Lead adsorption in a serpentine millichannel-based packed-bed device: Effect of hydrodynamics and mixing characteristics
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Abstract
The present study depicts the hydrodynamics along with the mixing characteristics inside a millichannel-based serpentine fixed-bed device to attain the particular demands of the fabrication of the miniature adsorption devices. Residence Time Distribution (RTD) analyses were accomplished to analyze the velocity distribution inside the packed bed geometry. The operating variables effect the hydrodynamics, mixing, and the lead adsorption characteristics, which were pronounced clearly in the present context. Depending on the results obtained in the experiment, the new correlations were proposed. The parametric effects on the lead ions adsorption were studied in the same millichannel geometry packed with the graphene oxide (GO) coated glass beads. Thomas model was utilized to investigate the kinetics of the adsorptive removal process. The regeneration study of the said millichannel-based fixed-bed device was also executed.
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1. Introduction
In the present day scenario, the scarcity of fresh water is a vital problem for human beings worldwide. Heavy metal contaminants released from the industries due to the improper handling of the effluents are polluting the sources of water day by day. Lead is one of the most hazardous materials among them. It can cause anemia and cardiovascular diseases, damages in the central nervous system, and gastro-intestinal respiratory. According to the world health organization (WHO, 2006),1 and the Bureau of Indian Standards (BIS, 2012),2 the acceptable limits of lead in the drinking water are 0.01 mg dm-3.3 The effluents released from the mining and the leather processing industries contain a high level of lead contamination beyond that limit (25 mg dm-3 to 80 mg dm-3), which may contaminate the drinking water as well as it can create the cariogenic problem.4 Hence, the removal of that heavy metal contaminants from industrial wastewater is indispensable for human benefit. The researchers to get remedy from that water contaminant used several kinds of separation processes, such as precipitation, flocculation, ion exchange, advanced oxidation, etc. Adsorption process is widely used in industries to remove the contaminants from the wastewater streams. The engineers and investigators have investigated the superiority of the different kinds of materials for the water purification purposes, such as, activated carbon,5,6 chitosan,7 kaolinite,8 natural zeolite,9 and functionalized silica gel,10 etc. Due to the presence of higher surface area, provided by the sufficient adsorptivity, reduced-graphene-oxide11-13 or graphene-oxide-based composites14-16 could be used as an appropriate adsorbent. In the present study, graphene oxide was utilized as an adsorbent to remove the lead (II), as the graphene oxide contains various kinds of nitrogen or oxygen-containing functional groups, which can take part in the formation of the covalent bonds with the metal ions. According to the previous literature, mainly the batch mode was utilized to investigate the lead (II) adsorption studies.5-16 Though the batch processes are advantageous with respect to its safe and easy operation, it demands higher energy and longer time. Whereas, the continuous mode of operations are cost-effective and efficient enough. The adsorption operation in the continuous mode denotes the application of the fixed-bed as an adsorption device.17 In a fixed-bed, the packing materials are used as the intensifier of the interaction properties, which may increase the mass transport or adsorption rate. According to Barquilha et al. (2017), the continuous mode of operation furnishes a better adsorption tendency within a less time duration than the batch mode.18 Therefore, an appropriate design of the fixed-bed adsorption device is essential for the separation of the heavy metal with a higher removal capacity and efficiency. Previously, the studies on the lead (II) adsorption were carried out in the continuous mode within the packed bed of larger sizes, which are tabulated in Table S1 (Supporting information).19-56 The details about the models are expressed in Table S2.
Besides, the miniature fixed-bed devices are gaining superiority as inexpensive and simple means to achieve higher efficiency. Despite the limitation of high throughput, the researchers are interested in the miniature channel based fixed-bed devices due to their multiple advantages. The advantages are as follows: (a) imperfections associated with the larger-scale instruments can be reduced in milli- and micro-channels, (b) the incorporation of any efficient and interactive solid materials into the channel can enhance the transport phenomena, (c) depending on the hydrodynamics and mixing characteristics, milli- and micro-channels can provide high surface area for the small treated volume, and (d) the hydrodynamics of the large and small packed beds are different by the strong capillary actions. The hydrodynamics, mixing, and the separation efficiency of a packed bed device depends on the geometrical and dimensional variation. Hence, the hydrodynamic study along with the characteristics of mixing in the interior of the device is crucial for designing a small dimensional efficient adsorption device, as the efficiency of mixing can affect the additional parameters such as the product yield, selectivity, and the transport rate. The serpentine millichannel devices are efficient enough than the straight channel devices of similar dimensions.57 The serpentine millichannels provide better mixing efficiency due to the curvature effect. As a consequence, the serpentine millichannels can be utilized in the higher heat and mass transport applications, along with the exothermic reactions.58
According to the literature, it was observed that few studies were performed on the hydrodynamics and the RTDs inside the miniature fixed-bed devices of cylindrical shape,59-61 square shape,61,62 and the rectangular miniature multichannel, mainly with the packing,63,64 without the packing.65 These researches were not adequate in the field of applications of the miniature fixed-bed devices. As indicated by our insight, the millichannel-based packed bed devices are utilized in the reactions, which happened under high temperature, and pressure, for example, the Fischer–Tropsch synthesis,60 and hydrogenation.63 No adsorption contemplates were acted in the rectangular serpentine millimetric packed bed device until this point. The investigation of the lead (II) adsorption on the GO film is likewise inadequate in the past literature. In the current setting, the hydrodynamics as well as the mixing qualities inside a fixed-bed serpentine millichannel device were concentrated by the tracer input technique. Based on the available correlations, the effects of the different operational variables on the mixing characteristics was addressed, and to determine the mixing potency an experimental correlation is suggested depending on the results obtained in the experiment. The studies on the lead (II) adsorption were also executed in the above-mentioned packed millichannel-based fixed-bed device. The glass beads coated with GO were utilized as the material of packing. The current investigation will give the readers a general thought regarding the influence of hydrodynamics and the mixing characteristics, on the adsorptive removal process held in the millichannel-based fixed-bed devices.
2. Experimentation
2.1. Reagents and materials
Graphite flakes (99.5% of atomic weight 12.01), sodium hydroxide pellets (NaOH, 98% of molecular weight 40.00), and lead acetate trihydrate (C4H6O4Pb.3H2O, 99.5% of molecular weight 379.33 g mol-1) were bought from HiMedia Laboratories. Central Drug House (P) Limited supplied the potassium permanganate (KMnO4, 99% of molecular weight 158.03 g mol-1). The Merck Life Science Private Ltd. supplied the other necessary chemicals of the ACS reagent grade, like sulfuric acid (H2SO4, 98% of molecular weight 98.08 g mol-1), phosphoric acid (H3PO4, 88% of molecular weight 98.0 g mol-1), hydrochloric acid (HCl, 37% of molecular weight 36.46 g mol-1), hydrogen peroxide (H2O2, 30% of molecular weight 34.01 g mol-1), and potassium chloride (99.5% of molecular weight 74.55 g mol-1). Hayman Group Limited supplied ethyl alcohol AR (C2H5OH, 99% of molecular weight 46.07 g mol-1). Sigma-Aldrich supplied the Nafion® 117 binders. Apex Abrasives Industries supplied the glass beads. Milli-Q water was acquired from the Millipore synthesis unit (Model: Elix-3, Milli-Q; Make: Millipore, USA), which is present at the analytical laboratory, IIT Guwahati.
2.2. Experimental setup
The experimental setup contains a rectangular serpentine millichannel, which was packed with the graphene oxide (GO) coated glass beads (Piranha cleaned). The width (w), height (h), and the length (l) of the channel were 2 × 10-3 m, 1.2 × 10-3 m, and 2.45 × 10-1 m, respectively. On account of the packed bed, it was considered that, the characteristic length is equivalent to the particle diameter (dp). The radius of curvature (Rc) of the curved channel is 2.55 × 10-2 m. A schematic representation of the experimental setup and a photograph of the setup are shown in Fig. 1.
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Fig. 1. (a) Schematic representation of the experimental setup (b) Photograph of the experimental setup, and (c) Top view of the serpentine millichannel block, [1 – serpentine packed millichannel block, 2 – syringe pump, 3 – differential pressure transducer, 4 – outlet collector, 5 – syringe for the pulse input, and 6 – conductivity meter].
Amar Equipment Pvt. Ltd. supplied the syringe pump, which was utilized to manage the flow rates of the aqueous phase (with or without lead contaminations) inside the packed channels, and the pulse input technique was used to insert the KCl tracer inside the device to perform the residence time distribution (RTD) studies. A differential pressure transmitter (Model: ELPRT100SDP, with the accuracy of ± 0.075%, supplied by Electronet Equipment Pvt. Ltd.) was connected between the two terminal points to estimate the pressure drops. The conductivities of the outlet samples were estimated by using a conductivity meter to calculate the tracer concentrations. The calibration plot of the conductivity meter is shown in Fig. S1. The coated glass beads were dried at 323 K for 24 h in a hot air oven (Make: SoNuu, Model: Digital). The lead concentrations, prior and after the adsorption studies, were measured with the help of the atomic absorption spectrophotometer (AAS) (Varian, Spectra AA 220FS). The AAS instrument was calibrated by measuring the absorbance of the known concentrations of lead solutions and plotting them against their respective concentrations. The calibration plot of the AAS instrument is shown in Fig. S2. All the investigations were carried out at the room temperature (298 K).
2.3. Graphene Oxide (GO) preparation
GO was produced by using the modified improved Hummers method, as described with its characteristic features in our previous publication.66 The detailed procedure of the above-mentioned method is described in the supporting information section.
2.4. Piranha cleaning 
Piranha solution was used to clean the glass beads so that the coating becomes stable on it. The Piranha solution is the mixture of H2O2 (30%) and concentrate H2SO4 (98%) at a ratio of 1:3. At first, the beads were kept in submerged condition into the Piranha solution for about an hour. Then they were washed with the deionized water to remove the traces of the acid. The beads were then dried in an oven at 333 K for 24 h. Fig. 2, shows the FESEM images of the surfaces of the glass bead after the Piranha cleaning (Fig. 2(a)), and after the GO coating (Fig. 2(b)). Piranha solution, being a powerful oxidizing agent, can eliminate most of the organics by etching, which can increase the roughness of the surfaces.67 In addition, it can add OH groups to the surfaces, giving them a highly hydrophilic nature.68 The increase of roughness, hydrophilicity, and functionality, can increase the stability of the coating on the Piranha cleaned surfaces.67
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Fig. 2. The surface of the beads (a) after the piranha cleanning, and (b) after the GO coating.
2.5. Mixing studies
The uncoated glass beads were packed inside the channel, and the channel was filled up with the Milli-Q water to remove the unwanted air from the interior of the channel. Thereafter, the pump was begun, and 1 M KCl tracer (0.5 ml) was infused not long before the channel. The experimental samples were collected from the outlet after a similar time intermissions. The concentrations of the tracer solutions were estimated with respect to time by measuring the conductivities (S m-1). The differential pressures at the different flow rates were also noted down (each result was the average of twenty readings).  
2.6. Procedure to coat the glass beads
The coat on the glass beads were made up with GO by using Nafion® 117 as the binder. 50 mg GO was mixed with the Nafion® 117 (5%, 10 ml) and was sonicated for about an hour to make a colloidal solution. Then the glass beads were added into it and kept on the vibrating hot plate (at 313 K) for 24 hours to dry the coated beads completely. The completely dried beads were used as the packing material during the adsorption study. After the completion of a single adsorption study, the spent beads were replaced. 
2.7. Method to execute the adsorption studies
Lead contaminated solutions of variable concentrations (10 - 25 mg dm-3) were moved through the packed channel (filled with the GO coated beads) at the variant flow rates (5 – 10 ml min-1) with the help of a syringe pump. The total adsorbent weight was 2.512 mg (calculated by the difference of weight between the coated and uncoated glass beads). The pressure differences with the variation of flow rates were documented by a pressure meter, which was connected at the two terminals of the bed.  At first, the channel was filled up with the milli-Q water, and then the contaminated water was pumped through the channel. At the same time intervals, the experimental samples were collected. The Pb(II) ion concentrations in the collected samples (Ct) were estimated by a AAS instrument. The pH of the contaminated solutions was within the range of 5.42 – 5.48, which was considered as the experimental pH value. 
3. Theory behind the experimentation
3.1. The analysis of pressure loss
The frictional pressure loss in a rectangular millichannel is generally depends on the density, viscosity, and, velocity of the fluid, and on the channel dimensions. However, in the packed condition, the diameter of the packing materials, also affect the pressure loss quantity. The properties of the fixed-bed device, the flowing fluid, and the packing material are shown in Table 1. 
Table 1. The properties of the fixed-bed device, the flowing fluid, and the packing material.
	Channel geometry
	Packing material
	Fixed-bed
	Fluid properties

