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Abstract: In this study, the potential of a low-cost bio-adsorbent, taken directly from Date Palm Trunk Fibers (DPTF) agricultural wastes, for cadmium ions removal from wastewaters is examined. The performances of this adsorbent are evaluated by building breakthrough curves at different bed heights and flow rates while keeping other parameters, such as the initial feed concentration, pH, and particle size, constant. The results indicate that the maximum cadmium adsorption capacity of DTPF can be obtained from the Thomas model as 51.5 mg/g with the most extended mass transfer zone of 83 min at the lowest flow rate at 5 ml/min. The saturation concentrations (NO) and the rate constant (kab) obtained from the BDST (bed depth service time) model are 7022.16 mg/l and 0.0536 l/mg.min, respectively. Using the Yon-Nelsen Model, it is found that operating at a lower flow rate leads to a larger value of the elapsed needed time to reach a 50% breakthrough. The Wolborska model indicates that the bed capacity increases with decreasing the flow rate, and the adsorbent can achieve a greater external mass transfer kinetic coefficient (2.271/min) at a higher flow rate.
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1  Introduction

A vast amount of date palm biomass wastes are collected yearly without proper usage; biomass is organic matter that can be attained from living organisms like plants, trees, algae, organic waste, etc. Annually, about 20 kg of organic waste is generated from only one date palm tree [1,2]. Often, date palm wastes are burned or buried in landfills; thus, this causes pollution issues. Its large quantities and natural availability make it attractive and competitive for different thermal and physical/chemical technologies for good utilization of date palm biomass in wastewater treatment, such used date palm fibers as promising adsorbents for unwanted materials removal [3].

As the world’s population increases, our clean water sources have decreased. This deficiency has moved our focus toward pollution reduction and control. In Jordan, which is classified as a semi-arid to arid country and considered one of the world’s poorest water resources, disposal of wastes and wastewater without treatment in lands and water bodies is no longer possible [4].

Wastewater contains toxic pollutants like heavy metals usually coming from industrial processes such as mining, petrochemical manufacturers, oil and gas refineries, dyes and pharmaceuticals [5], other sources from natural deposits, and discharges of domestic and agricultural wastewater [6,7]. Although the presence of heavy metals in traces concentrations (ppb range to less than 10 ppm) can cause severe damage to human health, agriculture, and the ecosystem [8,9]. Unlike organic pollutants, they do not degrade biologically because of complex physicochemical properties. Thus, they can be collected in living things when taken up and stored inside the body, causing diseases [9]. Heavy metals like barium, cadmium, chromium, lead, mercury, and silver can be found in water reservoirs [8]. However, water wasted with these hazardous substances should be treated separately before discharging to the larger water bodies [10].

Cadmium Pollution from industrial wastewater and potable water is considered a severe problem and one of the most current environmental issues [11]. Many plants and water life animals can absorb cadmium. It is widely known that cadmium is non-biologically degraded, so its absorption by the human body will lead to long-term accumulation [12]. Cadmium aggregation in body organisms could cause harmful, risky diseases like kidney tissue damage due to the deposition of necrotic protein [13,14]. Moreover, it has been reported to have severe adverse effects on liver tissues.

Furthermore, much literature investigated cadmium accumulation’s adverse effects on lung tissues and the related respiratory problems, as well as its effect on immunity suppression [15]. Consequently, developing processes for removing cadmium from industrial wastewaters and drinking water becomes essential [16]. According to FAO/WHO permitted pollution levels, the limit of cadmium should be less than 0.005 mg/l.

There are several processes used for wastewater polluted with heavy metal ions like chemical precipitation techniques [17,18], membrane processes [19,20], electro dialysis [21], ion exchange process [22], flotation [23], extraction [24], and adsorption [25,26]. Adsorption is considered a meaningful and good alternative from an economic view due to its simplicity, availability, and low cost [27,28]. Many adsorbents can be used in adsorption methods, including plant leaves, roots, fruit shells, agricultural wastes, etc. [29]. It is apparent that many researchers investigated the possibility of applying low–cost adsorbents derived from natural resources and agricultural wastes for various metals ions and found its effectiveness and economic feasibility [30–33]. Agricultural wastes like Date palm trunk fibers (DPTFs) are composed of organic components such as pectins, cellulose, terpenes, and lignins. These compounds contain –COOH and –OH functional groups and have a high metal ions adsorption capacity utilizing ion exchange or chelation [34,35].

