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Abstract

A new type of composite adsorbent, encapsulated chitosan-modified magnetic carbon nanotubes
(CSIMWCNTSs/Fe) beads were used to remove Cr(VI) from aqueous solutions in a fixed-bed
column. Among the various combination of operating parameters, we obtain a maximum volume
of treated effluent (210 mL) under the following conditions: flow rate, 1 mL min*; bed height, 8
cm; feed Cr(VI) concentration, 30 mg L?; and solution pH, 4.0+0.2. The corresponding-adsorption
capacity was 1.54 mg g* and the overall Cr(\V1) removal efficiency was 54%. In characterizing the
dynamics of the adsorption process and breakthrough profiles, we found.that the Thomas model
and the Yoon-Nelson model both accurately described the breakthrough curves under all

experimental conditions, while the Adams-Bohart model was applicable only for an early phase of
dynamic behavior (% < 0.5) of the CS/MWCNTS/Fe beads column. Columns with shorter bed
0

heights favored the global mass transfer rate, especially during the early breakthrough periods.
Moreover, the bed depth service time (BDST) model was validated experimentally, enabling the
prediction of service time of ‘the adsorption bed at different outlet concentrations using
hypothetical flow rates and.inlet concentrations. Scaled-up study was performed to observe the
column performance-at higher throughputs. The high selectivity of Cr(\VI1) adsorption in the
simulated wastéwater in the presence of other heavy metals (Cu?* and Cd?*) and background anion
(PO4*) suggests the applicability of CS/MWCNTs/Fe beads for Cr(VI) removal from industrial

effluents.

Keyword: Chitosan, chromium removal, carbon nanotubes, alginate, water treatment, fixed bed

adsorption



1. Introduction

Chromium (Cr) is widely used in various industrial segments such as metallurgy, tanning
and electroplating processes. It is one of the highly toxic heavy metals in water systems even at
parts-per-billion levels [1], mostly due to the illicit or incidental discharge from industrial sources.
The strong solubility and diffusivity of hexavalent chromium (Cr(\V1)) that exist in.the form of
chromate (CrO4%), hydrogen chromate (HCrO4) and dichromate (Cr.07%) in.aqueous phase
facilitates the compound to penetrate tissue membrane [2]. Trivalent chromium.Cr(l11), which at
minute concentrations is regarded non-toxic, is another environmentally.important Cr species that
becomes harmful at high concentrations [3]. The metal ions can be removed from different
environmental matrices by using techniques such as ion exchange, chemical precipitation [4],
adsorption [5], coagulation [6], bio-reduction [7] and reverse osmosis [8]. Among these
approaches, adsorption has been the method of choice for large-scale applications due to its process

readiness, cost effectiveness, and design versatility [9].

A variety of adsorbents have demonstrated the ability to uptake Cr(V1) and other metal
ions in the contaminated. water.» The sorbent materials include pyrolyzed biomass residues,
biosorbents, activated.carbons, graphene oxide, synthetic polymer and other nanoparticles [10]. A
wide variability in the-adsorption rate of several adsorbents has been reported in recent literature.
Factors affecting the reported performance include solution pH, Cr(VI1) concentration,
temperature, ionic strength and potential interference of co-existence pollutants. For example,
adsorption capacities of magnetite particles prepared from titanium residue, chitosan nanofiber and
polypyrrole nano-membrane were recorded to be 14.5 mg g [11], 131.6 mg g* [12], and 250 mg

g* [13], respectively. While the co-presence of Cl, PO4%, SO4%, As(l11) and As(V) ions did not



impact the high Cr(VI) selectivity of magnetite particles prepared from titanium residues, the

presence of fluoride led to a perceptible reduction in the selectivity [11].

While most commercial sorbents are used in their natural form, recent material advances
trend towards modifying functional components by crosslinking and grafting to improve both
adsorption performance and regeneration. Such engineered composite materials aim to either
increase adsorption sites or to be selective to a specific contaminant in water. For instance,
researchers have identified several types of adsorbents for Cr uptake with excellent selectivity,
high uptake capacity and fast adsorption kinetics at low Cr(VI) concentrations. These materials
include electrospun-polyacrylonitrile/carbon nanotubes/amine-functionalized titanium dioxide
nanoparticles [14], amino functionalized polymer grafted with mesoporous silica [15], magnetic
mesoporous TiOz core-shell microspheres immobilized with graphene oxide [16], and chitosan-g-
maleic anhydride-ethylene dimethacrylate adsorbent [9]. Our research group recently prepared and
characterized an encapsulated chitosan-modified, magnetic multi-walled carbon nanotubes
(CSIMWCNTSs/Fe) beads for aqueous phase Cr(VI) [17]. The Cr(VI) adsorption capacity of 119

mg g* was achieved using batch adsorption experiments.

Although the-.adsorbents mentioned above have demonstrated excellent adsorption
capacities in sequestering Cr species from aqueous solutions, most of the experiments were
performed in batch modes to characterize the equilibrium isotherms and adsorption Kinetics.
Adsorption parameters acquired from batch studies, however, may not be sufficient to determine
the performance in treatment systems operated in continuous-flow column and completely-mixed
modes [18]. Several researchers have reported that the fixed-bed adsorption systems are the most
effective method of adsorption-desorption cycles, because such systems can elucidate the effects

of the concentration gradient (i.e., adsorption driving force). In addition, fixed-bed adsorption



systems also have many process design advantages, including high-volume operations and can be

systematically scaled between bench and industrial units [19].

