM-5 at 170 

different temperatures based on batch adsorption tests. After MTBE adsorption in aqueous 171 

solution with ZSM-5, the saturated ZSM-5 was heated at 80, 150 or 300 °C for 24 h in a 172 

muffle furnace (Carbolite CWF 1200, UK), and then 0.1 g of regenerated ZSM-5 was added 173 

to 20 mL 300 mg∙L
-1

 of MTBE solution for  adsorption for 24h. After each regeneration cycle, 174 

the MTBE removal percentage was determined and this process was repeated up to 6 times.  175 

 176 

2.4 Analytical methods 177 

MTBE concentration was analysed by an ambient headspace technique as described in our 178 

previous studies (Chan and Lynch, 2003; Zhang et al., 2018b) using a gas chromatograph 179 

(Agilent 6850 Series) with a flame ionisation detector (GC-FID). Each headspace sample was 180 

measured in triplicate. Data fitting and modelling was performed by OriginPro 8.5 software. 181 

The values of Akaike information criterion (AIC) and correlation coefficient (R
2
) were used 182 

to compare different models. The lower AIC and higher R
2
 values indicate a more suitable 183 

model. 184 

 185 

2.5 Mathematical models for breakthrough curves 186 
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The operational parameters, such as the breakthrough time, saturation time, the shape of 187 

breakthrough curves and the column adsorption capacity, play important roles in the 188 

evaluation of the operational and adsorption performance of columns. They can be obtained 189 

from a plot of C/C0 against time (t) using the non-linear regression method. Several 190 

mathematical models, such as Adams-Bohart model, the Logit method, Thomas model, 191 

Yoon-Nelson model and Dose-Response model, have been developed and widely applied to 192 

fit the experimental data of column tests to predict the concentration-time profiles and 193 

breakthrough curves. Therefore, these models were used in this study to find the most 194 

suitable model to describe the breakthrough curve and obtain maximum column capacity. 195 

This will help avoid unnecessary investment and high operational costs in the design and 196 

operation of a full-scale column caused by possible underutilized or oversaturated columns.  197 

2.5.1 Adams-Bohart model 198 

The Adams-Bohart model (Bohart and Adams, 1920) was developed based on the assumption 199 

that adsorption rate is proportional to the adsorbent’s residual capacity and the adsorbate’s 200 

concentration (Goel et al., 2005). It is generally used to describe the initial portion 201 

(C/C0<0.15) of the breakthrough curve and has been extensively applied in other various 202 

systems (Calero et al., 2009; Sağ and Aktay, 2001). The expression is given as follows 203 

 

  
 

       

                     
                                                                                                        (1) 204 

where kAB is the rate constant (L∙mg
-1

∙min
-1

) and N0 is the volumetric adsorption capacity 205 

(mg∙L
-1

). 206 

2.5.2 Bed depth/service time (BDST) model 207 

BDST model (Oulman, 1980) is rearranged from the Adams-Bohart model by Hutchins 208 

(Hutchins, 1973) to produce a linear relationship between the bed length (Z, cm) and service 209 

time (t, min). It is based on the assumption that the moving speed of the adsorption zone in 210 

the column is constant, and can be described as follows:  211 
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                                                                                                                 (4) 214 

The values of N0 and kAB can be obtained from a plot of Z against t. The advantage of the 215 

BDST model is that only three column tests are required to collect the experimental data 216 

(Adak and Pal, 2006; Hutchins, 1973). 217 

For a new operational condition, such as a new linear flow rate (v’), the new slope (a’) and 218 

intercept (b’) can be calculated directly by Equation (5) and (6), respectively. 219 

    
 

  
                                                                                                                                  (5) 220 

                                                                                                                                          (6) 221 

2.5.3 Logit method 222 

BDST model may cause errors if the service time at which the effluent exceeds the 223 

breakthrough criteria was selected. Therefore, Logit method was established to provide a 224 

rational basis for the fitting to the data and the reduction of errors (Oulman, 1980). 225 

The equation of the Logit method (Oulman, 1980) can be written as 226 

   

 

  

  
 

  

       
   

 
                                                                                                        (7) 227 

To apply it to describe the breakthrough curve, Equation (7) is rearranged as  228 

 

  
 

             

               
                                                                                                                  (8) 229 

where   is the linear flow rate (cm∙min
-1

), C is the solute concentration (mg∙L
-1

), C0 is the 230 

inlet MTBE concentration (mg∙L
-1

), K is the adsorption rate coefficient (L∙mg
-1

∙min
-1

) and N 231 

is the adsorption capacity coefficient (mg∙L
-1

).  232 

2.5.4 Thomas model 233 
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Thomas model (Equation (9)) based on the mass-transfer theory and was used to calculate the 234 

maximum adsorption capacity (q0, mg∙g
-1

) and the Thomas adsorption rate constant (KTh, 235 

L∙mg
-1

∙min
-1

) using experimental data from fixed-bed column tests (Thomas, 1944, 1948). 236 

 

  
 

 

   

   
 

         
                                                                                                                 (9) 237 

where V is the effluent volume (L), m is the mass of adsorbent (g), and Q is the flow rate of 238 

the influent (L∙min
-1

). 239 

2.5.5 Yoon and Nelson model 240 

The wide use of Yoon and Nelson model (Yoon, 1984) in single adsorbate systems is 241 

attributed to its simplicity since no detailed data is needed regarding the properties of 242 

adsorbate, adsorbent and the column. The equation is given by: 243 

 

  
 

 

   
        

                                                                                                                        (10) 244 

where τ is the time required for 50% adsorbate breakthrough (min) and kYN is the rate 245 

constant (min
-1

). This model assumes that the declining rate in the probability of adsorption is 246 

proportional to that of both adsorbate adsorption and adsorbate breakthrough on the adsorbent 247 

(Ayoob and Gupta, 2007).  248 

2.5.6 Dose-Response model 249 

Dose-Response model (Yan et al., 2001) is an empirical model and has been widely used to 250 

describe the column kinetics and behaviour, especially heavy metal removal (Dorado et al., 251 

2014). The general equation is as follows: 252 

 

  
   

 

   
   

   
  

                                                                                                                    (11) 253 

         
   

  
                                                                                                                    (12) 254 

where a is the constant, b is equal to       , the concentration when 50% of the maximum 255 

response occurs (L). 256 

 257 
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3. Results and discussion 258 

3.1 Breakthrough curve modelling 259 

The concentration-time profiles were obtained after a series of fixed-bed column experiments. 260 

Five models were applied to fit the experimental data to describe the fixed-bed column 261 

behaviour. The empirical Dose-Response model best described the experimental data in 262 

different column conditions (R
2
>0.95 with the lowest AIC value), suggesting its suitability to 263 

be used for the design and scale-up purpose. This model was also shown to reduce the errors 264 

of two conventional mathematical models, i.e. Thomas model and Adams-Bohart model, for 265 

the biosorption of heavy metals in a column (Yan et al., 2001). The fitting results of the 266 

Dose-Response model are shown in Table 2 and those of other models are shown in Table S1 267 

and Figure S1-S4 in the Appendix. 268 

 269 

From Table 2, the values of q0 increased with the increase of bed length and the decrease of 270 

flow rate, ZSM-5 dosage and initial MTBE concentration. The adsorption capacity (q0) was 271 

calculated as 26.32 mg∙g
-1 

at 6 cm bed length, 1 mL∙min
-1

 flow rate, 300 mg∙L
-1

 initial MTBE 272 

concentration and 5% ZSM-5 dosage (Test No. C).  273 

 274 

Table 2 Dose-Response model parameters for the MTBE adsorption on ZSM-5 under 275 

different operational conditions 276 

Variables Test No. a b (mL) q0 (mg∙g
-1

) R
2
 

Flow rate C 1.84 179.88 26.32 0.993 

F0.5 3.14 213.16 31.19 0.997 

F2 0.95 90.99 13.32 0.959 

Bed length C 1.84 179.88 26.32 0.993 

B3 1.06 43.46 12.66 0.997 
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B9 3.14 294.63 28.70 0.991 

ZSM-5 percentage C 1.84 179.88 26.32 0.993 

 Z10 1.45 280.78 18.72 0.971 

Initial MTBE 

concentration 

C 1.84 179.88 26.32 0.993 

M200 1.67 232.38 22.45 0.989 

M400 1.23 107.34 21.15 0.969 

 277 

3.2 Column parameters calculation 278 

The column adsorption capacity of the adsorbent is a critical indicator of column 279 

performance and could be calculated from the breakthrough curve. Considering the best 280 

fitting results of the Dose-Response model in Session 3.1, all the breakthrough parameters 281 

under certain operational conditions were calculated based on the Dose-Response model 282 

fitting and are listed in Table 3. Where MTZ is the length of the mass transfer zone (cm), 283 

madsorb is the adsorbed amount of MTBE (mg), mtotal is the total amount of MTBE through the 284 

column (mg), qe is the equilibrium MTBE uptake, also called column maximum separation 285 

capacity (mg∙g
-1

) (Gouran-Orimi et al., 2018), Ce is the equilibrium MTBE concentration 286 

(mg∙L
-1

), and R is the total MTBE removal percentage (%).  287 

 288 

It is obvious that both the breakthrough time and saturation time increased with the 289 

decreasing flow rate and initial MTBE concentration. The same trend was shown when the 290 

bed length or ZSM-5 dosage were increased. The maximum column separation capacity is 291 