Al Shayeb et al. [36] considered the date palm a bio-monitoring of lead, zinc, copper, nickel, chromium, and lithium. Results showed that Pb was effectively attached to the surface of leaflets. Chromium and lithium. Results showed that Pb was effectively attached to the surface of leaflets. Also, Cr (II) was strongly bonded with the leaflet’s surface. All other metals understudies showed different bonded with different ratios. Alfarooq et al. [37] used date palm fiber as a precursor to synthesize a low-cost powder-activated carbon (nPAC) to remove aluminum (Al3+) from solutions by carbonization and activation of KOH. The authors found the optimum synthesis condition for both time and temperature at 1.09 h and 650oC. At the same time, the removal capacity was up to 99.5% and 9.958 mg.g−1. Ahmad et al. [38] investigated the removal of PO43− ions from an aqueous solution using date palm fibers. Results showed that the optimum conditions for maximum removal (capacity of 4.35 mg P/g) were at pH 6.8, with the adsorbent dosage of 6 g/L at a constant temperature of 18°C ± 02. Furthermore, the aqueous solution reached equilibrium within 120 min of exposure time.

Al-Shawabkeh et al. [39] studied the removal of cadmium using a date palm fiber with a fixed-bed column, and the authors investigated the influence of particle size; results showed that higher adsorption capacity (20.9 mg/g) was encountered for smaller size date palm fibers. However, a lack of studies used (DPTFs) as a continuous fixed bed columns application under different conditions. In this study (DPTFs) were demonstrated as a potential low-cost adsorbent for the separation of chromium [Cd(VI)] from industrial effluent wastewater in a continuous fixed-bed column. The effect of particle size was focused.

2  Materials and Methods

2.1 Materials

The Date Palm Trunk Fibers (DPTF) were collected from local farms located in the Al-Agwaar region in the Jordan Valley area of the Balqa governorate (44° 43.574′ N; 122° 41.9052′ W). Fig. 1 shows a sample of the raw fibers.
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Figure 1: A sample of the collected raw Date Palm Trunk Fibers (DPTF)

The available raw fibers were primarily subjected to intensive cleaning by washing them several times using tap water to get rid of all the solid impurities attached to the fibers, such as fine grains of dust, sand, and any foreign things stuck between their fibers. After the cleaning water became clear and free of impurities, a final cleaning process was carried out three times using distilled water to ensure that all impurities were removed and that the fibers were clean and could be used for experiments. Afterward, the DPTF was set aside in an electrical furnace for 15 h at 95°C to produce clean, dry fibers. The DPTF were milled using a multi-purpose grinder. A sieving process was then performed for three hours to classify the sizes and choose the appropriate size to prepare the fixed bed adsorbent. After obtaining the appropriate size, the adsorbent is kept at 105°C to keep it dry and away from moisture. The samples are then cooled and stored in closed glass containers to be ready for preparing the fixed bed adsorbent. The artificial wastewater contaminated with cadmium ions was prepared by dissolving cadmium nitrate in deionized water. A standard solution (Concentration = 1.0 mg/l) was prepared by adding 2.74 g of a high purity grade (p. a.) Cd (NO3)2.4H2O to one liter of deionized water. The required concentration of cadmium ions solution was achieved by diluting the standard solution with deionized water.

2.2 Fixed Bed Adsorption Experiments

Fixed bed column experiments were held using the apparatus shown in Fig. 2. The apparatus was designed to measure the breakthrough curves during the continuous adsorption of cadmium ions from an aqueous solution using the DPTF adsorbent. The setup has a 20 L well stirred and closed feed tank to store the prepared artificial wastewater contaminated with cadmium ions at a specific concentration for the intended experiment. The column was made from glass material with a 1.1 cm internal diameter and a length of 50 cm (1 cm2 cross-sectional area). Fiberglass wool layers were fixed at the top and bottom of the packed bed adsorbent to keep constant bed height, support the bed, and protect it from escaping the flowing solution. This support was retained using a fixed stainless steel sieve during the whole experiment.
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Figure 2: The experimental setup was used to obtain measurements of the breakthrough curves for the fixed bed cadmium adsorption from an aqueous solution on a DPT

A peristaltic pump (Heidolph, Germany) was used to force the liquid to flow from the feed tank to the top of the column. The flow rate was kept constant during all experiments using the installed valve and the flow meter. The DPTF adsorbent was packed inside the column until the anticipated bed height. The column effluent was collected in a graduated beaker, and samples were taken at steady time intervals to be analyzed for concentration measurements. The residual concentration of cadmium ions in the aqueous solution from the effluents was measured using atomic absorption spectroscopy.