	The channel width, w (m) = 2.0 ×10-3
	Sphericity,  (-) = 1.0
	Effective porosity,  (-) = 0.35
	Density,  (kg m-3) = 9.97 ×102

	The channel height, h (m) = 1.2 ×10-3
	Average diameter of the particle, dp (m) = 3.50 ×10-4
	The total bed volume, VT (m3) = 5.88 × 10-7
	Viscosity,  (N-s m-2) = 8.97 ×10-4 

	The radius of curvature, Rc (m) = 2.55 × 10-2
	
	Void volume, Vvoid (m3) = 2.0 × 10-7
	Surface tension,  (N m-1) = 7.18 ×10-2

	The channel length, l (m) = 2.45 ×10-1
	
	Tortuosity,  (-) = 2.08
	

	The channel cross-sectional area, A (m2) = 2.40 ×10-6
	
	
	








The Reynolds number (), Capillary number (), and Weber number () are the three dimensionless numbers, which are required to predict the magnitude of the frictional pressure loss for the flow through a fixed-bed device. In the case of the serpentine or curved channel, the Reynolds number is replaced by the Dean number () to consider the effect of Dean flow on the pressure drop. The density, velocity, surface tension, and the dynamic viscosity of the fluid, effective porosity of the bed, and the diameter of the particle are represented by  (kg m-3),  (m min-1),  (N m-1),  (N-s m-2),  (-), and  (m), respectively. The hydraulic diameter of a channel (rectangular) was estimated by

											(1)
The height, and width of the channel are represented by h and w, respectively.
3.2. RTD analysis
3.2.1. The dispersion model (axial) and the moment analysis
The RTD of a tracer inside any geometry can be represented in the term of the density distribution function E(t), as 69

										(2)
In Eq. (2), c(t) = outlet tracer concentration profile. E(t) is designated by the combination of the first and second moments. tm (residence time), is related to the first moment. Whereas, the variance () is related to the second moment, which is represented by Eq. (4). The narrow distribution is indicated by the lower value of variance. The dimensionless variance (), can be estimated by the Eq. (5).
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In Eq. (5), the dimensionless time is represented by  (). As per the axial dispersion model (ADM), when Pea < 100, the large deviation is observed from the plug flow. Then, applying the open-open boundary conditions, the solution of normalized E(t) can be represented as 69

	                                                                          (6)
The Peclet number (axial) is represented by Pea. The dispersion number is the inverse of the Peclet number, which can be used to evaluate the potency of mixing. The plug flow indicates the higher axial Peclet number. The axial Peclet number is represented by