31.85 mg∙g
-1 

at 6 cm bed length, 1 mL∙min
-1

 flow rate, 300 mg∙L
-1

 initial MTBE 292 

concentration and 5% ZSM-5 dosage (Test No. C) in this study. In comparison, the maximum 293 

adsorption capacity in batch adsorption tests were calculated as 53.55 mg∙g
-1 

in our previous
 294 

study (Zhang et al., 2018b), which almost doubled that in fixed-bed column tests (31.85 295 
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mg∙g
-1

). This is mainly due to the insufficient contact time between ZSM-5 and MTBE in 296 

columns (461 min and 24 h for column tests and batch tests, respectively). It should be noted 297 

that both the adsorption capacity (q0 in Table 2) and the maximum column separation 298 

capacity (qe in Table 3) decreased with a higher ZSM-5 percentage in spite of a higher 299 

adsorbed amount of MTBE (madsorb in Table 3). This may be explained by the phenomenon 300 

that ZSM-5 was easier to run away with the MTBE flow with a higher ZSM-5 dosage, 301 

leading to an underestimate of the adsorption capacity, which is a limitation of this study. 302 

 303 

Table 3 Parameters of breakthrough curves for MTBE adsorption on ZSM-5 in fixed-bed 304 

columns under different operational conditions 305 

Test No. C F0.5 F2 B3 B9 Z10 M200 M400 

tb (min) 36.77 167.87 2.08 2.86 115.28 36.84 40.29 10.13 

ts (min) 460.81 740.18 260.00 220.00 512.25 919.75 655.79 442.04 

    
        

  
 (cm) 5.52 4.64 5.95 2.96 6.97 5.76 5.63 5.86 

        

 

    
         
        
   

 

(mg) 

65.30 67.42 52.99 23.01 93.23 114.99 52.77 66.52 

       
         

    
 (mg) 138.24 111.03 156.00 66.00 153.68 275.93 131.16 176.82 

   
       

      
 (mg∙g

-1
) 31.85 32.89 25.85 22.34 30.27 25.55 25.49 32.77 

   
                    

       
 

(mg∙L
-1

) 

158.29 117.82 198.10 195.42 118.00 174.98 119.53 249.52 

  
          

      
 (%) 47.24 60.73 33.97 34.86 60.67 41.67 40.23 37.62 

 306 
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3.3 Influence of operational conditions on MTBE removal 307 

3.3.1 Effect of flow rate 308 

Figure 2 shows the breakthrough curves at different flow rates of 0.5, 1 to 2 mL∙min
-1

 in 309 

relation to pore volume and service time. As shown in Figure 2, the plots were closer to a 310 

classic S-shaped breakthrough curve at a lower flow rate (0.5 mL∙min
-1

), indicating a slower 311 

process and a higher adsorption capacity (32.89 mg∙g
-1

).  312 
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 313 

Figure 2 Breakthrough curves at different flow rates as a function of (a) pore volume (PV) 314 

and (b) time (t). (C0=300 mg∙L
-1

, bed length=6 cm, ZSM-5 dosage=5%) 315 

 316 

As the flow rate increased from 0.5 mL∙min
-1

 to 2 mL∙min
-1

, the breakthrough time and 317 

saturation time decreased from 167.87 min to 2.08 min and from 740.18 min to 260.00 min, 318 

respectively. A lower column adsorption capacity was obtained at 25.85 mg∙g
-1

 as shown in 319 

Table 3. This is due to the fact that the movement of MTBE is accelerated with an increase in 320 

the flow rate, which could cause insufficient residence time of MTBE in the column 321 

(Ozdemir et al., 2009; Salman et al., 2011). Similar agreement was found for the adsorption 322 

of nitrate on bio-inspired polydopamine coated zeolite and was explained by low residency in 323 

the column at high flow rate (Gouran-Orimi et al., 2018).  324 

3.3.2 Effect of bed length 325 
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The breakthrough profiles at different bed lengths of 3 cm (1.03 g), 6 cm (2.05 g) and 9 cm 326 

(3.1 g) are shown in Figure 3. The decreasing bed length led to a faster breakthrough and 327 

saturation process, which resulted in earlier exhaustion of the bed. The increase in the 328 

breakthrough time could be attributed to the longer distance and moving time of the mass 329 

transfer zone between two ends of the column at a longer bed length (Salman et al., 2011), 330 

which was consistent with the calculated lengths of the mass transfer zone in Table 3. On the 331 

other hand, the increase in the bed length also led to the increasing mass of ZSM-5 and 332 

provided more adsorption sites for MTBE removal. It is noted that, as shown in Table 3, the 333 

increase in bed length gave rise to the increase in the total treated MTBE volume and 334 

saturation time in Figure 3b; however, the amounts of PVs through the column at saturation 335 

time were almost the same for various bed lengths in Figure 3a. This is due to that given the 336 

same flow rate and contaminant concentration, the adsorption capacity per unit bed length is 337 

constant.  338 
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Figure 3 Breakthrough curves at different bed lengths as function of (a) pore volume (PV) 340 

and (b) time (t). (flow rate=1 mL∙min
-1

, C0=300 mg∙L
-1

, ZSM-5 dosage=5%) (adapted from 341 

(Zhang et al., 2018a)) 342 

 343 

In addition, the BDST model was applied to produce the plots of Z versus t in Figure 4 for 344 

5%, 20%, 50%, 60% and 85% saturation of the column with good linearity (R
2
>0.9). The 345 
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parameters are calculated and listed in Table 4. With the increase of C/C0 values from 5% 346 

(breakthrough point) to 85% (saturation point), the values of N0 increased from 1787.80 347 

mg∙L
-1

 to 4646.93 mg∙L
-1

, whereas those of KAB decreased from 1.61×10
-4

 to
 
5.48×10

-5
 L∙mg

-348 

1
∙min

-1
.  349 
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Figure 4 BDST lines at C/C0 of 0.05, 0.2, 0.5, 0.6, 0.85 with different bed lengths (flow 351 

rate=1 mL∙min
-1

, C0=300 mg∙L
-1

, ZSM-5 dosage=5%) 352 

 353 

Table 4 Calculated parameters of the BDST model for MTBE adsorption on ZSM-5 in the 354 

fix-bed column tests 355 

C/C0 Equations N0 (mg∙L
-1

) kAB (L∙mg
-1

∙min
-1

) R
2
 

0.05 t=18.74Z-60.78 1787.80 1.61×10
-4

 0.900 

0.2 t=29.68Z-82.44 2831.47 5.61×10
-5

 0.979 

0.5 t=41.85Z-78.19 3992.49 0 0.995 

0.85 t=48.71Z+105.44 4646.93 5.48×10
-5

 0.755 

 356 

The BDST model parameters are of great use for the scale-up of the adsorption process. For 357 

example, the groundwater velocities under natural gradient conditions are generally between 358 
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1 and 1000 m∙year
-1

 (0.002-2 cm∙min
-1

) (Mackay et al., 1985), far lower than the flow rates 359 

adopted in this study. According to Equation (12) and (13), the BDST model can be 360 

employed to predict the adsorption efficiency and column performance under other 361 

operational conditions without further experimental runs (Han et al., 2009a; Vijayaraghavan 362 

and Prabu, 2006). Table 5 lists the predicted breakthrough time for a new flow rate (0.01 363 

mL∙min
-1 

or 0.003 cm∙min
-1

). Where tc is the predicted time and te is the observed time in the 364 

experiments.  365 

 366 

Table 5 Breakthrough time prediction using BDST model at a new flow rate (ZSM-5 367 

percentage=5%) 368 

Operational 

conditions 

C/C0 New equations tc (min) te (min) RE
a
 

Q’=0.5 mL∙min
-1

 

Z=6 cm 

C0’=300 mg∙L
-1

 

0.05 t’=37.48Z-60.78 164.1 167.87 2.25% 

0.2 t’=59.36Z-82.44 273.72 274.83 0.40% 

0.5 t’=83.70Z-78.19 424.01 427.09 0.72% 

0.85 t’=97.42Z+105.44 689.96 740.18 6.79% 

Q’=0.01 mL∙min
-1

 

Z=6 cm 

C0=300 mg∙L
-1

 

0.05 t’=1874Z-60.78 11183.22   

0.2 t’=2968Z-82.44 17725.56   

0.5 t’=4185Z-78.19 25031.81   

0.85 t’=4871Z+105.44 29331.44   

a 
Relative error 369 

 370 

It was shown that the values of predicted time at a new flow rate were satisfactory with low 371 

relative errors. This indicates that the BDST model parameters in Table 4 can be employed to 372 

predict the column performance for the MTBE adsorption of ZSM-5 at different flow rates. 373 
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3.3.3 Effect of ZSM-5 dosage 374 