2.3 Fixed-Bed Column Adsorption Studies

The separation efficiency of cadmium ions from contaminated queues solutions using a fixed-bed adsorption column was investigated by measuring breakthrough curves under different operating conditions. The variation of the effluent concentration with time, the time to reach the breakthrough, and the time to reach bed exhaustion are significant parameters used in the design and operation of the adsorption columns. Continuous fixed-bed column runs were conducted to determine the operating parameters’ influence on the adsorption process of cadmium ions onto the DPTF adsorbent. Several breakthrough curves were measured under controlled experimental conditions. A systematic experimental investigation was performed by keeping the feed concentration and the particle size constant in all experiments and varying the feed flow rate at fixed bed height. Another series of experiments were conducted at different bead heights and fixed flow rates. The experimental conditions are summarized in Table 1.
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3  Analyses and Theoretical Modeling of Packed Bed Column Data

This research studied the practical applicability of DPTF as an adsorbent in a fixed bed column operating with continuous flow conditions to remove cadmium from aqueous solutions. The performance of the fixed bed adsorption process is determined by analyzing experimentally measured breakthrough curves at different operating conditions for a given inlet concentration (C0) of the adsorbate. The breakthrough curve represents the variation of the effluent concentration (Ct) from the fixed bed column or the normalized concentration (Ct/C0) with time (t) or effluent volume (Veff). The shape of the breakthrough curve, the time to reach the breakthrough, and the time to reach bed exhaustion are significant characteristics used to determine the operation, dynamic behavior, separation efficiency, and design of the fixed bed adsorption column.

In the fixed bed adsorption process, the concentration of adsorbate in the fluid and solid phases varies with time and with the bed’s location. Initially, the mass transfer mainly occurs near the inlet of the bed, wherever fluid contacts fresh adsorbent. If the adsorbent contains no adsorbate initially, the concentration in the fluid decreases exponentially with the position in the bed to zero before the end of the bed is reached. The section of the bed where adsorbate is essentially adsorbed or the area where the maximum decrease in concentration occurs is recognized as the zone of mass transfer (MTZ).

The breakthrough points are usually recognized as the points where the ratio of the effluent concentration to the inlet concentration (Ct/C0) lies between 0.01 at the breakthrough time (tb) and 0.99 at the exhaustion time (te). The difference between tb and te is the mass transfer zone (MTZ) according to the relation:


MTZ=te−tb
(1)

3.1 Modeling of Fixed-Bed Column Studies

Various mathematical models and theories have been investigated to predict the breakthrough curves, estimate the design parameters of adsorption columns, and evaluate the dynamic behavior and column performances. Among these models used in this study: are the Thomas model, Adams-Bohart model, Yoon-Nelson model, and Wolborska model.

3.2 Thomas Model

Thomas model is one of the most commonly applied models used in predicting the breakthrough curves and the dynamic behavior and the performance of the adsorption-backed bed column. It is based on the hypothesis that no axial dispersion with a plug flow pattern in the fixed bed adsorbent. Also, this model assumes that the rate driving force in the adsorption process is governed by second-order reversible reaction kinetics and Langmuir kinetics. It is often used to determine the adsorption capacity of the adsorbent. The linearized form of the Thomas equation is given by the relation [40]:


ln⁡(COCt−1)=−COKTHt+MQeKTHF
(2)

where (C0) is the influent concentration of adsorbate, i.e., pollutant (mg/l), (Ct) is the effluent concentration of the pollutant (mg/l), F is the volumetric influent flow rate (L/min), KTh is Thomas rate parameter (L/min.mg), t is the time (min), Qe is the maximum (equilibrium) adsorption capacity (mg/g) of the adsorbent. M is the mass of adsorbent in the fixed bed column (g). Hence, the kinetic coefficient KTh and q can be estimated from the slope and intercept of the straight-line plotting of 
Ln(COCt−1)
vs. t at a given flow rate. Eq. (2) is widely used to fit the measured breakthrough curves obtained from fixed-bed adsorption column experiments. This linearized form relation is a developed form of the Thomas model, which is based on the hypothesis of an irreversible isotherm when developing the differential material balance relation for a fixed bed column [41].