										(7)
where Dax = dispersion coefficient (axial, m2 min-1). The relation between the Peclet number and the variance of the RTD is expressed as

									(8)
3.2.2. Velocity distribution model
In a miniature packed bed devices, the effect of molecular diffusion compared to the axial diffusion is negligible as the residence time is short at the fixed-bed interior.70 Guo et al. (2018) provided a similar statement for the multichannel tubular fixed-bed miniature reactor.65 The serpentine millimetric fixed-bed geometry is distinct from the other; hence, it was considered that both the diffusions may be effective. The molecular dispersion coefficient (Dm, m2 min-1), inside a non-circular fixed-bed, is represented as 71,72

										(9)
In Eq. (9) Pem is the molecular Peclet number, which is represented as 73

										(10)
where, Pea = axial Peclet number.  = tortuosity (-), depends on the bed porosity, and therefore the sphericity of the particles. It can be estimated by the Eq. (11).74

										(11)
The sphericity of the packing material is expressed as  (in the present experimentation,  = 1, as the glass beads are spherical). In the case of the present millimetric packed channel, the tortuosity value was estimated as 2.08 (-).
3.3. The dissipation of specific energy in the millimetric channel-based fixed-bed
The dissipation of specific energy depends on the variation of flow rates, and the corresponding pressure drops. The dissipation of specific energy in a fixed-bed, which increases with pressure loss, is estimated by,

											(12)
where,

											(13)
where M is the fluid mass (kg) into which the energy dissipated. Void volume is represented by Vvoid. The higher mixing performance is achieved when the dissipation of energy (W kg-1) holds higher value. In general, the mixing is effected by the molecular diffusion when the specific energy dissipation value is < 102 W kg-1. However, convection controls the process when the value is > 102 W kg-1.75 
3.4. Studies on adsorption
Total fluid volume (Veff, ml) used in the Pb(II) adsorption study is estimated by the Eq. (14).22,76

											(14)
In Eq. (14), tt = the total time of the flow is represented by (min). qt = the total amount of the Pb(II) adsorbed (mg), is estimated by

							(15)
The inlet solute concentration and the effluent solute concentration are represented by C0 (mg dm-3) and  (mg dm-3), respectively. The quantity, which is adsorbed during the time tt is Cad (mg dm-3). The volumetric flow rate is Q (ml min-1). The mass of lead (II), which was fed to the fixed-bed (mt, mg) can be calculated by 22,76

											(16)
The percentage removal (%R) of the target contaminant is estimated as

										(17)
The deviation of the experimental (qexp) to the predicted (qcal) values are calculated by 

									(18)
3.4.1. Study of adsorption kinetics by Thomas model
Thomas model, proposed by Thomas, is widely used to analyze the kinetics of adsorption in the packed bed.21,32,37,45,47 The mathematical expression of the Thomas model is expressed as 77,78  

								(19)
The Thomas model in the linearized form, is expressed as

								(20)
where Mˊ = total adsorbent mass (g), q0 = adsorption capacity (mg g-1), Vt = fluid volume passed at time t, and KT = rate constant (dm3 min-1 mg-1).
4. Results and discussion
4.1. Characteristics of mixing
4.1.1. Influence of flow rate on the RTD, and the axial dispersion model (ADM) analysis
The lower flow, which corresponds to the higher residence time (tm) broadens the RTD curves, as represented in Fig. 3. Peclet number is a crucial dispersion model parameter (reflects in the term of the rate of mixing). It increases with the increment of flow rate as shown in Fig. 4(a). A larger Peclet number dominates the advective distribution, whereas the smaller peclet number dominates a diffusive flow. From the previous studies, it was evident that for the flow in a packed bed the Peclet number increases with the increasing flow rate.79-83 At lower velocity, the Peclet number confines the lower value, and the diffusive process is dominating. According to Zhang et al. (2016), at the higher velocities of fluid, the advective dispersion will dominate when the Pea > 10.81 The broadness of the RTD curves is also related to the dispersion number, as the dispersion number holds the higher value when the Peclet number, as well as the flow rate, hold the lower values (Fig. 3).84 In the present context, the highest dispersion number was obtained as 0.21 at the lower flow rate (5 ml min-1), and its values were diversified within the ranges of 0.12 to 0.21 at the higher flow rate (23 ml min-1). When the flow rate increases, the axial dispersion coefficients also increases as shown in the Fig. 4(b). The dispersion coefficient (axial) and the Peclet number were estimated by the Eq. (7) and Eq. (8), respectively.


Fig. 3. The RTD curves @ of distinct flow rates.
The rate of the specific energy dissipation increases, with the flow rate, resulting in the higher dispersion, as represented in Fig. 5(a). The dissipation of specific energy (Ed) values were < 102 W kg-1, which demonstrated that the molecular diffusion affects the mixing processes.75 With the increase of Dean number, the increment of Dax/Dm ratios specified the dominating nature of the dispersion over the diffusion at the elevated velocities (Fig. 5(b)). 
	

	



Fig. 4. Dependency of the (a) Peclet number, and (b) dispersion coefficient (axial) on the Dean number.
	

	



Fig. 5. Dependency of the (a) dissipation of specific energy, and (b) the Dax/Dm ratio on the Dean number.
With the increase of flow rate, the Dean number increases, resulting the tracer molecules provided the less time to cross through the channel (Fig. 6). When the flow rate increases, the retention time decreases, reducing the mass transport capacity.


Fig. 6. The deviation of the residence time (tm), and the variance (σ) @ of the flow rate.
The parameters of RTD, pressure loss, Dean number, and the dissipation of specific energy for the flow through the packed serpentine millichannel are tabulated in Table 2. 
4.1.2. The influence of the pressure loss on the characteristics of mixing
Pressure loss is an important factor in estimating the performance of a millimetric packed channel device. Pressure loss is the source of the energy input, which is required for mixing. Pressure loss values at the continuous mode of operation inside the packed serpentine channel increases with the Dean number (Dep). When the volumetric flow rate increases, the flow velocity increases, which results in the increase of the Dean number, which is shown in Fig. 7.


Fig. 7. Pressure loss variation @ of the Dean number.
4.1.3. Generation of correlations
Due to the variation in the shape and size of the millichannel and the packing material, the experimental data deviate from the previous correlations. Therefore, the generation of the correlations for the present system at the particular flow conditions is necessary.
4.1.3.1. Pressure drop correlation
The pressure drop correlation is generated depending on the operating variables by doing the dimensional analysis (with the help of the Buckingham's π theorem) and the multiple regression analysis, and expressed as follows

								(21)



where  is the modified Weber number (formed by replacing Rep by Dep). The validity of the above correlation is within the ranges of variables 6.80 × 104 <  < 2.05 × 105, and 9.63 × 10-3 <  < 2.04 × 10-1. The correlation coefficient holds the value 0.99 with the standard error of 0.01. The predicted values fulfilled the experimental results within a maximum error of ± 1.4%.
Table 2. Mean residence time, and the axial dispersion coefficient (Dax) in the millichannel based fixed-bed device for distinct flow rates (tracer solution: KCl of 1 mole dm-3, and T = 298 K).
	Flow rate, Q (ml min-1)
	Velocity through the channel, Ui (m min-1)
	Mean residence time, tm (min)
	Total pressure drop, ΔPf (N m-2)
	Particle Dean number, Dep (-)
	 (-)
	Axial Peclet number, Pea (-)
	Axial dispersion coefficient, Dax (m2 min-1)
	Specific energy dissipation, Ed (W kg-1)