The plots of effluent MTBE concentration versus PV and t at different ZSM-5 dosages are 375 

shown in Figure 5a and 5b, respectively. 376 
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Figure 5 Breakthrough curves in fixed-bed columns with different ZSM-5 percentages as a 379 

function of (a) pore volume (PV) and (b) time (t). (C0=300 mg∙L
-1

, bed length=6 cm, flow 380 

rate=1 mL∙min
-1

) 381 

 382 

The saturation time of the column with a higher ZSM-5 percentage (10%) was significantly 383 

longer and its breakthrough curve had a smaller gradient due to more available adsorption 384 

sites for MTBE removal in the column. However, the breakthrough time was almost 385 

unchanged with different ZSM-5 percentages.  386 

 387 

3.3.4 Effect of inlet MTBE concentration 388 
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The effect of the influent MTBE concentration at 200, 300 and 400 mg∙L
-1

 on the 389 

breakthrough profiles was analysed (Figure 6). It was observed that both the breakthrough 390 

time and saturation time decreased, and the slope of breakthrough curves between the 391 

breakthrough and saturate points, i.e. mass transfer zone (García-Mateos et al., 2015), became 392 

slightly steeper with the increase in the influent MTBE concentration. The steeper curve at 393 

higher inlet concentrations was an indicator of a smaller effluent volume whereas the 394 

extended breakthrough curve at lower inlet MTBE concentrations indicated that more 395 

solution was treated (Salman et al., 2011). This is because the higher concentration gradient 396 

at higher inlet MTBE concentrations caused a stronger mass transfer driving force (Goel et al., 397 

2005) and faster solute transport in the column, leading to the quicker saturation of the 398 

adsorption sites on the ZSM-5 surface. The results in Table 3 show that the highest column 399 

adsorption capacity of 27.33 mg∙g
-1

 was obtained at the inlet MTBE concentration of 400 400 

mg∙L
-1

. Column tests at a low MTBE level (ug∙L
-1

 level) will be explored in future. 401 
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Figure 6 Breakthrough curves at inlet MTBE concentrations of 200, 300 and 400 mg∙L
-1

 as 403 

function of (a) pore volume (PV) and (b) time (t) (bed length=6 cm, flow rate=1 mL∙min
-1

, 404 

ZSM-5=5%) 405 

 406 

3.4 Predicted PRB thickness 407 
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The flow through thickness of a PRB is a main factor for the PRB design and can be 408 

calculated by Equation (13). 409 

                                                                                                                                      410 

(13) 411 

where v is the velocity in the flow direction and tw is the residence time. The residence time 412 

(half-life, tw) was determined at 99.9% of the respective equilibrium MTBE removal using 413 

the best-fitting pseudo-second-order model in our previous study (Zhang et al., 2018) 414 

combined with the Solver function in MS Excel (Cai et al., 2018; Gavaskar et al., 2000). The 415 

residence time at different initial MTBE concentrations and predicted PRB thicknesses at a 416 

nominal groundwater velocity of 0.18 cm∙h
-1

 (equivalent to 0.01 mL∙min
-1

 pump rate in this 417 

study) are listed in Table 6. For example, the predicted PRB flow through thickness was 418 

found to be 114.85 cm for 99.9% MTBE removal at an inlet MTBE concentration of 300 419 

mg∙L
-1

.  420 

 421 

Table 6 Predicted residence time (h) and PRB thickness (cm) (v=0.18 cm∙h
-1

) 422 

Initial MTBE concentration (mg∙L
-1

) 100 150 300 600 

Residence time (h) 122.62  456.26 638.06 683.11 

Thickness (cm) 22.07 82.13 114.85 122.96 

 423 

There are some limitations of this study, such as (i) the inaccuracy of using batch tests for 424 

calculating residence time instead of calculating half-life of MTBE in the column tests; (ii) 425 

the use of deionised water without considering the NOM (nature organic matter) and other 426 

contaminants in the natural underground water, and (iii) the relatively high flow rate used. 427 

More advance column design and selection of a wider range of flow rates will be conducted 428 

in future studies to enable more accurate calculations.  429 
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  430 

Various remediation techniques have been applied to treat MTBE contaminated groundwater, 431 

such as classical (Xu et al., 2004) and electrochemical Fenton treatment (Hong et al., 2007), 432 

biodegradation by microorganism (Bradley et al., 1999), pump-and-treat, phytoremediation 433 

(Hong et al., 2001), PRBs (Obiri-Nyarko et al., 2014), in-situ chemical oxidation (Krembs et 434 

al., 2010), etc. The choice of remediation techniques depends on many factors, such as the 435 

physiochemical properties of treating agents, site characterization, concentrations of MTBE 436 

and other contaminates, and PRB is a promising in-situ groundwater remediation technique 437 

due to its low-cost. The PRB treatment of MTBE contaminated groundwater with ZSM-5 as 438 

the reactive medium is sustainable due to the adsorption of MTBE onto ZSM-5 without 439 

precipitation which may cause clogging and reduce the permeability and removal efficiency 440 

of PRBs (Zhou et al., 2014). 441 

 442 

3.5 Regeneration study 443 
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Figure 7 The MTBE removal percentage by ZSM-5 after 6 regeneration cycles 445 

In order to estimate the reusability of ZSM-5, the effect of repeated heat treatment at different 446 

temperatures on the MTBE adsorption onto regenerated ZSM-5 was investigated and shown 447 

in Figure 7. It was observed that there were no apparent changes in adsorption effects up to 448 
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four regeneration cycles at all temperatures and the regeneration at higher temperature 449 

slightly increased the removal percentage. The abnormal value at the second cycle at 80 °C 450 

was not included due to operating error. However, after 6 regeneration cycles, the removal 451 

percentage decreased to ~67% at 300 °C compared with ~47% and ~52% for 80 °C and 452 

150 °C, respectively. Therefore, ZSM-5 displays good regeneration potential compared with 453 

modified activated carbon (~18% after 6 cycles) and iron oxide coated zeolites (<6% after 3 454 

cycles) (Ania et al., 2004; Han et al., 2009b). It should be noted that sand or other medium in 455 

PRBs should be heated with ZSM-5 in the practical application, and the vaporized MTBE 456 

could be collected and treated to avoid secondary pollution.  457 

 458 

4. Conclusions 459 

Fixed-bed column tests were combined with breakthrough curve modelling to describe the 460 

breakthrough curves and evaluate the adsorption performance under different operational 461 

conditions. The regeneration characteristics of ZSM-5 were also discussed. The conclusions 462 

are as follows: 463 

 464 

(1) The results of both the regeneration tests and fixed-bed column tests show that ZSM-5 is 465 

an effective reactive medium in PRBs for MTBE contaminated groundwater remediation.  466 

(2) The Dose-Response model was found to best describe the breakthrough curves compared 467 

with the Logit method, Adams-Bohart model, Thomas model and Yoon-Nelson model. 468 

(3) The column adsorption capacity is ~31.85 mg∙g
-1

 at a 6 cm bed length, 1 mL∙min
-1

 flow 469 

rate, 300 mg∙L
-1

 initial MTBE concentration and 5% ZSM-5 percentage.  470 

(4) The maximum adsorption capacity increased with the increase of bed length and the 471 

decrease of flow rate and MTBE concentration from the Dose-Response model, while the 472 

adsorption capacity decreased with a higher ZSM-5 dosage due to the underestimate of 473 
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adsorption capacity caused by the fact that the ZSM-5 powder in the column may be more 474 

likely to run away with the MTBE flow with a higher ZSM-5 dosage. 475 

(5) The kinetic parameters obtained from the BDST model can be employed to predict the 476 

dynamic behaviour of columns at new flow rates. 477 

(6) The adsorption capacity of regenerated ZSM-5 remains satisfactory (>85%) after up to 478 

four regeneration cycles at 80, 150 and 300 °C and regeneration at higher temperatures 479 

performed slightly better. 480 

 481 
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Abstract 22 

ZSM-5, as a hydrophobic zeolite, has a good adsorption capacity for methyl tert-butyl ether 23 

(MTBE) in batch adsorption studies. This study explores the applicability of ZSM-5 as a 24 

reactive material in permeable reactive barriers (PRBs) to decontaminate the MTBE-25 

containing groundwater. A series of laboratory scale fixed-bed column tests were carried out 26 

to determine the breakthrough curves and evaluate the adsorption performance of ZSM-5 27 

towards MTBE under different operational conditions, including bed length, flow rate, initial 28 

MTBE concentration and ZSM-5 dosage, and regeneration tests were carried out at 80, 150 29 

and 300 °C for 24 h. Dose-Response model was found to best describe the breakthrough 30 

curves. MTBE was effectively removed by the fixed-bed column packed with a ZSM-5/sand 31 

mixture with an adsorption capacity of 31.85 mg∙g
-1

 at 6 cm bed length, 1 mL∙min
-1

 flow rate, 32 

300 mg∙L
-1

 initial MTBE concentration and 5% ZSM-5 dosage. The maximum adsorption 33 

capacity increased with the increase of bed length and the decrease of flow rate and MTBE 34 

concentration. The estimated kinetic parameters can be used to predict the dynamic behaviour 35 

of column systems. In addition, regeneration study shows that the adsorption capacity of 36 