3.3 Adams-Bohart Model

The Adams-Bohart model is routinely used to describe fixed-bed column breakthrough behavior at its initial stages [42]. The simplified equation of the Adams-Bohart model linearized form is as follows [43,44]:


t=NOZCOv−1KabCOLn(COCt−1)
(3)

where N0 is the bed capacity (mg/l), υ is the linear velocity (cm/min), Kab is Adams-Bohart model rate constant for the (l/mg.min), Z is the bed height of column (cm), t is the breakthrough time, is the breakthrough concentration. Applying Bohart–Adams method requires no less than several individual column tests that need to be performed to obtain the necessary experimental data, which is time-wasting. However, an approach has been developed by Hutchins [45], which involves fewer fixed column runs to obtain the required data. This method, known as the bed depth service time (BDST) model, where the Adams-Bohart equation is rewritten with the following linear equation [45,46]:


tb=aZ+b
(4)

where


a=slope=NOCOv
(5)


b=intercept=−1KabCOLn(COCt−1)
(6)

where tb, the breakthrough time is when the normalized concentration (Ct/C0) reaches the value of 0.01. The BDST model was established by assuming that the adsorption rate is governed by the surface reaction between the adsorbate and the residual capacity of the adsorbent.

3.4 Yoon-Nelson Model

The Yoon-Nelson model depends on the principle that the possibility of adsorbate adsorption and breakthrough of adsorbate on the adsorbent is proportionate to the rate of decrees in the adsorption probability for every adsorbate species [47]. The linearized form of the Yoon-Nelson model is [48]:


Ln(CtCO−Ct)=KYNt−τKYN
(7)

where KYN and τ, the rate parameter (L/min) and the elapsed time to reach a 50% breakthrough (min), the value of KYN is influenced by the column operating conditions such as the influent concentration of pollutants, height of the bed and rate of flow. The values of KYN and τ can be evaluated from the intercepts and slopes of the straight-line Plotting of 
Ln(CCO−C)
vs. t

3.5 Wolborska Model

The model developed by Wolborska is based on the general equations of mass transfer describing diffusion mechanisms in the low concentration range breakthrough curves. The linearized form of this model is expressed by the relation [49]:


Ln(CtCO)=βaCONOt−βaZv
(8)

Results and Discussion Where βa is the external mass transfer coefficient (1/min). N0 is the adsorption capacity of the bed per unit volume (mg/L). The values of the parameters of the Wolborska model can be determined from the Plot of 
Ln(CtCO)
vs. time.

4  Characterization of DPTF Adsorbent

The FTIR spectra of DPTF before and after Cd (VI) adsorption are shown in Fig. 3. Comparing the two spectra shows differences in the absorbance peak’s appearance. The infrared spectrum of pristine DPTF showed a broad peak at 3380.08 cm–1 related to the O–H stretching vibrations of hemicelluloses, cellulose, lignin, and pectin components [50], after the biosorption of Cd (VI). The asymmetrical stretching vibration was significantly deformed at 3332.55 cm–1, suggesting chemical interactions occurred between the hydroxyl groups and the metal ions on the surface of the bio–sorbent [51]. Furthermore, the peak at 1744 cm–1 shifted to 1640 cm–1 can be attributed to the OH involved in Cd (VI) [52]. Date palm fiber before and after adsorption showed peaks at (1593.65 cm−1) and (1596.91), which could be referred to as the stretching vibrations of the presence of the (N–H) amide group; the sharp, more intense peak appeared for date palm fiber after adsorption at 1036.93 cm–1 could be due to stretching vibration of C–OH of alcohols and carboxylic acids [53]. Mild shifting was observed on the C–O band (1103.07 to 1010.63 cm–1) [54]. A minor shifting of wavelengths is absorbed can be noted, suggesting the adsorption of Cd (VI) on the DPTF surface.
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Figure 3: FTIR spectra of DPF before and after adsorption