The present study aimed to assess the Cr(VI) uptake performance of CS/IMWCNTSs/Fe
beads in continuous fixed-bed columns using different parameters such as flow rate, bed depth,
feed Cr(VI) concentration, and solution pH values. Several empirical models that have been used
to characterize the adsorption of heavy metal ions, namely the Thomas model [20, 21], Adams-
Bohart (A-B) model [22, 23], and Yoon-Nelson (Y-N) model [24, 25]; are applied to fit the
experimental data. These models describe the breakthrough curves and obtain design process
parameters such as adsorption kinetics and maximum uptake capacity. Furthermore, the Bed Depth
Surface Time (BDST) model is applied to analyze the service time of adsorbent bed at different
outlet concentrations and to obtain data for‘scale-up purposes. We evaluated the Cr(VI)
adsorptivity when challenged with a mixture of.heavy metals (copper, cadmium) and an anions
(phosphate) in the simulated wastewater representative of metal-plating process discharges. The
adsorption capacity, adsorbent breakthrough, saturation rate, and processed bed volume are used

as performance indicators of the CSIMWCNTSs/Fe beads.

2. Material and Methods

2.1 Preparation and characterization of composite beads

The composite beads used for Cr(VI) adsorption have previously been prepared and
characterized in detail in our recent work [17]. Briefly, as-received MWCNTs were impregnated
in a 1:3 v/v mixture of reagent-grade acids containing H2SO4 and HNO3 (5 M) at 100°C to remove
any organic impurities and to functionalize the surface with hydroxyl and carboxyl groups. The

product was then filtered and washed with deionized water (DIW) until pH neutrality was reached



and then oven-dried at 80°C for 12 h. To prepare the iron-laden MWCNTs, the conditioned
MWCNTs were re-suspended in DIW (1 g L!) under sonication for 1 h. To this, a solution mixture
(2:1 molar ratio) containing FeCl3*6H20 (4 mL) and FeSO4*7H20 (1 mL) was added gradually,
followed by dropping ammonium hydroxide to adjust the pH value to about 10. The magnetically
precipitated iron-laden MWCNT particles were rinsed with ethanol, oven-dried for the ensuing

steps.

CS/MWCNTs/Fe particles were prepared by dissolving purified chitosan (CS) (medium
molecular weight, Sigma-Aldrich, Germany) in DIW containing 2% (v/v) acetic acid (10 g L).
The solution was gradually mixed with MWCNTs/Fe suspension (10-g L") followed by adding
galatraldehyde as the crosslinking agent. The prepared CS/MWCNTs/Fe nanoparticles were
encapsulated by alginate beads by adding 10 g CS/MWCNTs/Fe particles to sodium alginate
solution (10 g L-"). The mixture was injected into. 200 mL of calcium chloride solution (50 mM)
at a rate of 0.01 L h! while gently stirring for 12 hours to allow crosslinking of Ca?* with sodium
alginate to form CS/MWCNTs/Febeads: Finally, the collected beads were washed, air dried and

stored for further use in adsorption experiment.

Different stoeck solutions of Cr(V1), Cu(ll), Cd(ll) and phosphate anions (1,000 mg L
each) were prepared by dissolving 2.8287 g of K2Cr207, 3.9293 g of CuSO4.5H20, 2.7442 g of
Cd(NOs)z2and 2.2350 g of KsPOa4 in 1.0 L of DIW, respectively. Further the required samples were
prepared by diluting the stock solutions to a desired concentration. The pH of these sample
solutions was adjusted to a specified value using 1 M H2SO4 and NaOH solutions. All the

chemicals used in this study were of reagent grade.

2.2 Fixed-bed adsorption studies



Fixed-bed adsorption tests were performed using a glass column of 14 cm in length and 2
cm in internal diameter. The column studies were operated using the following range of
parameters: Flow rate, 1, 2, 3, and 4 mL min; bed depth, 4, 6, and 8 cm; feed Cr(V1) concentration,
30, 50, and 100 mg L1; pH, 2, 4, 6 and 8. After packing with the CS/MWCNTSs/Fe beads to a
prescribed height, the Cr(VI) solution of predetermined concentrations and pH were fed to the
column using a peristaltic pump (EYELA MP-2000, Japan) with a specified flow rates in the
downward direction. The effluent samples collected after a specified time interval at the outlet of
the column were tested for residual Cr(\V1) ions through a spectrophotometry (T60UV-Visble
Spectrophotometer, U.K.) using diphenylcarbazide as colorimetric reagent at the wavelength of

540 nm [26].