ZSM-5 remains satisfactory (>85%) after up to four regeneration cycles. 37 

Key words: MTBE, ZSM-5 zeolite, Fixed-bed column tests, Permeable reactive barriers, 38 

Regeneration 39 

  40 
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1. Introduction 41 

Gasoline spills from the accidental leakage of storage tanks, transfer pipes and boats are 42 

typical pollution sources of soil, groundwater, surface water and the marine environment 43 

(Reuter et al., 1998). Methyl tert-butyl ether (MTBE) was an extensively used gasoline 44 

additive for fuel oxygenation. In spite of the bans in some countries, it is still the second most 45 

common volatile organic compound in shallow groundwater (Levchuk et al., 2014). Due to 46 

its genotoxicity, its hazard of causing skin and eye irritation and its unpleasant odour 47 

(Mancini et al., 2002), the existence of MTBE in aquatic environments has raised 48 

considerable public concerns.  49 

 50 

Permeable reactive barriers (PRBs) is an effective in-situ technology for aquifer and 51 

groundwater remediation (Hou et al., 2014). Due to the rapid migration (Levchuk et al., 2014) 52 

and limited natural biodegradation potential of MTBE (Lindsey et al., 2017; Mohebali, 2013), 53 

using PRBs to mitigate/eliminate MTBE contamination holds much promise. As the key 54 

component of PRBs, the reactive medium is selected primarily depending on the nature of 55 

target contaminants and the hydro-geological conditions of field sites. ZSM-5 as a reactive 56 

medium in the PRBs can act as adsorbents due to its high adsorption capacity (Abu-Lail et al., 57 

2010; Martucci et al., 2015; Zhang et al., 2018b) and hydrogen form of ZSM-5 (HZSM-5) 58 

may also catalyse the hydrolysis of MTBE to t-butyl alcohol (TBA) and methanol  which are 59 

more biodegradable (Centi et al., 2002; Knappe and Campos, 2005). These products can also 60 

be adsorbed onto ZSM-5 and be released slowly with time which favours their 61 

biodegradation by microorganisms growing on the barrier (Centi and Perathoner, 2003). The 62 

PRBs design requires a kinetic characterisation using fixed-bed columns as a simulation of 63 

real PRBs to evaluate the dynamic removal of contaminants for the practical application 64 

(Cruz Viggi et al., 2010; Gavaskar, 1999). Various theoretical models, such as Logit, Adams-65 
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Bohart, Thomas, Yoon and Nelson, Dose and Response, and bed length/service time (BDST) 66 

models, have been developed to fit the experimental data and obtain the breakthrough curves 67 

and column kinetic parameters. These parameters can be employed to predict the adsorption 68 

performance under new operational conditions and further facilitate the full-scale design of 69 

fixed-bed column systems, e.g., PRBs. 70 

 71 

To date, fixed-bed column tests have been widely applied to simulate PRBs towards various 72 

contaminants, such as heavy metals and dyes (Calero et al., 2009; Han et al., 2008), with 73 

different adsorbents such as activated carbon and zeolites (García-Mateos et al., 2015; 74 

Ozdemir et al., 2009) etc. Nevertheless, to our best knowledge, limited studies exist on fixed-75 

bed column tests of using ZSM-5 for MTBE removal, especially regarding the influence of 76 

operational conditions, such as the bed length, flow rate, inlet adsorbate concentrations and 77 

the percentage of the adsorbent on the adsorption behaviour. Abu-Lail et al. (2010) studied 78 

the removal of MTBE with three adsorbents including granular ZSM-5 in large and small 79 

diameter fixed-bed columns, and evaluated the influence of bed length on the breakthrough 80 

curves with the BDST model. It was shown that the granular ZSM-5 with a shorter bed length 81 

reached the breakthrough point earlier due to the less mass of adsorbents in the column. 82 

However, besides the bed length, other variables, such as flow rate, the MTBE concentration 83 

and ZSM-5 dosage, also need to be considered in practical groundwater contamination 84 

applications due to the fact that the groundwater flow rate and MTBE concentrations vary in 85 

different regions. Therefore, this study discussed the influence of several operational 86 

parameters (bed length, flow rate, initial MTBE concentration and ZSM-5 percentage) in 87 

fixed-bed column tests. The parameters obtained from modelling are crucial for PRB design 88 

and can be used to guide the application of ZSM-5 as a reactive medium in the PRBs for the 89 

MTBE-contaminated groundwater remediation. 90 
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 91 

Reusability is considered as a key criterion to judge the feasibility of an adsorbent in practical 92 

applications (Xin et al., 2017). The exhausted adsorbents are generally considered as 93 

hazardous wastes and need to be incinerated, leading to secondary pollution, such as thermal 94 

pollution and potential desorption of adsorbate in the atmosphere (Shah et al., 2014).  The 95 

regeneration of spent adsorbents can recover material resources, minimize the demands of 96 

virgin adsorbents and avoid the generation of hazardous waste. Zeolites, including ZSM-5, 97 

demonstrate good stability under a wide range of environmental conditions, such as acidic 98 

(Pascoe, 1992) and high temperature environments (Anderson, 2000). They can be 99 

regenerated by heat treatment, chemical treatment, such as Fenton oxidation (Wang and Zhu, 100 

2006) and KCl (Katsou et al., 2011), and biological regeneration (Wei et al., 2011). However, 101 

chemical or biological methods may lead to the generation of hazardous residues. Although 102 

HZSM-5 may adsorb and catalyse the hydrolysis of MTBE, and then release the adsorbed 103 

reaction products (TBA and methanol) to achieve self-regeneration, this process takes a long 104 

time (Centi and Perathoner, 2003) and our previous study showed that the desorption was 105 

negligible after 3 days in batch tests (Zhang et al., 2018b). Further studies will investigate the 106 

long term behaviour. Thermal regeneration is effective and time-saving for adsorbents used 107 

for volatile and semi-volatile organic compounds, including MTBE, due to its high vapour 108 

pressure under normal temperatures and low boiling points. In this study, in order to avoid 109 

excessive consumption of materials and secondary pollution, repeated thermal regeneration 110 

was used for the regeneration of ZSM-5 to evaluate the stability of ZSM-5 after several 111 

adsorption-desorption cycles. 112 

 113 

This study aims to (1) analyse the effects of various operational conditions (flow rate, bed 114 

length, initial MTBE concentration and ZSM-5 percentage) in fixed-bed column tests on the 115 
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MTBE adsorption onto ZSM-5;  (2) find the most suitable model to describe the 116 

breakthrough curve and obtain column parameters; (3) predict adsorption performance at a 117 

new flow rate without further experimental runs with the BDST model and (4) examine the 118 

recyclability of ZSM-5 with repeated thermal regeneration tests.  119 

 120 

2. Materials and methods 121 

2.1 Materials 122 

MTBE was purchased from Fisher Scientific, and hydrogen form of ZSM-5 powder was 123 

obtained from Acros Organics. ZSM-5 used in this study has a large surface area of 400 m
2
·g

-124 

1
 and a high SiO2/Al2O3 ratio of 469. Two pore systems, i.e. zig-zag channels and straight 125 

channels, exist in the structure of ZSM-5 with pore sizes of 5.3×5.6 Å and 5.1×5.5 Å, 126 

respectively. The detailed physicochemical properties and framework structure of ZSM-5 can 127 

be found in (Zhang et al., 2018b). 128 

 129 

2.2 Fixed-bed column tests 130 

A series of fixed-bed column tests were conducted in a Pyrex glass column (2 cm inner 131 

diameter and 10 cm high) for the simulation of ZSM-5 containing PRBs for MTBE 132 

adsorption. There is a layer of glass beads and a stainless steel mesh filter attached to each 133 

end of the column to ensure the uniform flow of the solution. The schematic of the fixed-bed 134 

column set-up is shown in Figure 1. 135 
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 136 

Figure 1 The schematic of the fixed-bed column set-up in this study 137 

 138 

ZSM-5 was mixed with sand to increase the permeability due to the fine texture of ZSM-5 139 

(Cappai et al., 2012). Columns were filled with a mixture of ZSM-5 (5% or 10% in w/w of 140 

sand) and sand to produce different bed lengths (3, 6 and 9 cm). The initial water content of 141 

the specimen was designated as 10% in w/w (of sand) and the bulk density was about 2 g∙cm
-142 

3
. The values of hydraulic conductivity of the mixture in the column were measured as 6.32 143 