	5
	3.48 × 10-2
	1.96
	16.67 × 103
	7.53
	7.60 × 10-1
	4.82
	4.92 × 10-4
	6.97

	10
	6.96 × 10-2
	1.57
	27.05 × 103
	15.06
	6.46 × 10-1
	5.39
	8.79 × 10-4
	22.62

	15
	1.04 × 10-1
	1.01
	36.22 × 103
	22.59
	5.10 × 10-1
	6.38
	11.14 × 10-4
	45.43

	20
	1.39 × 10-1
	0.67
	45.78 × 103
	30.12
	4.06 × 10-1
	7.53
	12.59 × 10-4
	76.56

	23
	1.60 × 10-1
	0.64
	50.34 × 103
	34.63
	3.66 × 10-1
	8.15
	13.38 × 10-4
	96.81



4.1.3.1. The relation of the axial dispersion coefficient with the molecular diffusion coefficient
By doing the dimensional analysis depending on the different operating variables, yields the following relation (Eq. 22) for the axial dispersion coefficient 

						(22)
The correlation between the above mentioned coefficients was generated by doing the multiple regression analysis, which can be expressed as

								(23)
The predicted data satisfied the experimental results with the correlation coefficient (R2) and standard error of 0.91, and 0.25. The experimental results were satisfied by the present proposed correlation within a maximum error of ± 20.0%. 
4.2. Results obtained from the adsorption studies
4.2.1. Breakthrough curves
The breakthrough curves are crucial to determine the adsorption capacity as well as the adsorbent efficiency inside the fixed-bed at the breakthrough and the exhaustion points. Initially, the effluent is contaminant free, and after the breakthrough point it becomes present in the effluent. The point is considered as the breakthrough point, where the influent to effluent concentration ratios reached 0.1. Whereas, the exhaustion point is considered when the ratio is reached to 0.95. When the breakthrough time (tb) increases, the efficiency in removing the contaminant is increased. Thus, the high breakthrough point refers to the high removal capacity, as well as its functioning for a long time in need of regeneration. Such geometry, materials, and the operational conditions are consistently suitable for the adsorption processes, particularly for the water purification processes.
4.2.2. The influence of the flow rate
Flow rate of the influent is an important factor for the determination of the adsorbent efficiency or the effectiveness of the packed bed adsorption device in a continuous flow operation. The influence of the flow rate on the removal of Pb (II) was investigated by varying the flow rates (5 - 10 ml min-1) for a constant concentration (10 mg dm-3) of the contaminant. The plot of normalized Pb (II) concentration (Ct/C0) with respect to time (t) at the different flow rates is shown in Fig. 8. The breakthrough point, and the saturation point, appeared faster with the increasing flow rate. At a constant lead concentration (10 mg dm-3), with the increase of velocity from 5 - 10 ml min-1, the faster elution of the Pb (II) molecules occurred, decreasing the breakthrough time from 1.97 to 0.74 min as shown in Table 3. Due to the increased mass transfer with the increase of velocity, the adsorption rate enhanced. Therefore, in the case of the elevated flow rate, the earlier breakthrough point is achieved. With the increasing flow rate, the contact time decreases, diminishing the occurrence of the intra-particle diffusion phenomena. Therefore, the percentage of removal along with the total adsorption capacity decrease (Table 3). As the flow rate decreased, the influence of the elevated residence time, increases the saturation time. At a fixed concentration, when the exhaustion point is higher, a longer time is needed to exhaust the adsorbent. Hence, the smaller flow rate and concentration are preferable for the suitable operation of the fixed-bed, due to its improved capacity, efficiency, and the durability.
Table 3. The parameters obtained from the breakthrough curves at distinct concentrations and influent flow rates (adsorbate: Pb (II), adsorbent: GO coated glass beads).
	Q (ml min-1)
	Concentration (mg dm-3)
	tb (min)
	Veff (ml)
	tt (min)
	mt (mg)
	qt (mg)
	% R

	5
	10
	1.97
	40.0
	8.0
	0.40
	0.198
	49.47

	8
	10
	0.98
	36.0
	4.5
	0.36
	0.173
	47.94

	10
	10
	0.74
	34.0
	3.5
	0.34
	0.160
	47.06

	5
	15
	1.44
	32.5
	6.5
	0.49
	0.245
	50.24

	5
	20
	1.06
	25.0
	5.0
	0.50
	0.259
	51.76

	5
	25
	0.88
	20.0
	4.0
	0.51
	0.272
	53.33





Fig. 8. The breakthrough curves for the Pb (II) solution at the distinct flow rates (concentration: 10 mg dm-3).
4.2.3. The influence of the initial concentration
The adsorption experiments were performed with the deviation of influent concentrations of Pb (II) ions from 10 - 25 mg dm-3. The breakthrough curves deviate depending on the influent concentrations as represented in Fig. 9. At a constant flow rate, when the contaminant concentration increases in the influent, the saturation time of the fixed-bed millichannel device decreased (Fig. 9). When the concentrations were increased from 10 – 25 mg dm-3, the saturation times were decreased from 8 – 4 min, due to the increment of the concentration gradient. However, at a fixed flow rate, with the increment of contaminant concentration, the mass transfer rate increases. It is mainly due to the existence of the higher concentration gradient, resulting the increment of the extent of adsorption. The higher adsorption was observed at a minimum flow rate (5 ml min-1), and at the maximum concentration (25 mg dm-3), as shown in Table 3. Hence, the losser concentration is satisfactory for the longer operation time, but the elevated concentration is advantageous with respect to the accomplishment of the higher adsorption capacity.


Fig. 9. The breakthrough curves for the Pb (II) solution at the distinct influent concentrations (fluid flow rate of 5 ml min-1).
4.3. Adsorption in channel-based fixed-bed device (Dynamic modeling)
4.3.1. The study of the adsorption kinetics by Thomas model
The influence of the flow rate and concentration on the adsorption process were analyzed based on the Thomas model, as shown in Fig. 10. At a particular concentration, with the increasing flow rate, the extent of adsorption decreases, and the KT value (Thomas model parameter) increases due to the decrement of the residence time (Fig. 10(a) and Table 4). The less residence time provides less interaction time between the adsorbate and the adsorbent molecules, resulting in the decrement of the adsorption capacity. The adsorption capacity decreased from 78.78 – 65.68 mg g-1, and the KT value increased from 0.11 – 0.23, when the flow rate was changed from 5 – 10 ml min-1 (influent concentration was fixed at 10 mg dm-3). At a constant flow rate, with increasing influent concentration, the straight line in Fig. 10 becomes steeper, resulting in the increase of the adsorption with the decrement of the KT values. When the concentration was increased from 10 – 25 mg dm-3 (at the flow rate of 5 ml min-1), the adsorption capacity increases from 78.78 – 106.23 mg g-1, and the KT value decreases from 0.110 – 0.073 (Fig. 10(b)). At the higher concentrations, the rate of adsorption increases, as the higher concentration gradient exists. The parameters determined from the Thomas model were shown in Table 4.
	