Among several important factors that affect the feasibility of a fixed-bed adsorption
system, the potential interference of coexisting-pollutants that usually contain other anionic and
cationic pollutants in industrial wastewater effluent is also very important. For this reason, the
simulated wastewater was used as the column feed and column adsorption process experiments
were conducted for the simultaneous uptake of Cr(\V1), Cu(ll), and Cd(ll) at an initial feed
concentration of 1 mg L each. Other standard experimental conditions were 30 mg L of
phosphate as background anions, a flow rate of 1 mL min-t, a bed depth of 8 cm and a solution pH
of 4+0.2. The concentration of total chromium, Cu(l1) and Cd(l11) was measured by an inductively-

coupled plasma/mass spectrometer (Model 7800 ICP-MS, Agilent, U.S.A.).
2.3 Determination of adsorption breakthrough curves

The performance evaluation of the fixed-bed column was studied based on the
breakthrough behavior obtained by plotting C+/Co (effluent-to-influent ratio) versus time t. The bed

breakthrough and saturation were defined as the times for which the value of Ci/Co reaches 5%
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and 95%, respectively. The total Cr(\V1) adsorbed in the adsorbent bed, gtotar (MQ), is determined

through the following equation:

Q (t=ttotal
Arotal = Toooimo . Cad dt 1)

where Q (mL mint) is the volumetric flow rate, twotal (h) is the total time of flow, and Cad (mg L)
is the difference in total Cr(VI) ions at initial time and the time t caused by the adsorption in the
column (i.e., C,q = C, — C,). Here, the adsorption capacity of adsorbent bed; ge (mg g %), and the

equilibrium concentration of Cr(VI) ions, Ce (mg L™), are calculated as-follows:

__ Qtotal

de = =\ (2

1000 (Mgotal —dtotal)
C. = 3
€ Qttotal ( )

where W (g) is the amount adsorbent packed in‘the column, and mewta (Mg) is the amount of total

Cr(V1) ions passing through the column-(i.e., My = %). The fractional removal of Cr(VI)

ions, R (%), can be expressed as the ratio of qtotai and Miotal.

Other parameters-associated with fixed-bed column characterizations are the linear flow
velocity, v (cm mint), the empty bed contact time, EBCT (h), and the length of mass transfer

zone, MTZ (cm). They are determined as follows:

-9
v=2 (4)
EBCT = Volumgofbed (5)
MTZ = Z(e~t) (6)

te



where A (cm?) is the is the cross-sectional area of the column, Z (cm) is the bed height, and t» and

te (h) are the column breakthrough and saturation times, respectively.
2.4 Empirical adsorption breakthrough models

The adsorption dynamics of a fixed-bed column can be described by using suitable:-models
fitted on the experimental data necessary for the scale-up proposes and performance comparison.
Multiple mass transport factors, such as the adsorption kinetics, axial dispersion, film mass transfer
resistance, and intraparticle diffusion limitations, are involved in the fixed-bed adsorption process,
complicating the adsorption process. It necessitates the use of a set.of nonlinear partial differential
equations to simulate phenomenologically the process steps and.to predict the breakthrough
behavior of adsorption columns. Nevertheless, fixed-bed.adsorption models usually exhibit some
discrepancies between experimental and predicted data, and empirical models are valuable in
simplifying the process conceptualization to adequately characterize column breakthroughs. These
empirical models include the Thomas‘model, Y-N model and A-B model. Furthermore, the Mass
Transfer Factor (MTF) models were applied to determine the mass transfer resistance from the
adsorption of Cr(VI) onto.CS/IMWCNTSs/Fe beads packed in the column. The BDST model was
also fitted to estimate.the kinetic parameters depicting the relationship between bed depth and
service time. The model equations, key assumptions and characteristics are summarized in Table
1 (Detail narratives can be found in Supplementary Text S-1.) The models’ parameters were
obtained by linear and non-linear regression fit. A nonlinear curve fitting was obtained using the
regression tool (Solver-add in) in MS-Excel based on the magnitude of the coefficient of the
determination (r?) by minimizing the value of sum of squared error (SSE). In this study, standard
error (SE) and SSE were used as instruments to measure the degree of model fits with the

experimental values. The expression for SE and SSE analysis are as follows:



— 2
SE = ’Z(C‘fal% (7

SSE = %(Ceal = Cexp) (®)

where Cca and Cexp are the calculated and experimental outlet concentrations respectively in terms

of C/Co and N is the experimental observations.
Mass Transfer Factor model

The MTF models were employed to analyze the global, internal-and.external mass transfer
resistance from the adsorption onto the surface of adsorbent [27, 28] at different bed heights of the

column. The external mass transfer coefficient can be expressed:

In (%) = [kyaly; X ¢ (9)

t

where, [k, a], indicates the external or film orvolumetric film mass transfer coefficient (h), kv

(m hY) is the mass transfer coefficient, a (m™) is the surface interfacial liquid-solid and t (h) is the

time of water fed to the column.

The relationship between the external and the global mass transfer coefficients can be

expressed as follows [27; 28]:
[kpals = [kpalg X e~ FxIn(@ (10)
By substituting Eq. 10 into Eq. 9, the following relation can be obtained:

C —
in(2) = [kyaly x e™PM@ x ¢ (11)

t

where [k, a], is global mass transfer coefficient (h™), p (g h™* mg™) is the absorbate-adsorbent

affinity and q (mg g?) is the is quantity of the Cr(V1) to adsorb by the CS/MWCNTSs/Fe beads.