4.1 Effect of Flow Rate

In the first stage of removal investigations in the continuous flow fixed-bed column with DPTF adsorbent, the flow rate varied from 5 to 15 ml/min, whereas the inlet Concentration of cadmium ions in the feed water was kept constant at 115 mg/l and the mass of the adsorbent was 11 g corresponds to 10 cm bed height. The plots of experimental measurements of breakthrough curves as normalized cadmium concentration (Ct/C0) against time (t) at different flow rates are depicted in Fig. 4. Fig. 4 shows a typical S-shaped form at different flow rates. This is substantial evidence that resistance to bulk diffusion mass transfer and the bonding of molecules into the pore surface play a vital role during the adsorption process of cadmium onto DPTF. The shown variation of Ct/C0 with time in Fig. 4 results from the downwards movement of the interface layer between the mass transfer zone (MTZ) and the saturated zone. This causes decay in the MTZ and growth in the saturation zone with time, thus a continuous increase in the (C/C0) value. The measured breakthrough data were fitted to the Thomas model using linear regression analysis to determine the Thomas rate constant (KTh) and maximum sorption capacity (Qe) at the different feed flow rates. Table 2 shows that increasing the flow rate leads to a decrease in the maximum (equilibrium) adsorption capacity (Qe) and an increase in the values of the Thomas rate constant (KTh). The values of R2 of the kinetic model alternated from 0.9371 to 0.9598, demonstrating good linearity and that the experimental data can be described by this model to a high level of accuracy, with relatively high (R2) values.
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Figure 4: Experimental and predicted (Thomas model) breakthrough curves at different flow rates for cadmium adsorption onto DPTF
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As depicted in Fig. 4, at the fewest flow rate (5 ml/min), comparatively increased uptake performance was noticed for cadmium ions sorption to DPTF. This is a consequence of the strong adsorption driving force between the cadmium ions on the DPTF and the cadmium ion in the solution; thus, better column performance was observed. Generally sharper breakthrough curves (i.e., shorter mass transfer zone) were measured at elevated rates of flow. The breakpoint time as well as total maximum (equilibrium) adsorption capacity (mg/g) of the adsorbent (see Table 2) also reduced with the rising flow rate. This attitude can be interpreted by the evidence that cadmium adsorption is influenced by the inadequate residence time of the cadmium ions in the column. This inadequate time reduces the bonding potential of the cadmium ions onto DPTF. While shorter MTZ was detected at the higher flow rate, the adsorption capacity and cadmium ions uptake were higher at lower flow rates and thus better column performance. The results presented in Table 2 show that a maximum cadmium adsorption capacity on DTPF was obtained as 51.5 mg/g (favorable) with the longest mass transfer zone of 83 min (unfavorable) at the lowest flow rate at 5 ml/min.

4.2 Effect of Bed Height

Fig. 5 displays the measured breakthrough curves at different bed heights under the same operating conditions. It can be observed that a reduction in the slope of the breakthrough curve as the bed height is enlarged from 5 to 15 cm. This indicates a rapid mass transfer zone.

[image: images]

Figure 5: Breakthrough curves at different adsorbent bed heights for cadmium adsorption

In this study, the bed depth service time (BDST) approach will be used to estimate the parameters N0 and kab from the slope and intercept of the linear Plot of tb vs. Z using the experimentally measured breakthrough curves at different bed heights shown in Fig. 5.

Fig. 6 shows the BDST plot using the experimental data of cadmium ions adsorption onto DPTF at different bed heights (Fig. 5) for a volumetric flow rate of 10 ml/min (linear velocity = 10.53 cm/min). The linear relationship obtained from the BDST plot for an initial concentration of 115 mg/l is expressed in Eq. (9):


tb=5.8Z − 28.33
(9)
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Figure 6: Bed depth service time plot (Eq. (4)) for the adsorption of cadmium ions onto DPTF

The saturation concentrations (N0) and the rate constant (kab) obtained from BDST is 7022.16 mg/l and 0.0536 l/mg. min, respectively. DTPF has the advantage of a high value of saturation concentration, allowing more solutions to be processed, resulting in a reduced adsorbent exhaustion rate. The linear correlation coefficient is R2 = 0.9619, indicating a high degree of linearity and thus an excellent fitting of the experimental data to the BDST model. The estimated BDST model parameters can be useful to scale up to the industrial process and at other different flow rates and concentrations without extra experimental efforts.