×10
-6

 m∙s
-1

 (5% ZSM-5 and sand) and 1.21 ×10
-6

 m∙s
-1

 (10% ZSM-5 and sand). It was 144 

assumed that the specific gravity values of sand and ZSM-5 were 2.65 and 2 respectively in 145 

this study (Jha and Singh, 2016; Masad et al., 1996). It is noted that the seepage velocity 146 

differs at different regions and different depths (Gavaskar et al., 2000). Therefore in this 147 

study, pump rate (i.e., seepage rate) was selected based on a previous land remediation 148 

project with sandy soils in the ground (Al-Tabbaa and Liska, 2012). The solutions with 149 

different MTBE concentrations (200, 300 and 400 mg∙L
-1

) were pumped upward at different 150 

flow rates of 0.5 mL∙min
-1

 (seepage velocity: 0.011 cm∙s
-1

), 1 mL∙min
-1

 (seepage velocity: 151 

0.022 cm∙s
-1

) and 2 mL∙min
-1 

(seepage velocity: 0.044 cm∙s
-1

) controlled by a peristaltic pump. 152 

Flow rates and MTBE concentrations in this study were higher than the actual conditions in 153 
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most regions to save the operational time in the lab. Also, the PRBs were generally installed 154 

near pollution sources with a high MTBE concentration.  155 

 156 

The detailed operation variables are listed in Table 1. Where mZSM-5 is the mass of ZSM-5 in 157 

the column (g). The effect of flow rate was studied by tests C, F0.5 and F2; the effect of bed 158 

length was examined by tests C, B3 and B9; tests C and Z10 were conducted to discuss the 159 

effect of ZSM-5 dosage and tests C, M200 and M400 ascertained the effect of initial MTBE 160 

concentration. The effluents at the outlet were collected at set intervals and the MTBE 161 

concentration was measured. The saturation time (ts) was established when the effluent 162 

MTBE concentration exceeded 85% of inlet concentration. The breakthrough time (tb) (Goel 163 

et al., 2005) is established when the effluent MTBE concentration reaches 5% of the inlet 164 

concentration (C/C0=0.05) (García-Mateos et al., 2015).  165 

 166 

Table 1 Operational variables for fixed-bed column tests 167 

Test 

No. 

Influencing 

factors 

Flow rate 

(mL∙min
-1

) 

Bed 

length 

(cm) 

mZSM-5 

(g) 

ZSM-5 

(%) 

C0 

(MTBE)  

(mg∙L
-1

) 

Porosity 

F0.5 Flow rate 0.5 6 2.05 5 300 0.25 

C Flow rate 1 6 2.05 5 300 0.24 

F2 Flow rate 2 6 2.05 5 300 0.24 

B3 Bed length 1 3 1.03 5 300 0.24 

C Bed length 1 6 2.05 5 300 0.24 

B9 Bed length 1 9 3.08 5 300 0.24 

C ZSM-5 dosage 1 6 2.05 5 300 0.24 

Z10 ZSM-5 dosage 1 6 4.50 10 300 0.23 
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M200 MTBE 

concentration 

1 6 2.07 5 200 0.24 

C MTBE 

concentration 

1 6 2.05 5 300 0.24 

M400 MTBE 

concentration 

1 6 2.03 5 400 0.25 

 168 

2.3 Regeneration cycles 169 

The thermal regeneration tests were conducted to examine the recyclability of ZSM-5 at 170 

different temperatures based on batch adsorption tests. After MTBE adsorption in aqueous 171 

solution with ZSM-5, the saturated ZSM-5 was heated at 80, 150 or 300 °C for 24 h in a 172 

muffle furnace (Carbolite CWF 1200, UK), and then 0.1 g of regenerated ZSM-5 was added 173 

to 20 mL 300 mg∙L
-1

 of MTBE solution for  adsorption for 24h. After each regeneration cycle, 174 

the MTBE removal percentage was determined and this process was repeated up to 6 times.  175 

 176 

2.4 Analytical methods 177 

MTBE concentration was analysed by an ambient headspace technique as described in our 178 

previous studies (Chan and Lynch, 2003; Zhang et al., 2018b) using a gas chromatograph 179 

(Agilent 6850 Series) with a flame ionisation detector (GC-FID). Each headspace sample was 180 

measured in triplicate. Data fitting and modelling was performed by OriginPro 8.5 software. 181 

The values of Akaike information criterion (AIC) and correlation coefficient (R
2
) were used 182 

to compare different models. The lower AIC and higher R
2
 values indicate a more suitable 183 

model. 184 

 185 

2.5 Mathematical models for breakthrough curves 186 
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The operational parameters, such as the breakthrough time, saturation time, the shape of 187 

breakthrough curves and the column adsorption capacity, play important roles in the 188 

evaluation of the operational and adsorption performance of columns. They can be obtained 189 

from a plot of C/C0 against time (t) using the non-linear regression method. Several 190 

mathematical models, such as Adams-Bohart model, the Logit method, Thomas model, 191 

Yoon-Nelson model and Dose-Response model, have been developed and widely applied to 192 

fit the experimental data of column tests to predict the concentration-time profiles and 193 

breakthrough curves. Therefore, these models were used in this study to find the most 194 

suitable model to describe the breakthrough curve and obtain maximum column capacity. 195 

This will help avoid unnecessary investment and high operational costs in the design and 196 

operation of a full-scale column caused by possible underutilized or oversaturated columns.  197 

2.5.1 Adams-Bohart model 198 

The Adams-Bohart model (Bohart and Adams, 1920) was developed based on the assumption 199 

that adsorption rate is proportional to the adsorbent’s residual capacity and the adsorbate’s 200 

concentration (Goel et al., 2005). It is generally used to describe the initial portion 201 

(C/C0<0.15) of the breakthrough curve and has been extensively applied in other various 202 

systems (Calero et al., 2009; Sağ and Aktay, 2001). The expression is given as follows 203 

 

  
 

       

                     
                                                                                                        (1) 204 

where kAB is the rate constant (L∙mg
-1

∙min
-1

) and N0 is the volumetric adsorption capacity 205 

(mg∙L
-1

). 206 

2.5.2 Bed depth/service time (BDST) model 207 

BDST model (Oulman, 1980) is rearranged from the Adams-Bohart model by Hutchins 208 

(Hutchins, 1973) to produce a linear relationship between the bed length (Z, cm) and service 209 

time (t, min). It is based on the assumption that the moving speed of the adsorption zone in 210 

the column is constant, and can be described as follows:  211 
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                                                                                                                 (4) 214 

The values of N0 and kAB can be obtained from a plot of Z against t. The advantage of the 215 

BDST model is that only three column tests are required to collect the experimental data 216 

(Adak and Pal, 2006; Hutchins, 1973). 217 

For a new operational condition, such as a new linear flow rate (v’), the new slope (a’) and 218 

intercept (b’) can be calculated directly by Equation (5) and (6), respectively. 219 

    
 

  
                                                                                                                                  (5) 220 

                                                                                                                                          (6) 221 

2.5.3 Logit method 222 

BDST model may cause errors if the service time at which the effluent exceeds the 223 

breakthrough criteria was selected. Therefore, Logit method was established to provide a 224 

rational basis for the fitting to the data and the reduction of errors (Oulman, 1980). 225 

The equation of the Logit method (Oulman, 1980) can be written as 226 

   

 

  

  
 

  

       
   

 
                                                                                                        (7) 227 

To apply it to describe the breakthrough curve, Equation (7) is rearranged as  228 

 

  
 

             

               
                                                                                                                  (8) 229 

where   is the linear flow rate (cm∙min
-1

), C is the solute concentration (mg∙L
-1

), C0 is the 230 

inlet MTBE concentration (mg∙L
-1

), K is the adsorption rate coefficient (L∙mg
-1

∙min
-1

) and N 231 

is the adsorption capacity coefficient (mg∙L
-1

).  232 

2.5.4 Thomas model 233 
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Thomas model (Equation (9)) based on the mass-transfer theory and was used to calculate the 234 

maximum adsorption capacity (q0, mg∙g
-1

) and the Thomas adsorption rate constant (KTh, 235 

L∙mg
-1

∙min
-1

) using experimental data from fixed-bed column tests (Thomas, 1944, 1948). 236 

 

  
 

 

   

   
 

         
                                                                                                                 (9) 237 

where V is the effluent volume (L), m is the mass of adsorbent (g), and Q is the flow rate of 238 

the influent (L∙min
-1

). 239 

2.5.5 Yoon and Nelson model 240 

The wide use of Yoon and Nelson model (Yoon, 1984) in single adsorbate systems is 241 

attributed to its simplicity since no detailed data is needed regarding the properties of 242 

adsorbate, adsorbent and the column. The equation is given by: 243 

 

  
 

 

   
        

                                                                                                                        (10) 244 

where τ is the time required for 50% adsorbate breakthrough (min) and kYN is the rate 245 

constant (min
-1

). This model assumes that the declining rate in the probability of adsorption is 246 

proportional to that of both adsorbate adsorption and adsorbate breakthrough on the adsorbent 247 

(Ayoob and Gupta, 2007).  248 

2.5.6 Dose-Response model 249 

Dose-Response model (Yan et al., 2001) is an empirical model and has been widely used to 250 

describe the column kinetics and behaviour, especially heavy metal removal (Dorado et al., 251 