The mathematical deduction and linearization of Eq. 11 leads to:
In(q) = B + % x In (¢) (12)

where B (mg g?) indicates the potential mass transfer index relating to the driving force for mass

transfer

B = ln([kLa]g);ln {ln(i—‘i)} (13)

The porous diffusion can be represented as the difference between global and external mass

transfer factors:
[kpalq = [k aly — [koalf (14)
here, [k, a], is the porous diffusion factor (ht).

3. Results and Discussion
3.1 Effect of operating parameters

Fig. 1 shows the adsorption capacity and saturation time (i.e., time needed to achieve a
95% breakthrough) when one of the operating parameters are varied. The baseline conditions were:
flow rate, 1 ml min-*; bed height, 8 cm; feed Cr(VI1) concentration, 30 mg L; and solution pH,

4.0£0.2.

As shown in Fig. 1a, when the flow rate was increased from 1 to 2 mL min, the Cr(VI)
adsorption capacity of CS/IMWCNTSs/Fe beads increased from 1.52 mg g to 1.79 mg g* while
the saturation time decreased from 11.5 h to 6.0 h. The increasing flow rates in this range led to

both an increased mass loading and a reduced residence time for the Cr(V1) solution in the column,
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thereby causing the increased adsorption capacity and reduced saturation time. Further increases
in flow rates, however, resulted in only a marginal change in both adsorption capacity and
saturation time (Table S-1). As the Reynolds numbers (0.8 to 3.0) corresponding to the flow rate
changes stayed within the laminar regime, the effect of fluid turbulence on the external mass
transfer resistance on the absorbent surface was minimal. However, the Peclet numbers have been
reported to have a marked impact on mass transfer coefficients in packed beds when its value
transitioned from <100 (at 1 ml min in this study) to >200 (at a flow rate >3 ml mint) [29].
Therefore, we reasoned that, reduced residence time was the primary factor for the observed
shorter saturation time, however, the effects of increased mass transfer resistance at a greater flow
velocity may have compromised the adsorption capacity as flow rate increased. Of note, our recent
study on batch adsorption experiments exhibited much higher equilibrium adsorption capacity
(119 mg g?) than the value observed in column tests, demonstrating that mass transfer process in
continuous-flow column operations represents a limiting factor in the adsorption of Cr(V1) ions by
the CS/IMWCNTSs/Fe beads in fixed-bed column system. Additionally, as the flow rate increases,
the effluent volume at breakthrough-time (Vi) decreases, while the effluent volume at time of
saturation (Vs) increases. For example, at the flow rate of 2 mL min, the maximum removal
efficiency reached 55% with.a Vs of 180 mL, as compared to a removal rate of 53% and a Vs of
210 mL at aflow rate of 1 mL minL. The increase in Cr(\V1) removal efficiency with increasing
flow rate from1 to 2 mL min is attributed to the MTZ expansion from 5.6 to 6.0 cm (Details of
calculation shown in Table S-1). These results corroborated with those described with the pattern

of adsorption capacities at the various flow rates.

When the bed depth was increased from 4 cm to 8 cm, the adsorption capacity increased

from 0.60 mg g to 1.52 mg g%, as shown in Fig. 1b. Also, the saturation time extended from 3.5
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hto 11.5 h (Fig. 1b). The increase in the saturation time can also be attributed to a longer MTZ
(3.4t0 5.6 cm) and EBCT (0.21 to 0.42 h) with the increment in bed depth. The reduced adsorption
capacity with the smaller bed depth was owing to the formation of a slow and shortened MTZ that
magnifies the adverse effect of axial dispersion, resulting in the reduced diffusion of Cr(VI) ions
into the adsorbent beads. Cr(VI) removal efficiency increased from 27.0 to 53.6 % for increasing
adsorbent bed height from 4 to 8 cm (Table S-1). Summarily, a longer bed depth is desired for

improved adsorption capacity.

Fig. 1c shows that, when the feed concentrations were 30, 50 and200 mg L, the adsorption
capacities were 1.52 mg g%, 1.22 mg g%, and 1.40 mg g, and the corresponding saturation times
were about 11.5 h, 6.0 h and 4.5 h. Furthermore, with increasing in inlet Cr(\VI) concentration (30
to 100 mg L*), the breakthrough time and removal efficiency the bed decreased from 3.5 hto 0.5
h and from 53.6 % to 35.1 %, respectively (Table S-1). It is worth noting that a considerable
increase in concentration provide a higher driving force and crowding of the diffusion path of
Cr(VI1) which leads to fast mass transfer of Cr(VI) ions into the CS/IMWCNT/Fe beads and
increases the competition between metal ions which ultimately results in to quick breakthrough

and rapid saturation.