4.3 Analysis Using the Yoon-Nelson Model

The values of KYN and τ are evaluated from the intercepts and slopes of the straight-line Plot of 
Ln(CCO−C)
vs. t for the laboratory obtained breakthrough data. The evaluated Yoon-Nelson model constants for the studied flow rates are given in Table 3. It is noticeable that operating at a lower flow rate has a more significant (τ) value, which offers the advantage of a long time to reach the 50%-breakthrough, affecting the operation and column design of the adsorption process. The decrease in τ as flow rate decreases shows that as flow rate decreases, the rate at which the adsorbent bed is exhausted is slower, which is industrially and operationally desirable for the adsorption process. However, the value KYN increases at higher flow rates. Fig. 7 estimates the laboratory breakthrough curves’ fitting degree of the Yoon-Nelson model. It can be predicted that the calculated curves by the Yoon and Nelson model agree precisely with the experimentally measured curves. Moreover, the Yoon-Nelson model presented good approximations of the experimental behavior observed.
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Figure 7: Measured and predicted from the Yoon and Nelson models breakthrough curves for the sorption of Cd(II) ions onto DPTF as a function of flow rate

4.4 Application of Wolborska Model

The measured breakthrough curves were analyzed applying the Wolborska model (Eq. (8)) to improve the understanding of the role of column operating flow rate on the mass transfer mechanism. This model depicts the diffusion mechanism in adsorption systems of low concentration generated from the mass transfer equation. Fig. 8 shows the linear fitting of the breakthrough data concerning Eq. (8), and the estimated Wolborska model parameters are listed in Table 3.
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Figure 8: The linear fitting of the breakthrough data according to the Wolborska model (Eq. (8))

Regarding the parameters of the Wolborska model given in Table 2, the values of the bed capacity increase with decreasing the flow rate. However, it is noteworthy that the external mass transfer coefficient (βa) changes considerably by changing the flow rate. The adsorbent has a more significant external mass transfer kinetic coefficient (2.271/min) at a higher flow rate. This result designates an improved external mass transfer rate at a higher flow rate which does not agree with the measured improved performance and high capacity of the fixed bed at a low flow rate, as can be predicted from the breakthrough data. This can be attributed to the fact that the internal mass transfer process mainly influences the mass transfer; the binding to the adsorbent inside the pores is affected by the flow rate and contact time. Predictably, a low flow rate provides more contact time, thus a slight resistance for cadmium ions to be adsorbed to the active sites within the pores of DPTF. This indicates that pores diffusion and binding to the active sites is the controlling mechanism in the adsorption process of cadmium ions onto the DPTF.

5  Conclusion

Date Palm Trunk Fibers (DPTF) which are low-cost, renewable agricultural waste, environmentally friendly, and available in large amounts, were found to be an effective sorbent for the removal of cadmium from wastewater. The FTIR studies showed that the adsorption of cadmium ions on date palm fibers could be characterized as a chemisorption process due to the presence of –OH groups. An increase in bed height resulted in improved sorption performance. This study showed that variation in bed heights of DPTF bio-adsorbent expands the bed performance at both breakpoint and exhaustion point. The BDS model parameters that can be used in the design of industrial adsorption columns were estimated. The Thomas model was successfully used to fit the column data at different flow rates, and the constants were evaluated. The sorption capacity exhibited by DPTF was found to be high (51.5 mg.g−1 at a low flow rate) compared to other bio-sorbents. The main thing that makes it economical is that it can be used directly without any preparation and treatment costs except for washing and reducing the size. The use of DPTF as agricultural waste materials for heavy metal removal from wastewater, as shown in the present study results, could be a viable unconventional method to make an integrated sustainable and economic wastewater treatment process.
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Table 1: Experimental conditions

Run Flow rate (ml/min) Bed height (cm) Concentration (mg/l) DPTF size (um)

Effect of flow rate

A 5 10 115 400450
B 10 10 115 400450
C 15 10 115 400450
Effect of bed height

D 10 5 115 400450
B 10 10 115 400450

E 10 15 115 400450
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Table 3: Parameters of the Wolborska and Yoon, and Nelson models

Flow rate Yoon-Nelson model Wolborska model

ml/min . : > : 2
Kyy (1/min) 7 (min) R fa (1/min) Ny (mg/l) R

5 0.0991 62.8 0.9401 0.26 9701.434 0.943

10 0.1116 49.1 0.9589 1.57 9456.075 0.9372

15 0.1779 27.5 0.9356 2.27 2710.376 0.9719
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Table 2: Thomas model parameters

Flow rate ¢, (min) at ¢, (min) at  M7Z (min) Thomas model parameters

i =0.01 =0.
(ml/min) C/Cy=0.01 C/Cy=0.99 Ky, (Uminmg) O, (mge) R
5 27 110 83 8.61x 107" 51.5 0.9446
10 20 90 70 9.65% 107 42.9 0.9598
15 5 50 45 1.55x10°° 32.8 0.9371
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