2014). The general equation is as follows: 252 

 

  
   

 

   
   

   
  

                                                                                                                    (11) 253 

         
   

  
                                                                                                                    (12) 254 

where a is the constant, b is equal to       , the concentration when 50% of the maximum 255 

response occurs (L). 256 

 257 
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3. Results and discussion 258 

3.1 Breakthrough curve modelling 259 

The concentration-time profiles were obtained after a series of fixed-bed column experiments. 260 

Five models were applied to fit the experimental data to describe the fixed-bed column 261 

behaviour. The empirical Dose-Response model best described the experimental data in 262 

different column conditions (R
2
>0.95 with the lowest AIC value), suggesting its suitability to 263 

be used for the design and scale-up purpose. This model was also shown to reduce the errors 264 

of two conventional mathematical models, i.e. Thomas model and Adams-Bohart model, for 265 

the biosorption of heavy metals in a column (Yan et al., 2001). The fitting results of the 266 

Dose-Response model are shown in Table 2 and those of other models are shown in Table S1 267 

and Figure S1-S4 in the Appendix. 268 

 269 

From Table 2, the values of q0 increased with the increase of bed length and the decrease of 270 

flow rate, ZSM-5 dosage and initial MTBE concentration. The adsorption capacity (q0) was 271 

calculated as 26.32 mg∙g
-1 

at 6 cm bed length, 1 mL∙min
-1

 flow rate, 300 mg∙L
-1

 initial MTBE 272 

concentration and 5% ZSM-5 dosage (Test No. C).  273 

 274 

Table 2 Dose-Response model parameters for the MTBE adsorption on ZSM-5 under 275 

different operational conditions 276 

Variables Test No. a b (mL) q0 (mg∙g
-1

) R
2
 

Flow rate C 1.84 179.88 26.32 0.993 

F0.5 3.14 213.16 31.19 0.997 

F2 0.95 90.99 13.32 0.959 

Bed length C 1.84 179.88 26.32 0.993 

B3 1.06 43.46 12.66 0.997 
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B9 3.14 294.63 28.70 0.991 

ZSM-5 percentage C 1.84 179.88 26.32 0.993 

 Z10 1.45 280.78 18.72 0.971 

Initial MTBE 

concentration 

C 1.84 179.88 26.32 0.993 

M200 1.67 232.38 22.45 0.989 

M400 1.23 107.34 21.15 0.969 

 277 

3.2 Column parameters calculation 278 

The column adsorption capacity of the adsorbent is a critical indicator of column 279 

performance and could be calculated from the breakthrough curve. Considering the best 280 

fitting results of the Dose-Response model in Session 3.1, all the breakthrough parameters 281 

under certain operational conditions were calculated based on the Dose-Response model 282 

fitting and are listed in Table 3. Where MTZ is the length of the mass transfer zone (cm), 283 

madsorb is the adsorbed amount of MTBE (mg), mtotal is the total amount of MTBE through the 284 

column (mg), qe is the equilibrium MTBE uptake, also called column maximum separation 285 

capacity (mg∙g
-1

) (Gouran-Orimi et al., 2018), Ce is the equilibrium MTBE concentration 286 

(mg∙L
-1

), and R is the total MTBE removal percentage (%).  287 

 288 

It is obvious that both the breakthrough time and saturation time increased with the 289 

decreasing flow rate and initial MTBE concentration. The same trend was shown when the 290 

bed length or ZSM-5 dosage were increased. The maximum column separation capacity is 291 

31.85 mg∙g
-1 

at 6 cm bed length, 1 mL∙min
-1

 flow rate, 300 mg∙L
-1

 initial MTBE 292 

concentration and 5% ZSM-5 dosage (Test No. C) in this study. In comparison, the maximum 293 

adsorption capacity in batch adsorption tests were calculated as 53.55 mg∙g
-1 

in our previous
 294 

study (Zhang et al., 2018b), which almost doubled that in fixed-bed column tests (31.85 295 
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mg∙g
-1

). This is mainly due to the insufficient contact time between ZSM-5 and MTBE in 296 

columns (461 min and 24 h for column tests and batch tests, respectively). It should be noted 297 

that both the adsorption capacity (q0 in Table 2) and the maximum column separation 298 

capacity (qe in Table 3) decreased with a higher ZSM-5 percentage in spite of a higher 299 

adsorbed amount of MTBE (madsorb in Table 3). This may be explained by the phenomenon 300 

that ZSM-5 was easier to run away with the MTBE flow with a higher ZSM-5 dosage, 301 

leading to an underestimate of the adsorption capacity, which is a limitation of this study. 302 

 303 

Table 3 Parameters of breakthrough curves for MTBE adsorption on ZSM-5 in fixed-bed 304 

columns under different operational conditions 305 

Test No. C F0.5 F2 B3 B9 Z10 M200 M400 

tb (min) 36.77 167.87 2.08 2.86 115.28 36.84 40.29 10.13 

ts (min) 460.81 740.18 260.00 220.00 512.25 919.75 655.79 442.04 

    
        

  
 (cm) 5.52 4.64 5.95 2.96 6.97 5.76 5.63 5.86 

        

 

    
         
        
   

 

(mg) 

65.30 67.42 52.99 23.01 93.23 114.99 52.77 66.52 

       
         

    
 (mg) 138.24 111.03 156.00 66.00 153.68 275.93 131.16 176.82 

   
       

      
 (mg∙g

-1
) 31.85 32.89 25.85 22.34 30.27 25.55 25.49 32.77 

   
                    

       
 

(mg∙L
-1

) 

158.29 117.82 198.10 195.42 118.00 174.98 119.53 249.52 

  
          

      
 (%) 47.24 60.73 33.97 34.86 60.67 41.67 40.23 37.62 

 306 
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3.3 Influence of operational conditions on MTBE removal 307 

3.3.1 Effect of flow rate 308 

Figure 2 shows the breakthrough curves at different flow rates of 0.5, 1 to 2 mL∙min
-1

 in 309 

relation to pore volume and service time. As shown in Figure 2, the plots were closer to a 310 

classic S-shaped breakthrough curve at a lower flow rate (0.5 mL∙min
-1

), indicating a slower 311 

process and a higher adsorption capacity (32.89 mg∙g
-1

).  312 
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 313 

Figure 2 Breakthrough curves at different flow rates as a function of (a) pore volume (PV) 314 

and (b) time (t). (C0=300 mg∙L
-1

, bed length=6 cm, ZSM-5 dosage=5%) 315 

 316 

As the flow rate increased from 0.5 mL∙min
-1

 to 2 mL∙min
-1

, the breakthrough time and 317 

saturation time decreased from 167.87 min to 2.08 min and from 740.18 min to 260.00 min, 318 

respectively. A lower column adsorption capacity was obtained at 25.85 mg∙g
-1

 as shown in 319 

Table 3. This is due to the fact that the movement of MTBE is accelerated with an increase in 320 

the flow rate, which could cause insufficient residence time of MTBE in the column 321 

(Ozdemir et al., 2009; Salman et al., 2011). Similar agreement was found for the adsorption 322 

of nitrate on bio-inspired polydopamine coated zeolite and was explained by low residency in 323 

the column at high flow rate (Gouran-Orimi et al., 2018).  324 

3.3.2 Effect of bed length 325 
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The breakthrough profiles at different bed lengths of 3 cm (1.03 g), 6 cm (2.05 g) and 9 cm 326 

(3.1 g) are shown in Figure 3. The decreasing bed length led to a faster breakthrough and 327 

saturation process, which resulted in earlier exhaustion of the bed. The increase in the 328 

breakthrough time could be attributed to the longer distance and moving time of the mass 329 

transfer zone between two ends of the column at a longer bed length (Salman et al., 2011), 330 

which was consistent with the calculated lengths of the mass transfer zone in Table 3. On the 331 

other hand, the increase in the bed length also led to the increasing mass of ZSM-5 and 332 

provided more adsorption sites for MTBE removal. It is noted that, as shown in Table 3, the 333 

increase in bed length gave rise to the increase in the total treated MTBE volume and 334 

saturation time in Figure 3b; however, the amounts of PVs through the column at saturation 335 

time were almost the same for various bed lengths in Figure 3a. This is due to that given the 336 

same flow rate and contaminant concentration, the adsorption capacity per unit bed length is 337 

constant.  338 
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Figure 3 Breakthrough curves at different bed lengths as function of (a) pore volume (PV) 340 

and (b) time (t). (flow rate=1 mL∙min
-1

, C0=300 mg∙L
-1

, ZSM-5 dosage=5%) (adapted from 341 

(Zhang et al., 2018a)) 342 

 343 

In addition, the BDST model was applied to produce the plots of Z versus t in Figure 4 for 344 

5%, 20%, 50%, 60% and 85% saturation of the column with good linearity (R
2
>0.9). The 345 
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parameters are calculated and listed in Table 4. With the increase of C/C0 values from 5% 346 