Solution pH s important to study because it greatly influence the ionic state of Cr species
and active sites present in the adsorbent that governs the pattern of adsorption. Fig. 1d shows that,
at the solution pH of 2, 4, 6, and 8, the saturation times were 7.5 h, 11.5 h, 6.0 h, and 3.0 h; and
the corresponding adsorption capacities were 1.01 mg g%, 1.52 mg g%, 0.70 mg g%, and 0.26 mg
gl, respectively. The longer saturation time and higher adsorption capacity observed for the
solution at the pH of 4+0.2 revealed that the protonated groups (-COOH2*, —-OH2* and —NH3s*)

present in CS/MWCNTSs/Fe beads are capable of capturing the Cr(\V1) ions present in the solution

12



in the form of HCrO4', resulting in the higher removal of metal ions in acid regime (i.e., pH 4).
Therefore, pH 4 was taken as the optimum value for Cr(VI) adsorption in other column
experiments. These trends matched well with those of the batch experiments reported in our prior

study [17].
3.2 Adsorption breakthrough modeling

Fig.s 2a-d show the experimental breakthrough profiles for Cr(\V1) adsorption using the
various operating parameters delineated earlier. These experimental profiles were fitted with the
Thomas model (curves in blue), Y-N model (red) and A-B model (green). The fitted model
constants are summarized in Supplemental Materials (Table S-3). For all model fittings, nonlinear
regression analysis provided higher accuracy as determined by SE (ranging from 7x10-° to 1x103
for the Thomas model and the Y-N model; 7x10-" to 2x10* for the A-B model) and by SSE (9x10-
3 to 1x10°2 for the Thomas model and the Y-N model; 4x10- to 1x10°2 for the A-B model). The r?
value ranged from 0.981 to 0.999 for the Thomas model and Y-N model, and from 0.944 to 0.993

for the A-B model. Note that.the /A-B model only fits well for the early phase of breakthrough

curve (% < 0.5), and that the Thomas model and the Y-N model share identical mathematical
0

form, hence the identical regression accuracies.

Despite taking the same mathematical form, the parameters in the Thomas model and the
Y-N model offer different interpretations. For the Thomas model, as the flow rate increases (1 to
4 mL min‘t), the ktr value also increases (0.021 to 0.054 L h"t mg!) owing to the diminished mass
transport resistance with the increased in flow rates [30]. Moreover, with the initial increase in the
flow rate from 1 to 2 mL min-, the grw value also increase from 1.64 to 2.07 mg g}, then it remains

steady on further flow rate increase. Additionally, with increasing bed depth from 4 cm to 8 cm
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leads to a decrease in krr value from 0.054 L h*t mg? to 0.021 L h* mg?, whereas, g+ values
increases from 0.78 mg g to 1.64 mg g*. When Cr(V1) feed concentration increases from 30 mg
L to 100 mg L%, the krw values remained in the range of 0.021 to 0.012 L h* mg?, while the grH
values remained relatively constant between 1.64 and 1.73 mg g*. The behaviors of ktx and grH
with respect to flow rate, bed depth, and feed concentration remain in parallel with what we
presented in Fig. 1a-c. This is not the case for the two key parameters in the Y-N model, where the
kvn value generally increases (from 0.62 h' to 1.61 h-*) with increasing flow rates, decreases (from
1.62 to 0.62 h'') with greater bed heights, and increases (from 0.62 to.1.29 h'') with feed

concentrations. The t value has the opposite trends as it is inversely proportional to kyn.

As such, the Thomas model parameters (ktn and.gqrH) have physical implications reflecting
the mass transfer rate and adsorption capacity. For example, a larger value in ktx at lower Cr(VI)
feed concentration indicates that the adsorption of Cr(V1) ions onto the CS/MWCNTSs/Fe beads in
packed bed columns was kinetically favorable at lower concentration. This model fits best for the
conditions with minimal externaland internal diffusion resistance. The high correlation values and
the consistency of qrn with those of experiment values indicates that Cr(V1) adsorption mechanism
by CS/IMWCNTSs/Fe_beads. follow Langmuir isotherm and pseudo-second order adsorption
kinetics [30, 31]. In.comparison, the Y-N model takes advantage of the symmetric nature of the
equation and uses the first 50% column breakthrough to project the entire breakthrough pattern. In
this study, the t values determined by the model equation are very close to that of experimental
values. Therefore, the Y-N model can be reliably used for predicting the saturation time of the

CS/MWCNTSs/Fe beads column.

For the A-B model, the value of Nag increases from 662.3 mg L to 913.2 mg L with an

increased flow rate from 1 to 3 mL min?, followed by a decrease to 845.1 mg L* upon further
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increasing flow rate to 4 mL minL. In addition, the kas value increases from 0.014 L mg* h'* to
0.036 L mg* h't with the increased flow rate from 1 mL min to 4 mL min-!, suggesting that the
adsorption kinetics in the early part of the adsorption (Ci/Co = 0.5) is controlled by external mass
transfer [32, 33, 34]. When bed height is expanded from 4 cm to 8 cm, the Nas value increases
from 353.1 mg L to 662.3 mg L1, while the kas value declines from 0.035 L mg* h* t0.0.014 L
mg ! h'l. The increase in feed Cr(V1) concentration from 30 mg L to 100 mg L* also leads to an
increase in Nag value (from 662.3 mg L™ to 750.0 mg L) but the kas value decreases from 0.014
L mg?* h'to 0.009 L mg* h These results further support our earlier hypothesis that the film
mass transfer control the adsorption kinetics of the system at the early‘phase of adsorption at a

larger flow rate.