	



Fig. 10. Thomas model plot for the (a) flow rate variation, and (b) concentration variation.
Table 4. Kinetic model parameters (Thomas) at the distinct operational conditions.
	Fluid flow rates (ml min-1)
	Initial Pb (II) concentrations (mg dm-3)
	KT (dm3 mg-1 min-1)
	q0 (mg g-1) - experimental
	q0 (mg g-1) - calculated
	R2
	%E

	5
	10
	0.110
	78.78
	81.52
	0.99
	3.47

	8
	10
	0.180
	68.71
	73.69
	0.98
	7.25

	10
	10
	0.230
	65.68
	72.19
	0.98
	9.92

	5
	15
	0.087
	97.51
	99.73
	0.98
	2.27

	5
	20
	0.079
	103.02
	106.76
	0.96
	3.63

	5
	25
	0.073
	106.23
	112.49
	0.95
	5.90



From Table 4, it is clear that the adsorption capacities obtained by the Thomas model satisfied the experimental results quite well within the error percentages of ± 10%. Therefore, it can be concluded that the adsorption process satisfied the assumptions associated with the Thomas model, such that it followed the second-order rate equation and the Langmuir type of adsorption isotherm.
4.4. Recycling of the millichannel based packed bed adsorption device
The millimetric serpentine fixed-bed device was recycled by flowing acidic solution (0.05 M hydrochloric acid) through the channel at a lower flow rate (5 ml min-1) for about an hour. The increase of the concentration of the hydrochloric acid solution may increase the regeneration capability. However, the elevated acidic concentration can strip down the coating. Therefore, the use of mild acidic solution is preferred. The device was regenerated and reused (several times) at 5 ml min-1 influent flow rate with 25 mg dm-3 contaminant concentration. The adsorption capacities were decreased by 4.97% after the regeneration for five times, which is represented in Fig. 11.


Fig. 11. Regeneration studies.
Hence, the millimetric serpentine fixed-bed device (packing material: GO coated beads) exhibited sufficient adsorption capacity along with its higher regeneration capability. 
5. Conclusions
The Peclet number increases from 4.82 – 8.15, and the frictional pressure drop increases from 1.67 × 104 – 5.03 × 104 N m-2, when the volumetric flow rates is altered from 5 - 10 ml min-1. With the increase of the flow rate, the velocity of the fluid as well as the Dean number increases, resulting in an increase of the specific energy dissipation rate as well as the Dax/Dm ratio. The dispersion dominates the diffusion at the elevated velocity. The elevated pressure loss, which can provide the essential energy, is responsible for the higher mixing in the packed bed. Though, the mass transfer coefficient increases with velocity; the overall adsorption capacity decreases as the residence time decreases. The mass transfer coefficient and the overall extent of adsorption increases with the concentration of the influent. However, according to the operational viewpoint, higher concentration decreases the saturation time, and the regeneration requires earlier. Therefore, the fixed-bed devices should be handled at reduced flow condition with the reduced concentration to obtain adequate performance for an extended time. In the current context, the optimal operating parameters were the lower flow rate (5 ml min-1), and the higher concentration (25 mg dm-3). The GO provided adequate adsorption tendency towards Pb(II) in the packed bed. The Thomas model satisfied the experimental results within a deviation of ± 10%. Hence, the adsorption process fulfilled a good agreement with the pseudo-second-order kinetics and the Langmuir isotherm. The packed bed was recycled five times, which resulted only 4.97% of decrement in the adsorption capacity. Overall, it can be said that the serpentine packed millichannel device, packed with the GO coated glass beads, can be utilized as effective adsorption device for the lead (II) contaminant.
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Nomenclature
A			cross-sectional area of the channel (m2)
Cad			quantity adsorbed at time tt (mg dm-3)
Cap			particle Capillary number (-)
C0			inlet solute concentration (mg dm-3)
			solute concentration in the effluent at time t (mg dm-3)
c(t)			concentration profile of the tracer at the outlet (molar, M)
Dax			axial dispersion coefficient (m2 min-1)
Dep			particle Dean number (-)
Dm			molecular diffusion coefficient (m2 min-1)
dH			hydraulic diameter of the channel (m)
dp			average diameter of the packing materials (m)
Ed			specific energy dissipation (W kg-1)
E(t)			density distribution function (min-1)
fp			Fanning friction factor (-)
h			height of the channel (m)
KT			Thomas rate constant (dm3 min-1 mg-1)
l			total length of the channel (m)
M			mass of the fluid into which the specific energy is dissipated (kg)
Mˊ			total mass of the adsorbent (g)
mt			total quantity of lead (II) fed to the packed bed (mg)
Pea			axial Peclet number (-)
Pem			Peclet number for the molecular diffusion (-)
			frictional pressure loss (N m-2)
Q			volumetric flow rate (m3)
q0			total adsorption capacity of the adsorbent (mg g-1)
qt			quantity of the total contaminant adsorbed (mg)
Rep			particle Reynolds number (-)
t			sampling time (min)
tb			breakthrough time (min)
tm			mean residence time (min)
tt			total time of flow (min)
Veff			total treated volume of the fluid (ml)
w			width of the channel (m)
Wep			particle Weber number (Rep × Cap, -)

			modified particle Weber number (Dep × Cap, -)
			actual velocity of the fluid through the channel (m min-1),
VT			total volume of the packed bed (m3)
Vt			volume of fluid passed at time t (ml)
Vvoid			total void volume of the packed bed (m3)
Greek letters
			sphericity of the packing materials (-)
			effective porosity of the packed bed (-)
			tortuosity of the packed bed (-)
ρ			fluid density (kg m-3)
µ			viscosity of the fluid (N-s m-2)
			surface tension of the fluid (N m-1)
			variance (min)
			dimensionless form of the variance (-)