(breakthrough point) to 85% (saturation point), the values of N0 increased from 1787.80 347 

mg∙L
-1

 to 4646.93 mg∙L
-1

, whereas those of KAB decreased from 1.61×10
-4

 to
 
5.48×10

-5
 L∙mg

-348 

1
∙min

-1
.  349 
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Figure 4 BDST lines at C/C0 of 0.05, 0.2, 0.5, 0.6, 0.85 with different bed lengths (flow 351 

rate=1 mL∙min
-1

, C0=300 mg∙L
-1

, ZSM-5 dosage=5%) 352 

 353 

Table 4 Calculated parameters of the BDST model for MTBE adsorption on ZSM-5 in the 354 

fix-bed column tests 355 

C/C0 Equations N0 (mg∙L
-1

) kAB (L∙mg
-1

∙min
-1

) R
2
 

0.05 t=18.74Z-60.78 1787.80 1.61×10
-4

 0.900 

0.2 t=29.68Z-82.44 2831.47 5.61×10
-5

 0.979 

0.5 t=41.85Z-78.19 3992.49 0 0.995 

0.85 t=48.71Z+105.44 4646.93 5.48×10
-5

 0.755 

 356 

The BDST model parameters are of great use for the scale-up of the adsorption process. For 357 

example, the groundwater velocities under natural gradient conditions are generally between 358 
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1 and 1000 m∙year
-1

 (0.002-2 cm∙min
-1

) (Mackay et al., 1985), far lower than the flow rates 359 

adopted in this study. According to Equation (12) and (13), the BDST model can be 360 

employed to predict the adsorption efficiency and column performance under other 361 

operational conditions without further experimental runs (Han et al., 2009a; Vijayaraghavan 362 

and Prabu, 2006). Table 5 lists the predicted breakthrough time for a new flow rate (0.01 363 

mL∙min
-1 

or 0.003 cm∙min
-1

). Where tc is the predicted time and te is the observed time in the 364 

experiments.  365 

 366 

Table 5 Breakthrough time prediction using BDST model at a new flow rate (ZSM-5 367 

percentage=5%) 368 

Operational 

conditions 

C/C0 New equations tc (min) te (min) RE
a
 

Q’=0.5 mL∙min
-1

 

Z=6 cm 

C0’=300 mg∙L
-1

 

0.05 t’=37.48Z-60.78 164.1 167.87 2.25% 

0.2 t’=59.36Z-82.44 273.72 274.83 0.40% 

0.5 t’=83.70Z-78.19 424.01 427.09 0.72% 

0.85 t’=97.42Z+105.44 689.96 740.18 6.79% 

Q’=0.01 mL∙min
-1

 

Z=6 cm 

C0=300 mg∙L
-1

 

0.05 t’=1874Z-60.78 11183.22   

0.2 t’=2968Z-82.44 17725.56   

0.5 t’=4185Z-78.19 25031.81   

0.85 t’=4871Z+105.44 29331.44   

a 
Relative error 369 

 370 

It was shown that the values of predicted time at a new flow rate were satisfactory with low 371 

relative errors. This indicates that the BDST model parameters in Table 4 can be employed to 372 

predict the column performance for the MTBE adsorption of ZSM-5 at different flow rates. 373 
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3.3.3 Effect of ZSM-5 dosage 374 

The plots of effluent MTBE concentration versus PV and t at different ZSM-5 dosages are 375 

shown in Figure 5a and 5b, respectively. 376 
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Figure 5 Breakthrough curves in fixed-bed columns with different ZSM-5 percentages as a 379 

function of (a) pore volume (PV) and (b) time (t). (C0=300 mg∙L
-1

, bed length=6 cm, flow 380 

rate=1 mL∙min
-1

) 381 

 382 

The saturation time of the column with a higher ZSM-5 percentage (10%) was significantly 383 

longer and its breakthrough curve had a smaller gradient due to more available adsorption 384 

sites for MTBE removal in the column. However, the breakthrough time was almost 385 

unchanged with different ZSM-5 percentages.  386 

 387 

3.3.4 Effect of inlet MTBE concentration 388 
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The effect of the influent MTBE concentration at 200, 300 and 400 mg∙L
-1

 on the 389 

breakthrough profiles was analysed (Figure 6). It was observed that both the breakthrough 390 

time and saturation time decreased, and the slope of breakthrough curves between the 391 

breakthrough and saturate points, i.e. mass transfer zone (García-Mateos et al., 2015), became 392 

slightly steeper with the increase in the influent MTBE concentration. The steeper curve at 393 

higher inlet concentrations was an indicator of a smaller effluent volume whereas the 394 

extended breakthrough curve at lower inlet MTBE concentrations indicated that more 395 

solution was treated (Salman et al., 2011). This is because the higher concentration gradient 396 

at higher inlet MTBE concentrations caused a stronger mass transfer driving force (Goel et al., 397 

2005) and faster solute transport in the column, leading to the quicker saturation of the 398 

adsorption sites on the ZSM-5 surface. The results in Table 3 show that the highest column 399 

adsorption capacity of 27.33 mg∙g
-1

 was obtained at the inlet MTBE concentration of 400 400 

mg∙L
-1

. Column tests at a low MTBE level (ug∙L
-1

 level) will be explored in future. 401 
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Figure 6 Breakthrough curves at inlet MTBE concentrations of 200, 300 and 400 mg∙L
-1

 as 403 

function of (a) pore volume (PV) and (b) time (t) (bed length=6 cm, flow rate=1 mL∙min
-1

, 404 

ZSM-5=5%) 405 

 406 

3.4 Predicted PRB thickness 407 
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The flow through thickness of a PRB is a main factor for the PRB design and can be 408 

calculated by Equation (13). 409 

                                                                                                                                      410 

(13) 411 

where v is the velocity in the flow direction and tw is the residence time. The residence time 412 

(half-life, tw) was determined at 99.9% of the respective equilibrium MTBE removal using 413 

the best-fitting pseudo-second-order model in our previous study (Zhang et al., 2018) 414 

combined with the Solver function in MS Excel (Cai et al., 2018; Gavaskar et al., 2000). The 415 

residence time at different initial MTBE concentrations and predicted PRB thicknesses at a 416 

nominal groundwater velocity of 0.18 cm∙h
-1

 (equivalent to 0.01 mL∙min
-1

 pump rate in this 417 

study) are listed in Table 6. For example, the predicted PRB flow through thickness was 418 

found to be 114.85 cm for 99.9% MTBE removal at an inlet MTBE concentration of 300 419 

mg∙L
-1

.  420 

 421 

Table 6 Predicted residence time (h) and PRB thickness (cm) (v=0.18 cm∙h
-1

) 422 

Initial MTBE concentration (mg∙L
-1

) 100 150 300 600 

Residence time (h) 122.62  456.26 638.06 683.11 

Thickness (cm) 22.07 82.13 114.85 122.96 

 423 

There are some limitations of this study, such as (i) the inaccuracy of using batch tests for 424 

calculating residence time instead of calculating half-life of MTBE in the column tests; (ii) 425 

the use of deionised water without considering the NOM (nature organic matter) and other 426 

contaminants in the natural underground water, and (iii) the relatively high flow rate used. 427 

More advance column design and selection of a wider range of flow rates will be conducted 428 

in future studies to enable more accurate calculations.  429 
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  430 

Various remediation techniques have been applied to treat MTBE contaminated groundwater, 431 

such as classical (Xu et al., 2004) and electrochemical Fenton treatment (Hong et al., 2007), 432 

biodegradation by microorganism (Bradley et al., 1999), pump-and-treat, phytoremediation 433 

(Hong et al., 2001), PRBs (Obiri-Nyarko et al., 2014), in-situ chemical oxidation (Krembs et 434 

al., 2010), etc. The choice of remediation techniques depends on many factors, such as the 435 

physiochemical properties of treating agents, site characterization, concentrations of MTBE 436 

and other contaminates, and PRB is a promising in-situ groundwater remediation technique 437 

due to its low-cost. The PRB treatment of MTBE contaminated groundwater with ZSM-5 as 438 

the reactive medium is sustainable due to the adsorption of MTBE onto ZSM-5 without 439 

precipitation which may cause clogging and reduce the permeability and removal efficiency 440 

of PRBs (Zhou et al., 2014). 441 

 442 

3.5 Regeneration study 443 
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Figure 7 The MTBE removal percentage by ZSM-5 after 6 regeneration cycles 445 

In order to estimate the reusability of ZSM-5, the effect of repeated heat treatment at different 446 

temperatures on the MTBE adsorption onto regenerated ZSM-5 was investigated and shown 447 

in Figure 7. It was observed that there were no apparent changes in adsorption effects up to 448 
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four regeneration cycles at all temperatures and the regeneration at higher temperature 449 

slightly increased the removal percentage. The abnormal value at the second cycle at 80 °C 450 

was not included due to operating error. However, after 6 regeneration cycles, the removal 451 

percentage decreased to ~67% at 300 °C compared with ~47% and ~52% for 80 °C and 452 