3.3 Mass transfer analysis

Using the MTF models [27, 28], the linearized plots of In(q) versus In(t) resulted in good
correlation (r> > 0.96) that enables the determination of the value 1/B (slope) and of B (i.e.,
intercept). The values of B decreased from -1.58 to -1.86 mg gt and 1/B from 1.12 to 1.05g h mg"
Lwith increment in bed heights from 4 to 8 cm, indicating that a shorter bed depth is advantageous

for better mass transfer thanlonger depths.

To elucidate the controlling mass transfer factor, we plotted the global mass transfer
coefficient and its two components (i.e., external and porous diffusion). Fig. 3a shows the rate of
global mass transfer for the adsorption of Cr(\V1) onto CS/IMWCNTSs/Fe beads. It is evident that,
during early breakthrough periods (C«/Co < 0.2), there were marked differences in the global mass
transfer rate, favoring columns with shorter bed depths, i.e., [KLa]g values in the order of 4 cm >
6 cm > 8 cm. Furthermore, the analysis of film transfer rate coefficient (Fig. 3b) and diffusion

mass transfer coefficient (Fig. 3c) illustrate an opposite trend. All [k.a]s profiles exhibited an
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asymptotic pattern approaching zero when significant breakthroughs occurred, clearly impelled by
the greater concentration gradient between the bulk solution and the solid surface in the early phase
of breakthroughs. Moreover, we noted that significant film transfer occurred only in the limited
breakthrough window (Ci/Co < 0.05) for the bed height of 8 cm, whereas a similar rate could still
be observed at Ci/Co ~ 0.4 for the 4 cm packed column. Conversely, Fig. 3c reveals that the rate of
pore diffusion ([kLa]d) that occurs once an ion penetrates the film and reaches the solid surface
was greater for longer bed depths. While the reversal of the trend was largely a result of the
differences in film transfer rate, another conceivable explanation for this result is that the
interstitial hydrodynamics changed as the packed bed was extended. These analyses point to the
fact that packing depth represents a design variable that influences the mass transfer rates and the

Cr(V1I) adsorption on CS/MWCNTSs/Fe beads.
3.4 BDST Model and Column Scaleup

Fig. 4 reveals the of service time asa function of adsorbent bed height, using four saturation
ratios (Ci/Co = 0.05, 0.25, 0.50,/and 0.95). Fitting with the experimental data indicates a highly

linear relationship (r? > 0.98). This result enables us to use the BDST model equation to estimate

the model parameters. (No and ks) via determining the slope (a =%) and intercept (b =
0

" 1C Ln (% > )) of the fitted linear curves. With the increase of Ct/Co from 0.05 to 0.95, the value
B%“0 t

of No increased from 5.97 mg L to 19.10 mg L while the ks values decreased (calculated results
can be found in Supplemental Table S-5). The parameter No is the adsorption equilibrium capacity
and ks is the adsorption rate, both dependent of the mass loading reflected by the presence of Co
and v. A significant increase in No value versus Ci/Co reflects the high adsorption capacity of the

bed with increased mass loadings. Conversely, a decreasing ks value is indicative of slower
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adsorption rate of Cr(V1) ions as the process approaches complete breakthrough. It is worth noting
that, despite its simplicity for the prediction of breakthrough time, the BDST model may not be
applicable for depicting the adsorption behavior over the entire breakthrough range because its
symmetric nature of a logic function (i.e., S-shaped curve) does not match well with most
breakthrough profiles. Consequently, the parameter values No and ks at the extended breakthrough
range should only be taken with limited contexts, such as observing its trend as opposed of using

it as a design basis.

The high correlation between the experimental (to) and predicted breakthrough time (tc)
validates the applicability of BDST for this study. Therefore, we further applied the model to
predict column performance at other hypothetical operating conditions (flow rates and feed
concentrations) for Cr(VI) adsorption on to CS/MWCNTSs/Fe beads in packed bed column. This
prediction step can be achieved by establishing new values of slope (a’) and intercept (b’)

proportional to the ratio of hypothetical and validated conditions in both Co and v:

—aY _
a'=ap=a " (15)
b’ = Co In (Co—1) (16)

T U CorIn (Co-1)

The prediction utilizes No and ks values determined from the same flow rate and feed
Cr(\V1) concentration to modify the BDST model. By using a hypothetical concentration (Co’ =5
mg L) and bed height (30 cm) at a low flow rate (1 mL mint), the predicted service time for C¢/Co
=0.05, 0.25, and 0.50 were about 118, 210, and 282 h, respectively. The service time decreased to
3.3,5.9, and 7.85 h for the corresponding C+/Co values upon increasing feed Cr(V1) concentration
to 200 mg L1, Similarly, with a hypothetically high flow rate (10 mL min-t) while maintaining

identical feed concentration (5 mg L) and bed height (30 cm), the predicted service time became
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16.4, 29.1, and 38.5 h for the corresponding C+/Co ratios. The predicted breakthrough time for new

bed depth (Z'), feed concentration (Co") and flow rate (Q') are listed in Table S-6.