References
[1] WHO, Guidelines for drinking water quality. 3rd edition, 2006; 1, recommendations, WHO, Geneva.
[2] Bureau of Indian Standards, BIS IS 10500 Drinking water-Specification. 2nd Revision, 2012; 16, New Delhi.
[3] Purushotham D, Rashid M, Lone MA, Rao AN, Ahmed S, Nagaiah E, Dar FA. Environmental impact assessment of heavy metal concentration in groundwater and air of Maheshwaram watershed, Ranaga Reddy district, Andhra Pradesh. J. Geol. Soc. India 2013; 81: 385–396.
[bookmark: _GoBack][4] Nasir AM, Goh PS, Abdullah MS, Ng BC, Ismail AF. Adsorptive nanocomposite membranes for heavy metal remediation: Recent progress and challenges. Chemosphere 2019; 232: 96-112.
[5] Youssef AM, Ahmed AI, Amin MI, Banna UA. Adsorption of lead by activated carbon developed from rice husk. Desalin. Water Treat. 2014; 54: 1694-1707.
[6] Koohzad E, Jafari D, Esmaeili H. Adsorption of lead and arsenic ions from aqueous solution by activated carbon prepared from tamarix leaves. ChemistrySelect 2019; 4: 12356-12367.
[7] Yan WL, Bai R. Adsorption of lead and humic acid on chitosan hydrogel beads. Water Res. 2005; 39: 688-698.
[8] Hizal J, Apak R. Modeling of copper(II) and lead(II) adsorption on kaolinite-based clay minerals individually and in the presence of humic acid. J. Colloid Interface Sci. 2006; 295: 1-13.
[9] Perić J, Trgo M, Medvidović NV. Removal of zinc, copper and lead by natural zeolite—a comparison of adsorption isotherms. Water Res. 2004; 38: 1893-1899.
[10] Kushwaha AK, Gupta N, Chattopadhyaya MC. Adsorption behavior of lead onto a new class of functionalized silica gel. Arab. J. Chem. 2017; 10: 581-589.
[11] Bo W, Fan Z, Fu H. Preparation of reduced graphene oxide and its adsorption property for heavy metal ions. Chin. J. Appl. Chem. 2014; 31: 502-504.
[12] Zhang Y, Yan L, Xu W, Guo X, Cui L, Gao L, Wei Q, Du B. Adsorption of Pb(II) and Hg(II) from aqueous solution using magnetic CoFe2O4-reduced graphene oxide. J. Mol. Liq. 2014; 191: 177-182.
[13] Zhang CZ, Yuan Y, Li T. Adsorption and desorption of heavy metals from water using aminoethyl reduced graphene oxide. Environ. Eng. Sci. 2018; 35: 978-987.
[14] Li X, Wang Z, Li Q, Ma J, Zhu M. Preparation, characterization, and application of mesoporous silica-grafted graphene oxide for highly selective lead adsorption. Chem. Eng. J. 2015; 273: 630-637.
[15] Mohan S, Kumar V, Singh DK, Hasan SH. Effective removal of lead ions using graphene oxide-MgO nanohybrid from aqueous solution: Isotherm, kinetic and thermodynamic modeling of adsorption. J. Environ. Chem. Eng. 2017; 5: 2259-2273.
[16] Samuel MS, Shah SS, Bhattacharya J, Subramaniam K, Singh NDP. Adsorption of Pb(II) from aqueous solution using a magnetic chitosan/graphene oxide composite and its toxicity studies. Int. J. Biol. Macromol. 2018; 115: 1142-1150.
[17] Hessel V, Angeli P, Gavriilidis A, Lowe H. Gas-liquid and gas-liquid-solid microstructured reactors: Contacting principles and applications. Ind. Eng. Chem. Res. 2005; 44: 9750-9769.
[18] Barquilha CER, Cossich ES, Tavares CRG, Silva EA. Bio-sorption of nickel(II) and copper(II) ions in batch and fixed-bed columns by free and immobilized marine algae Sargassum sp. J. Clean. Prod. 2017; 150: 58–64.
[19] Alexander JA, Surajudeen A, Aliyu EU, Omeiza AU, Zaini MAA. Multi-metals column adsorption of lead(II), cadmium(II) and manganese(II) onto natural bentonite clay. Water Sci. Technol. 2017; 76: 2232-2241.
[20] Khalir WKAWM, Hanafiah MAKM, Soad SZM, Ngah WSW, Majid ZAA. Batch, column and thermodynamic of Pb(II) adsorption on xanthated rubber (Hevea brasiliensis) leaf powder. J. Appl. Sci. 2012; 12: 1142–1147.
[21] Nguyen TC, Loganathan P, Nguyen TV, Vigneswaran S, Kandasamy J, Naidu R. Simultaneous adsorption of Cd, Cr, Cu, Pb, and Zn by an iron-coated Australian zeolite in batch and fixed-bed column studies. Chem. Eng. J. 2015; 270: 393–404.
[22] Tsai WC, Luna MDG, Bermillo-Arriesgado HLP, Futalan CM, Colades JI, Wan MW. Competitive fixed-bed adsorption of Pb(II), Cu(II), and Ni(II) from aqueous solution using chitosan-coated bentonite. Int. J. Polym. Sci. 2016; 2016: 1608939.
[23] Kara A, Üstün GE, Solmaz SKA, Demirbel E. Removal of Pb(II) ions in fixed-bed column from electroplating wastewater of Bursa, an industrial city in Turkey. J. Chem. 2013; 2013: 953968.
[24] Biswas S, Mishra U. Continuous fixed-bed column study and adsorption modeling: Removal of lead ion from aqueous solution by charcoal originated from chemical carbonization of rubber wood sawdust. J. Chem. 2015; 2015: 907379.
[25] Mondal MK. Removal of Pb(II) ions from aqueous solution using activated tea waste: Adsorption on a fixed-bed column. J. Environ. Manage. 2009; 90: 3266-3271.
[26] Dwivedi CP, Sahu JN, Mohanty CR, Mohan BR, Meikap BC. Column performance of granular activated carbon packed bed for Pb(II) removal. J. Hazard. Mater. 2008; 156: 596-603.
[27] Han R, Zou W, Li H, Li Y, Shi J. Copper(II) and lead(II) removal from aqueous solution in fixed-bed columns by manganese oxide coated zeolite. J. Hazard. Mater. 2006; B137: 934-942.
[28] Goel J, Kadirvelu K, Rajagopal C, Garg VK. Removal of lead(II) by adsorption using treated granular activated carbon: Batch and column studies. J. Hazard. Mater. 2005; B125: 211-220.
[29] Qaiser S, Saleemi AR, Umar M. Biosorption of lead from aqueous solution by Ficus religiosa leaves: Batch and column study. J. Hazard. Mater. 2009; 166: 998-1005.
[30] Ahluwalia SS, Goyal D. Removal of heavy metals by waste tea leaves from aqueous solution. Eng. Life Sci. 2005; 5: 158-162.
[31] Medvidovic NV, Peric J, Trgo M. Testing of breakthrough curves for removal of lead ions from aqueous solutions by natural zeolite-clinoptilolite according to the Clark kinetic equation. Sep. Sci. Technol. 2008; 43: 944-959.
[32] Puspitasari M. Column performance in lead(II) removal from aqueous solutions by fixed-bed column of mango wood sawdust (Mangifera Indica). Jurnal Kimia Riset 2018; 3: 29-37.
[33] Nwabanne JT, Igbokwe PK. Adsorption performance of packed bed column for the removal of lead (II) using oil palm fibre. Int. J. Appl. Sci. Technol. 2012; 2: 106-115.
[34] Mubeen H, Naeem I, Taskeen A. Removal of Pb(II) from aqueous solutions using Calotropis procera roots in a fixed-bed column. Rep. Opinion 2010; 2: 22-26.
[35] Vieira MGA, Neto AFA, Silva MGC, Carneiro CN, Filho AAM. Adsorption of lead and copper ions from aqueous effluents on rice husk ash in a dynamic system. Braz. J. Chem. Eng. 2014; 31: 519-529.
[36] Bai MT, Venkateswarlu P. Fixed bed and batch studies on biosorption of lead using Sargassum Tenerrimum powder: Characterization, Kinetics and Thermodynamics. Mater. Today Proc. 2018; 5: 18024-18037.
[37] Patrick UA, Cosmas U. Studying and modeling dynamic adsorption of lead (II) ion onto fixed bed column of activated carbon of plantain peels and bamboo. SJEER 2016; 2016: 115.
[38] Sulaymon AH, Abood DW, Ali AH. Removal of phenol and lead from synthetic wastewater by adsorption onto granular activated carbon in fixed bed adsorbers: predication of breakthrough curves. Hydrol. Current Res. 2011; 2: 1000120.
[39] Shahbazi A, Younesi H, Badiei A. Batch and fxed-bed column adsorption of Cu(II), Pb(II) and Cd(II) from aqueous solution onto functionalised SBA-15 mesoporous silica. Can. J. Chem. Eng. 2013; 91: 739–750.
[40] Lim AP, Aris AZ. Continuous fixed-bed column study and adsorption modeling: removal of cadmium(II) and lead(II) ions in aqueous solution by dead calcareous skeletons. Biochem. Eng. J. 2014; 87: 50–61.