150 °C, respectively. Therefore, ZSM-5 displays good regeneration potential compared with 453 

modified activated carbon (~18% after 6 cycles) and iron oxide coated zeolites (<6% after 3 454 

cycles) (Ania et al., 2004; Han et al., 2009b). It should be noted that sand or other medium in 455 

PRBs should be heated with ZSM-5 in the practical application, and the vaporized MTBE 456 

could be collected and treated to avoid secondary pollution.  457 

 458 

4. Conclusions 459 

Fixed-bed column tests were combined with breakthrough curve modelling to describe the 460 

breakthrough curves and evaluate the adsorption performance under different operational 461 

conditions. The regeneration characteristics of ZSM-5 were also discussed. The conclusions 462 

are as follows: 463 

 464 

(1) The results of both the regeneration tests and fixed-bed column tests show that ZSM-5 is 465 

an effective reactive medium in PRBs for MTBE contaminated groundwater remediation.  466 

(2) The Dose-Response model was found to best describe the breakthrough curves compared 467 

with the Logit method, Adams-Bohart model, Thomas model and Yoon-Nelson model. 468 

(3) The column adsorption capacity is ~31.85 mg∙g
-1

 at a 6 cm bed length, 1 mL∙min
-1

 flow 469 

rate, 300 mg∙L
-1

 initial MTBE concentration and 5% ZSM-5 percentage.  470 

(4) The maximum adsorption capacity increased with the increase of bed length and the 471 

decrease of flow rate and MTBE concentration from the Dose-Response model, while the 472 

adsorption capacity decreased with a higher ZSM-5 dosage due to the underestimate of 473 
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adsorption capacity caused by the fact that the ZSM-5 powder in the column may be more 474 

likely to run away with the MTBE flow with a higher ZSM-5 dosage. 475 

(5) The kinetic parameters obtained from the BDST model can be employed to predict the 476 

dynamic behaviour of columns at new flow rates. 477 

(6) The adsorption capacity of regenerated ZSM-5 remains satisfactory (>85%) after up to 478 

four regeneration cycles at 80, 150 and 300 °C and regeneration at higher temperatures 479 

performed slightly better. 480 

 481 
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Figures 

 

Figure 1 The schematic of the fixed-bed column set-up in this study 
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Figure 2 Breakthrough curves at different flow rates as a function of (a) pore volume (PV) 

and (b) time (t). (C0=300 mg∙L
-1

, bed length=6 cm, ZSM-5 dosage=5%) 
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Figure 3 Breakthrough curves at different bed lengths as function of (a) pore volume (PV) 

and (b) time (t). (flow rate=1 mL∙min
-1

, C0=300 mg∙L
-1

, ZSM-5 dosage=5%) (adapted from 

(Zhang et al., 2018a)) 
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Figure 4 BDST lines at C/C0 of 0.05, 0.2, 0.5, 0.6, 0.85 with different bed lengths (flow 

rate=1 mL∙min
-1

, C0=300 mg∙L
-1

, ZSM-5 dosage=5%) 
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Figure 5 Breakthrough curves in fixed-bed columns with different ZSM-5 percentages as a 

function of (a) pore volume (PV) and (b) time (t). (C0=300 mg∙L
-1

, bed length=6 cm, flow 

rate=1 mL∙min
-1
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Figure 6 Breakthrough curves at inlet MTBE concentrations of 200, 300 and 400 mg∙L
-1

 as 

function of (a) pore volume (PV) and (b) time (t) (bed length=6 cm, flow rate=1 mL∙min
-1

, 

ZSM-5=5%) 
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Figure 7 The MTBE removal percentage by ZSM-5 after 6 regeneration cycles 

 



Tables 

Table 1 Operational variables for fixed-bed column tests 

Test 

No. 

Influencing 

factors 

Flow rate 

(mL∙min
-1

) 

Bed 

length 

(cm) 

mZSM-5 

(g) 

ZSM-5 

(%) 

C0 

(MTBE)  

(mg∙L
-1

) 

Porosity 

F0.5 Flow rate 0.5 6 2.05 5 300 0.25 

C Flow rate 1 6 2.05 5 300 0.24 

F2 Flow rate 2 6 2.05 5 300 0.24 

B3 Bed length 1 3 1.03 5 300 0.24 

C Bed length 1 6 2.05 5 300 0.24 

B9 Bed length 1 9 3.08 5 300 0.24 

C ZSM-5 dosage 1 6 2.05 5 300 0.24 

Z10 ZSM-5 dosage 1 6 4.50 10 300 0.23 

M200 MTBE 

concentration 

1 6 2.07 5 200 0.24 

C MTBE 

concentration 

1 6 2.05 5 300 0.24 

M400 MTBE 

concentration 

1 6 2.03 5 400 0.25 
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Table 2 Dose-Response model parameters for the MTBE adsorption on ZSM-5 under 

different operational conditions 

Variables Test No. a b (mL) q0 (mg∙g
-1

) R
2
 

Flow rate C 1.84 179.88 26.32 0.993 

F0.5 3.14 213.16 31.19 0.997 

F2 0.95 90.99 13.32 0.959 

Bed length C 1.84 179.88 26.32 0.993 

B3 1.06 43.46 12.66 0.997 

B9 3.14 294.63 28.70 0.991 

ZSM-5 percentage C 1.84 179.88 26.32 0.993 

 Z10 1.45 280.78 18.72 0.971 

Initial MTBE 

concentration 

C 1.84 179.88 26.32 0.993 

M200 1.67 232.38 22.45 0.989 

M400 1.23 107.34 21.15 0.969 

 

  



Table 3 Parameters of breakthrough curves for MTBE adsorption on ZSM-5 in fixed-bed 

columns under different operational conditions 

Test No. C F0.5 F2 B3 B9 Z10 M200 M400 

tb (min) 36.77 167.87 2.08 2.86 115.28 36.84 40.29 10.13 

ts (min) 460.81 740.18 260.00 220.00 512.25 919.75 655.79 442.04 

    
        

  
 (cm) 5.52 4.64 5.95 2.96 6.97 5.76 5.63 5.86 

        

 

    
         

        

   
 

(mg) 

65.30 67.42 52.99 23.01 93.23 114.99 52.77 66.52 

       
         

    
 (mg) 138.24 111.03 156.00 66.00 153.68 275.93 131.16 176.82 

   
       

      
 (mg∙g

-1
) 31.85 32.89 25.85 22.34 30.27 25.55 25.49 32.77 

   
                    

       
 

(mg∙L
-1

) 

158.29 117.82 198.10 195.42 118.00 174.98 119.53 249.52 

  
          

      
 (%) 47.24 60.73 33.97 34.86 60.67 41.67 40.23 37.62 

 

  



Table 4 Calculated parameters of the BDST model for MTBE adsorption on ZSM-5 in the 

fix-bed column tests 

C/C0 Equations N0 (mg∙L
-1

) kAB (L∙mg
-1

∙min
-1

) R
2
 

0.05 t=18.74Z-60.78 1787.80 1.61×10
-4

 0.900 

0.2 t=29.68Z-82.44 2831.47 5.61×10
-5

 0.979 

0.5 t=41.85Z-78.19 3992.49 0 0.995 

0.85 t=48.71Z+105.44 4646.93 5.48×10
-5

 0.755 

 

  



Table 5 Breakthrough time prediction using BDST model at a new flow rate (ZSM-5 

percentage=5%) 

Operational 

conditions 

C/C0 New equations tc (min) te (min) RE
a
 

Q’=0.5 mL∙min
-1

 

Z=6 cm 

C0’=300 mg∙L
-1

 

0.05 t’=37.48Z-60.78 164.1 167.87 2.25% 

0.2 t’=59.36Z-82.44 273.72 274.83 0.40% 

0.5 t’=83.70Z-78.19 424.01 427.09 0.72% 

0.85 t’=97.42Z+105.44 689.96 740.18 6.79% 

Q’=0.01 mL∙min
-1

 

Z=6 cm 

C0=300 mg∙L
-1

 

0.05 t’=1874Z-60.78 11183.22   

0.2 t’=2968Z-82.44 17725.56   

0.5 t’=4185Z-78.19 25031.81   

0.85 t’=4871Z+105.44 29331.44   

a 
Relative error 

  



Table 6 Predicted residence time (h) and PRB thickness (cm) (v=0.18 cm∙h
-1

) 

Initial MTBE concentration (mg∙L
-1

) 100 150 300 600 

Residence time (h) 122.62  456.26 638.06 683.11 

Thickness (cm) 22.07 82.13 114.85 122.96 
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Highlights 

 ZSM-5 is evaluated on its removal for MTBE in fixed-bed column tests. 

 Dose-Response model was found to best describe the breakthrough curves. 

 The removal capacity is ~31.85 mg∙g
-1

 in fixed-bed column tests. 

 Parameters from BDST model can predict breakthrough curves at a new flow rate. 

 ZSM-5 is effective and recyclable for MTBE contaminated groundwater 

remediation. 
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