The scale-up study was further extended by using the number-of-bed-volume (NBV)
method, whose value can be calculated for particular experimental conditions such as flow rate,

bed height and inlet Cr(\VI) concentration. NBV can be expressed as [34]:

NBV =

Volume of water treated till breakthrough point (17)
volume of the adsorbent bed

At any bed height and cross-sectional area of the scaled-up column, the volume of treated
effluent can be estimated by NBV times with the packed bed volume. The new packed bed volume
can be obtained by changing the bed height and cross-sectional area of the column while
maintaining one as a constant at a time. The breakthrough time can be estimated by using the
obtained volume of effluent processed divided. by the flow rate. For this study, the estimated
amount of CS/MWCNTSs/Fe beads required for packing the column to achieve the desired
breakthrough time can be obtained-by multiplying the bulk density (0.4718 g cm, as measured
by the cylinder method) of ‘adsorbent with the volume of scaled-up bed. The calculations were
executed at a feed Cr(\VI) concentration (30 mg L) and two flow rates (50 mL min-t and 100 mL
min). Fig. 5a shows the scaled-up column performance at varying bed depths (10 cm to 60 cm)
while keeping the column diameter (10 cm) constant. The scaling criteria was selected on the basis
of linear flow velocity (<0.32 cm mint) as observed for the baseline conditions used in the lab-
scale study. For example, 4.4 kg of adsorbent would be needed to obtain a breakthrough time of
26 h for a flow rate of 50 mL mint, and 13 h for 100 mL min*. Similarly, 8.8 kg would be required
to extend the breakthrough time to 53 h for a flow rate of 50 mL min-, and 26 h for 100 mL min-

1, Conversely, one can estimate the breakthrough time by varying the column diameter (10 cm to

18



20 cm) while maintaining a constant bed height (30 cm). For example, Fig. 5b indicates that 6.4
kg of adsorbent would be needed to pack a column with a diameter of 14 c¢cm to obtain a
breakthrough time of 52 h at a flow rate of 50 mL min, and 26 h at 100 mL min-t. When the
column diameter is increased to 20 cm, 17.8 kg would be required to achieve a breakthrough time

of 105 h at 50 mL min't and 53 h at 100 mL min-t.
3.5 Applicability of CS/MWCNTSs/Fe beads fixed-bed column in treating a simulated effluent

The simultaneous uptake of three metal ions Cr(VI), Cu(ll) and Cd(ll), each at a feed
concentration of 1 mg L by the fixed-bed columns packed with CS/MWCNTSs/Fe beads was
investigated in the presence of phosphate (30 mg L) as a background anion. The pH of the
simulated effluent was kept at 4.0+0.2, a condition identified as the optimal for Cr(V1) adsorption
in the single-component system. Fig. 6b shows that Cd(H) broke through the column within two
hours, followed in the order by Cu(ll) and Cr(V1). Notably, the Cr(VI) adsorption breakthrough
profile exhibited a highly symmetric pattern that still fitted well with the Thomas model (r? = 0.98),
A-B model (r? = 0.94 for C¢/Co = 50%) and Y-N model (r> = 0.98). In contrast, the breakthrough
curves of Cu(ll) and Cd(11).showed a distinctly different pattern from that of Cr(\VI). Not only did
Cd(I1) completely break through within a period of time, its C«/Co value overshot to a value of
~1.25 before stabilizing toward the equilibrium. In contrast, Cu(ll) also broke through immediately
after the commencement of the column run, then stabilized at C/Co ~ 0.8 but never reached
complete breakthrough. The time it took to reach a Ci/Co plateau was significantly longer for
Cr(VI) than they were for Cu(ll) and Cd(l1). The longer time to experience a breakthrough suggests

that the column favored the Cr(V1) adsorption over the two other metal ions.

The preference of Cr(VI) in the ternary system at pH 4 clearly exhibited a competitive

adsorption phenomenon. We hypothesized that the electrosorption between HCrO4 and protonated
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binding groups (—-COOH:*, —OH2", -NHs*) on CS/MWCNTSs/Fe beads dominated the adsorption
over chelation (NH, + Cu?*/Cd** —» NH,Cu?*/Cd?**) or ion exchange (Ca?* with Cu?* and
Cd?*) that were likely the main adsorption mechanisms for divalent cations. Between Cu(ll) and
Cd(II), the higher electronegativity (1.95) and smaller hydrated ionic radii (0.419 nm) of Cu(II)
might be responsible of its higher adsorption affinity than that of Cd(ll) (electronegativity,1.69;
hydrated ionic radii, 0.426 nm), leading to a competitive advantage. Furthermore, phosphate as a
background anion matrix did not significantly interfere with the adsorption and breakthrough
behaviors of Cr(VI) and Cd(ll). However, the formation of stable precCipitates such as Cus(POa):2
during the adsorption process is a plausible explanation to why Cu(I1). never approached complete
breakthrough by monitoring the effluent concentration. Altogether, we present Fig. 6b to illustrate
the following process: (i) all three metal ions were adsorbed on CS/IMWCNTSs/Fe beads at the
beginning when unoccupied active sites were.abundant; (ii) Adsorption sites occupied by Cd(ll)
ions were replaced by both Cr(\V1) and Cu(ll) ions as they continued to be adsorbed; (iii) Cr(\VI)
ions continued to be adsorbed while Cu(ll) attained an equilibrium, (iv) Cr(VI) ions adsorption

attained an equilibrium.
4 Conclusions

The present study characterizes the performance of CS/MWCNTSs/Fe beads for aqueous phase
Cr(VI) removal:in fixed-bed columns. A maximum volume of treated effluent of 210 mL and an
Cr(VI).uptake capacity of 1.52 mg g were achieved at 1 mL mint in flow rate, 8 cm in bed height,
30 mg L in feed Cr(VI) concentration and a pH value of 4. Both the Thomas model and Y-N
model are well-suited to describe the dynamics of the adsorption breakthrough process of Cr(V1),
while the A-B model was applicable only to describe the early phase of the dynamic behavior