[41] Miralles N, Valderrama C, Casas I, Martınez M, Florido A. Cadmium and lead removal from aqueous solution by grape stalk wastes: modeling of a fixed-bed column. J. Chem. Eng. Data 2010; 55: 3548–3554.
[42] Gutie ́rrez-Segura E, Colı ́n-Cruz A, Fall C, Solache-Rı ́os M, Balderas-Herna ́ndez P. Comparison of Cd-Pb adsorption on commercial activated carbon  and  carbonaceous  material  from  pyrolysed  sewage  sludge  in column system. Environ. Technol. 2009; 30: 455–461.
[43] Shukla SR, Pai RS. Comparison of Pb(II) uptake by coir and dye loaded coir fibres in a fixed bed column. J. Hazard. Mater. 2005; 125: 147–153.
[44] Amarasinghe BMWPK, Williams RA. Tea waste as a low cost adsorbent for the removal of Cu and Pb from wastewater. Chem. Eng. J. 2007; 132: 299–309.
[45] Hymavathi D, Prabhakar G. Modeling of cobalt and lead adsorption by Ficus benghalenesis L. in a fixed bed column. Chem. Eng. Commun. 2019; 206: 1264-1272.
[46] Taty-Costodes VC, Fauduet H, Porte C, Ho YS. Removal of lead (II) ions from synthetic and real effluents using immobilized Pinus sylvestris sawdust: Adsorption on a fixed-bed column. J. Hazard. Mater. 2005; B123: 135-144.
[47] Garba A, Basri H, Nasri NS, Siddiq UH, Rahman ARA. Modeling of lead (II) adsorption on sodium hydroxide treated rice husk: Fixed-bed studies. Mal. J. Fund. Appl. Sci. 2017; 13: 803-806.
[48] Mopoung S, Udeye V. Study of lead ion elimination from aqueous solution in a fixed-bed double column system using longan seed based activated carbon. Carbon – Sci. Tech. 2015; 7: 19-23.
[49] Abdallah MM, Ahmad MN, Walker G, Leahy JJ, Kwapinski W. Batch and continuous systems for Zn, Cu, and Pb metal ions adsorption on spent mushroom compost biochar. Ind. Eng. Chem. Res. 2019; 58: 7296-7307.
[50] Mitra T, Singha B, Bar N, Das SK. Removal of Pb(II) ions from aqueous solution using water hyacinth root by fixed-bed column and ANN modeling. J. Hazard. Mater. 2014; 273: 94-103.
[51] Lee MY, Shin HJ, Lee SH, Park JM, Yang JW. Removal of Lead in a Fixed-Bed Column Packed with Activated Carbon and Crab Shell. Sep. Sci. Technol. 1998; 33: 1043-1056.
[52] Lakshmipathy R, Sarada NC. A fixed bed column study for the removal of Pb2+ ions by watermelon rind. Environ. Sci. Water Res. Technol. 2015; 1: 244-250.
[53] Cruz-Olivares J, Pérez-Alonso C, Barrera-Díaz C, Ureña-Nuñez F, Chaparro-Mercado MC, Bilyeu B. Modeling of lead (II) biosorption by residue of allspice in a fixed-bed column. Chem. Eng. J. 2013; 228: 21 -27.
[54] Apiratikul R, Pavasant P. Batch and column studies of biosorption of heavy metals by Caulerpa lentillifera. Bioresour. Technol. 2008; 99: 2766-2777.
[55] Gupta VK, Ali I. Removal of lead and chromium from wastewater using bagasse fly ash—a sugar industry waste. J. Colloid Interface Sci. 2004; 271: 321-328.
[56] Abollino O, Aceto M, Malandrino M, Sarzanini C, Mentasti E. Adsorption of heavy metals on Na-montmorillonite. Effect of pH and organic substances. Water Res. 2003; 37: 1619–1627.
[57] Mondal S, Majumder SK. Studies on the copper extraction in a channel-based packed extraction device. Miner. Eng. 2018; 126: 194-206.
[58] Mondal S, Majumder SK. Heat transport based on hydrodynamics and the local entropy generation rate in straight and serpentine rectangular packed narrow channels. Appl. Therm. Eng. 2020; 171: 115057.
[59] Tidona B, Desportes S, Altheimer M, Ninck K, Rohr PRV. Liquid-to-particle mass transfer in a micro packed bed reactor. Int. J. Heat Mass Transf. 2012; 55: 522–530.
[60] Knobloch C, Güttel R, Turek T. Holdup and pressure drop in micro packed-bed reactors for Fischer-Tropsch synthesis. Chem. Eng. Tech. 2013; 85: 455-460.
[61] Faridkhou A, Larachi F. Two-phase flow hydrodynamic study in micro-packed beds – Effect of bed geometry and particle size. Chem. Eng. Process. 2014; 78: 27-36.
[62] Serres M, Schweich D, Vidal V, Philippe R. Liquid residence time distribution of multiphase horizontal flow in packed bed milli-channel: Spherical beads versus open cell solid foams. Chem. Eng. Sci. 2018; 190: 149-163.
[63] Losey MW, Schmidt MA, Jensen KF. Microfabricated multiphase packed-bed reactors: Characterization of mass transfer and reactions. Ind. Eng. Chem. Res. 2001; 40: 2555-2562.
[64] Faridkhou A, Tourvieille JN, Larachi F. Reactions, hydrodynamics and mass transfer in micro-packed beds — Overview and new mass transfer data. Chem. Eng. Process. 2016; 110: 80-96.
[65] Guo X, Fan Y, Luo L. Residence time distribution on flow characterization of multichannel systems: Modelling and experimentation. Exp. Therm. Fluid Sci. 2018; 99: 407-419.
[66] Mondal S, Patel S, Majumder SK. Bio-extract assisted in-situ green synthesis of Ag-RGO nanocomposite film for enhanced naproxen removal. Korean J. Chem. Eng. 2020; 37: 274-289.
[67] Jradi K, Daneault C, Chabot B. Chemical surface modification of glass beads for the treatment of paper machine process waters. Thin Solid Films 2011; 519: 4239–4245.
[68] Ismail MB, Pastor NC, Soler EP, Soltani A, Othmane A. A comparative study on surface treatments in the immobilization improvement of hexahistidine-tagged protein on the indium tin oxide surface. J. Nanomed. Nanotechnol. 2016; 7: 1000372.
[69] Levenspiel O. Chemical Reaction Engineering; Wiley: New York, 1999.
[70] Atmakidis T, Kenig EY. Numerical analysis of residence time distribution in packed bed reactors with irregular particle arrangements. Chem. Prod. Process Model 2015; 10: 17–26.
[71] Squires TM, Quake SR. Microfluidics: fluid physics at the nanoliter scale. Rev. Mod. Phys. 2005; 77: 977.
[72] Ajdari A, Bontoux N, Stone HA. Hydrodynamic dispersion in shallow microchannels: the effect of cross-sectional shape. Anal. Chem. 2006; 78: 387-392.
[73] Delgado JMPQ. A critical review of dispersion in packed beds. Heat Mass Transf. 2006; 42: 279–310.
[74] Lanfrey PY, Kuzeljevic ZV, Dudukovic MP. Tortuosity model for fixed beds randomly packed with identical particles. Chem. Eng. Sci. 2010; 65: 1891-1896.
[75] Su Y, Chen G, Kenig EY. An experimental study on the numbering-up of microchannels for liquid mixing. Lab Chip 2015; 15: 178-187.
[76] Kapur M, Mondal MK. Design and model parameters estimation for fixed-bed column adsorption of Cu(II) and Ni(II) ions using magnetized sawdust. Desalination Water Treat. 2016; 57: 12192–12203.
[77] Thomas HC. Heterogeneous ion exchange in a flowing system. J. Am. Chem. Soc. 1944; 66: 1664-1666.
[78] Baek K, Song S, Kang S, Rhee Y, Lee C, Lee B, Hudson S, Hwang T. Adsorption kinetics of boron by anion exchange resin in packed column bed. J. Ind. Eng. Chem. 2007; 13: 452-456.
[79] Chung SF, Wen CY. Longitudinal dispersion of liquid flowing through fixed and fluidized beds. AIChE J. 1968; 14: 857-866.
[80] Yuan Y, Han M, Wang D, Jin Y. Liquid phase residence time distribution for a two-phase countercurrent flow in a packed column with a novel internal. Chem. Eng. Process. 2004; 43: 1469-1474.
[81] Zhang Y, Liu S, Wang L, Song Y, Yang M, Zhao J, Zhao Y, Chi Y. In situ measurement of the dispersion coefficient of liquid/supercritical CO2–CH4 in a sand pack using CT. RSC Adv. 2016; 6: 42367.
[82] Rastegar SO, Gu T. Empirical correlations for axial dispersion coefficient and Peclet number in fixed-bed columns. J. Chromatogr. A 2017; 1490: 133–137.
[83] Sharma L, Nigam KDP, Roy S. Single phase mixing in coiled tubes and coiled flow inverters in different flow regimes. Chem. Eng. Sci. 2017; 160: 227-235.
[84] Rossi D, Gargiulo L, Valitov G, Gavriilidis A, Mazzei L. Experimental characterization of axial dispersion in coiled flow inverters. Chem. Eng. Res. Des. 2017; 120: 159-170.
35

oleObject1.bin

image4.wmf
(/)

eff

p

U

Ca

me

g

=


oleObject2.bin

image5.wmf
2

(/)

Re

effp

ppp

Ud

WeCa

re

g

==


oleObject3.bin

image6.wmf
DeRe

2

H

pp

c

d

R

=


oleObject4.bin

image7.wmf
g


oleObject5.bin

image8.wmf
2

H

wh

d

wh

=

+


oleObject6.bin

image9.wmf
0

()

()

()

ct

Et

ctdt

a

=

ò


oleObject7.bin

image10.wmf
0

0

0

()

()

()

m

tEtdt

ttEtdt

Etdt

a

a

a

==

ò

ò

ò


oleObject8.bin

image11.wmf
2222

00

()()()

mm

ttEtdttEtdtt

aa

s

=-=-

òò


oleObject9.bin

image12.wmf
2

2

2

m

t

q

s

s

=


oleObject10.bin

image13.wmf
(

)

2

1

1

()exp

4

2/

a

a

Pe

Et

Pe

q

q

q

pq

æö

-

ç÷

=-

ç÷

èø


oleObject11.bin

image14.wmf
(/)

effp

a

ax

Ud

Pe

D

e

=


oleObject12.bin

image15.wmf
2

2

22

82

maa

tPePe

q

s

s

==+


oleObject13.bin

image16.wmf
(

)

/

effp

m

m

Ud

D

Pe

e

=


oleObject14.bin

image17.wmf
1111

12

am

PePe

t

=+


oleObject15.bin

image18.wmf
(

)

4/3

2

1

1.23

eff

eff

e

t

ef

-

=


oleObject16.bin

image19.wmf
d

QP

E

M

D

=


oleObject17.bin

image20.wmf
void

MV

r

=


oleObject18.bin

image21.wmf
efft

VQt

=


oleObject19.bin

image22.wmf
(

)

0

0

0

10001000

t

t

tt

tt

tadt

t

t

QQ

qCdtCCdt

=

=

=

=

==-

å

ò


oleObject20.bin

image23.wmf
0

1000

t

t

CQt

m

=


oleObject21.bin

image24.wmf
%100

t

t

q

R

m

æö

=´

ç÷

èø


oleObject22.bin

image25.wmf
exp

exp

%100

cal

qq

E

q

-

=´


oleObject23.bin

image26.wmf
(

)

'

0

00

1

1exp

t

T

t

C

C

K

qMCV

Q

=

éù

+-

êú

ëû


oleObject24.bin

image27.wmf
'

000

ln1

TT

t

t

CKqMKC

V

CQQ

æö

-=-

ç÷

èø


oleObject25.bin

image28.emf
0 1 2 3 4 5 6

0.0

0.5

1.0

1.5

2.0

2.5

 

 

E(t) (min

-1

)

Time, t (min)

 5 ml min

-1

 10 ml min

-1

 15 ml min

-1

 20 ml min

-1

 23 ml min

-1


oleObject26.bin

image29.emf
5 10 15 20 25 30 35

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

 

 

Pe

a

 (-)

De

p

 (-)

(a)


oleObject27.bin

image30.emf
5 10 15 20 25 30 35

4

6

8

10

12

14

16

 

 

D

ax

 × 10

4

 (m

2

 min

-1

)

De

p

 (-)

(b)


oleObject28.bin

image31.emf
5 10 15 20 25 30 35 40

0

20

40

60

80

100

120

 

 

E

d

 (W kg

-1

)

De

p

 (-)

(a)


oleObject29.bin

image32.emf
5 10 15 20 25 30 35 40

1.4

1.6

1.8

2.0

2.2

2.4

2.6

 

 Chung and Wen (1968)

 Zeiser et al. (2001)

De

p

 (-)

Pe

m

 (-)

(b)

0.80

0.82

0.84

0.86

0.88

0.90

  D

ax

/D

m

 (-)


oleObject30.bin

image33.emf
0 3 6 9 12 15 18 21 24

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

 

Q (ml min

-1

)

t

m

 (min)

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

   



 (min)


image1.tiff




oleObject31.bin

image34.emf
5 10 15 20 25 30 35 40

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5



P

f

 = 0.367 × De

p

0.739

R

2

 = 0.999

 

De

p

 (-)



P

f

 × 10

-4

 (N m

-2

)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

f

p

 = 16.897 × De

p

-1.287

R

2

 = 0.999

 f

p

 (-)


oleObject32.bin

image35.wmf
(

)

0.64

'

22

9.71

pf

p

eff

dP

We

Ul

re

-

æö

D

æö

=

ç÷

ç÷

ç÷

èø

èø


oleObject33.bin

image36.wmf
'

p

We


oleObject34.bin

image37.wmf
f

P

l

D

æö

ç÷

èø


oleObject35.bin

image38.wmf
'

p

We


image2.tiff




oleObject36.bin

image39.wmf
(

)

(

)

11

,,,

Re

//

axm

H

ppp

peffpeff

DD

d

f

dWe

dUdU

ee

æö

ç÷

=

ç÷

èø


oleObject37.bin

image40.wmf
1'0.54

/3.1310(We)

axmp

DD

--

=´


oleObject38.bin

image41.emf
0 1 2 3 4 5 6 7 8 9 10

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Pb (II) concentration of 10 mg dm

-3

 

 

C

t

/C

0

 (-)

Time, t (min)

 5 ml min

-1

 8 ml min

-1

 10 ml min

-1

Breakthrough line

Exhaustion line


oleObject39.bin

image42.emf
0 1 2 3 4 5 6 7 8 9 10

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Fluid flow rate of 5 ml min

-1

 

 

C

t

/C

0

 (-)

Time, t (min)

 10 mg dm

-3

 15 mg dm

-3

 20 mg dm

-3

 25 mg dm

-3

Exhaustion line

Breakthrough

       line


oleObject40.bin

image43.emf
0 5 10 15 20 25 30 35 40 45

-6

-4

-2

0

2

4

6

Influent concentration of 10 mg dm

-3

 

 

 5 ml min

-1

 (R

2

 = 0.99)

 8 ml min

-1

 (R

2

 = 0.98)

 10 ml min

-1

 (R

2

 = 0.98)

ln(C

0

/C

t

 - 1) (-)

V

t

 (ml)

(a)


image3.wmf
(/)

Re

effp

p

Ud

re

m

=


oleObject41.bin

image44.emf
0 5 10 15 20 25 30 35 40 45

-6

-4

-2

0

2

4

6

Flow rate of 5 ml min

-1

 

 

ln(C

0

/C

t

 - 1) (-)

V

t

 (ml)

(b)

 10 mg dm

-3

 (R

2

 = 0.99)

 15 mg dm

-3

 (R

2

 = 0.98)

 20 mg dm

-3

 (R

2

 = 0.96)

 25 mg dm

-3

 (R

2

 = 0.95)


oleObject42.bin

image45.emf
1 2 3 4 5

0

20

40

60

80

100

120

 

 

Adsorption capacity (mg g

-1

)

Number of recycle (-)


oleObject43.bin

image46.wmf
'

p

We


oleObject44.bin