(C/Co <0.5) of the column. The parameters in the Thomas model and A-B model possess physical
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implications that reflect the effects of the various operating parameters (flow rate, initial
concentration, and bed height) on the mass transfer rate and adsorption capacity. By successfully
characterizing the breakthrough behaviors with the models, we further applied the BDST model
for the prediction of system behavior under several hypothetical operating conditions and the
subsequent scale-up. We demonstrated that the packed bed dimensions and flow rates determined
the amount of adsorbent beads needed to achieve a prescribed breakthrough‘criterion. We also
demonstrated that, when the synthetic solution contained multiple heavy metals, i.e., Cr(VI),
Cu(ll), and Cd(Il), Cr(VI) was selectively adsorbed in the CS/IMWCNTSs/Fe beads column, and

was less impacted by the presence of a background anion in phosphate.
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Fig. 1. Measured adsorption capacity and saturation time (a) different column flow rates (feed
Cr(VI) concentration, 30 mg L*!; bed depth, 8 cm; solution pH, 4£0.2), (b) different bed heights
(feed Cr(V1) concentration, 30 mg L*; flow rate, 2 mL min-L; solution pH, 4+0.2), (c) different
inlet Cr(V1) concentrations (flow rate, 1 mL min%; bed depth, 8 cm; solution pH, 4+0.2), and (d)
different solution pH values (feed Cr(V1) concentration, 30 mg L*; flow rate, 1 mL min-*; bed
depth, 8 cm).
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Fig. 2. Breakthrough profile of Cr(VI) adsorption with.- Thomas model (blue curve), Yoon-

Nelson model (red curve) and Adams-Bohart model (green curve) at (a) different column flow
rates (feed Cr(V1) concentration, 30 mg-L*; bed depth, 8 cm; solution pH, 4+0.2), (b) different
bed depths (feed Cr(VI) concentration, 30.mg L*; flow rate, 1 mL min%; solution pH, 4+0.2), (c)

different inlet Cr(V1) concentrations (flow rate, 1 mL min-t; bed depth, 8 cm; solution pH,

4+0.2), and (d) different selution.pH values (flow rate, 1 mL min*; feed Cr(VI) concentration,

30 mg L*; bed depth, 8 cm). All solid lines refer to non-linear fittings and dashed line to

linearized fittings.
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Table 1. The empirical breakthrough models fitted with experimental data.

Model Governing equation Key assumptions & characteristics

Ct 1

Co 1+exp(kTHg°W—kTHC0t)

e Adsorption process is not only controlled by.chemical interaction but

Thomas Linear form: also by interface mass transfer.
C koW ¢ Follows Langmuir isotherms and second-order adsorption Kinetics.
Ln(£-1)= “THI0T — Ky Cot
0

C kKagNapZ
C—t = exp (kABCOt - —ABVAB ) _ _ _ _ _
0 ¢ The rate of adsorption process is continuous, influenced by film mass

transfer and equilibrium does not occur instantaneously.
Adam-Bohart a y

Linear form: o Generally fitted to investigate early phase of breakthrough curve
2 <0.5).

Ln((c:_;) = kABCOt_M (Co_ )

C 1

C_: = Itekyn(t-9 ».Thedecrease in adsorption probability of adsorbates is proportional to
i probability of adsorption of adsorbate and breakthrough onto the

Yoon-Nelson  Linear form: adsorbent

L Co ) _p K e Measures the errors produced by Thomas model. No physicochemical

n (co—ct) = Kynt = tRyn properties of adsorbent and adsorption bed are required.

e Linear relation between the bed height and the operating time of the

NoZ 1 C packed bed column.
— 0 0 . . . . . .
BDST t= Cov  kgCo L (C_t o ) ¢ Negligible internal diffusion and film mass transfer resistance.
o Gives an adequate estimate to the lowest column depth for a limited
degree of saturation.
Notation:

t: service time of packed bed (h); Co: influent concentration (mg L?); Ci: effluent concentration at t (mg L™); o: maximum adsorbate concentration
in solid form (mg g?); W: packed amount of adsorbent (g); Z: bed depth (cm); v: linear velocity (cm min™); Nag: maximum adsorption capacity
per column volume (mg.L™?); ktu: Thomas rate constant (L mg? h™); kas: Adams-Bohart mass transfer constant (L mg™ h™%); kyn: Yoon-Nelson
rate constant (h); t: the time needed to achieve 50% of breakthrough (h); ks: rate constant of BDST model (L mg? ht); No: adsorption capacity
per volume (mg L™?)
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