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a b s t r a c t 

Fixed bed adsorption is widely used for separations and purifications of active components in medicine, 

and for wastewater treatment. At present, fixed bed adsorption breakthrough curve is generally obtained 

by manual sampling and off-line detection. In this study, we proposed a method for on-line monitoring 

of fixed bed adsorption process using a self-assembled fiber-optic sensing (FOS) system. The adsorption 

of 2,4-dichlorophenoxyacetic acid (2,4-D) on the fixed bed packed with molecularly imprinted polymers 

(MIPs) and non-imprinted polymers (NIPs) were studied. The reproducibility and precision of the system 

was investigated. The relative standard deviation (RSD) of the system was less than 1.54%, which indicates 

that the system has a good reproducibility. The effects of initial concentration, flow rate, adsorbent mass 

and particle size on the breakthrough curves were investigated. Through screening, it was found that ad- 

sorption kinetics of the polymer materials fit to Thomas and Yoon-Nelson models. The MIPs showed high 

binding capacity, good selectivity, fast adsorption rate, indicating a great potential for the treatment of 

2,4-D contaminated water. Moreover, this study has identified that the detection method has the advan- 

tages of being on-line, realtime, simple, and accurate. The on-line method can facilitate the study of fixed 

bed adsorption processes and accelerate the understanding of adsorption kinetics. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

As a highly selective and low-cost herbicide, 2,4-

ichlorophenoxyacetic acid (2,4-D) is the most frequently uti-

ized to restrain the growth of cocoa, rubber, oil palm and other

road-leaved weeds in agriculture [1–3] . However, it has toxicity

nd poor degradability. Moreover, it can cause water pollution

nd endanger human health [4] . The World Health Organization

WHO) suggested that the permissible concentration of 2,4-D

hould not be over 70 μg/L in drinking water [5] . The highest

llowable concentration of 2,4-D in drinking water in China is

0 μg/L [6] . To minimize these risks, 2,4-D needs to be removed

rom the contaminated waters. 

At present, the methods of removing 2,4-D include photocat-

lytic degradation [ 7 , 8 ], Fenton processes [ 9 , 10 ], advanced oxida-

ion processes [ 11 , 12 ], electrocatalytic degradation [13] , electrodial-
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sis membranes [14] , and adsorption [15–17] . Among them, the

dsorption method is gained popularity due to its low cost and

ow energy consumption. At present, there are many adsorbents

ommonly used for adsorbing 2,4-D, such as activated carbon [18] ,

etal–organic framework [19] , polymers [20] , modified materials

21] and polystyrene beads [22] . Comparing to others, molecu-

arly imprinted polymers (MIPs) are more attractive due to their

xcellent selectivity, stability and reusability [23] . Although many

IPs were developed aiming at the extraction and removal of con-

aminants in water, there is almost no any example of practical

pplication in contaminant treatment. There are some excellent

IPs that need to be characterized in the view of practical ap-

lication. Among them, 2,4-D MIPs are water-compatible, prepared

n H 2 O rich solvent, have high binding capacity. From the indus-

rial perspective, the continuous adsorption of fixed bed columns

as always been expected [24] . Conventionally fixed-bed adsorp-

ion is usually measured by manual sampling to obtain the break-

hrough curves. Methods such as HPLC [ 1 , 5 ] and UV–Vis spec-

rophotometry [17] are usually employed for sampling analysis. Al-

hough these methods are widely used, they usually suffer from

https://doi.org/10.1016/j.chroma.2020.461112
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2020.461112&domain=pdf
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Fig. 1. Schematic illustration of the on-line measurement system of fixed bed adsorption. 
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time-consuming, labor consumption, limited data as well as errors

[ 25 , 26 ]. Therefore, it is important to establish an on-line and real-

time detection method for fixed bed adsorption. 

After a period of development, fiber-optic sensing (FOS) tech-

nology has become a prevalent trend due to low cost, high accu-

racy, on-site and realtime measurement [ 27 , 28 ]. Among the fiber-

optic spectroscopic method, FOS based on UV Vis absorption has

been widely employed because of its low cost, simplicity and high

accuracy. For all these merits, it was used widely in instant tablet

dissolution [29] , environmental monitoring [30] , catalytic kinetics

[31] , and in-situ batch adsorption [ 32 , 33 ]. FOS has advantages over

UV detector, such as agility (necessary to capture the fast changing

part of the breakthrough curve) and providing whole spectra in-

stantly which is rarely available in traditional UV detectors. Spectra

can provide detection of the analyte of interest or multicomponent

using chemometrics methods. 

A method for on-line detection of fixed bed adsorption pro-

cess is proposed by applying FOS. The system consists of a syringe

pump, a column, a Z-type flow cell, a light source and a fiber-optic

spectrometer. MIPs were used as adsorbents for fixed bed adsorp-

tion, and adsorption kinetics were studied. 

2. Experimental section 

2.1. Materials and reagents 

Ethylene glycol dimethacrylate (EGDMA, 97%), 2,2-

azoisobutyronitrile (AIBN, 99%) and 2,4-dichlorophenoxyacetic

acid (2,4-D, 97%) were purchased from Tokyo Chemical Indus-

try Co. Ltd. (Tokyo, Japan). 4-Vinylpyridine (4-VP, 95%), 2,4-

dichlorophenylacetic acid (DPAc, 99%), 4-chlorophenylacetic acid

(CPAc, 98%) and 4-chlorophenoxyacetic acid (CPOAc, 98%) were

supplied by J&K Chemical (Beijing, China). Methanol, acetoni-

trile and acetic acid (all analytical reagents) were supplied from

Zhiyuan Chemical Reagent (Tianjin, China). High purity water was

produced by an apparatus (Chengdu, China). The water samples

are from Red Lake in Xinjiang University (Xinjiang, China). 

2.2. Instrumentation 

The configuration of the on-line fiber-optic detection system is

depicted in Fig. 1 . Deuterium tungsten halogen light source (DH

20 0 0) and fiber-optic spectrophotometer (USB 20 0 0) were con-

nected with an FIA-Z-SMA-Peek Lensed flow cell of 10 mm of opti-
al path length and 60 μL of internal volume by two optical fibers,

espectively (all parts from Ocean Optics Dunedin, Florida, USA).

he inlet and outlet of Z-type flow cell were connected to waste

nd the column as a fixed bed through PTFE tubes. The three-way

alve (Diba, USA) was placed between the fixed bed and the sy-

inge (Shanghai China) to inject a blank sample for obtaining base-

ine. A syringe pump (Baoding, China) was used to deliver a so-

ution with a suitable flow rate. FTIR spectra were obtained using

Br pellets on an EQUINOX 55 (Bruker Optics, Germany). The mi-

roscopic morphology of the polymer was characterized by Hitachi

U 8010 scanning electron microscope (Honshu, Japan). The spe-

ific surface area was measured using nitrogen adsorption and des-

rption with the aid of Autosorb-IQ2-MP (Quantachrome Instru-

ents Co. Ltd., USA). Spectral data of sampled solutions were mea-

ured by a UV-1800 spectrophotometer (Shimadzu, Japan). 

Adaptors for connecting columns with syringe (pump) or op-

ic flow cell with negligible dead volume were explicitly designed

Fig. S1). Each adaptor has one end that fits to a 1/16 internal male

ut. The adaptor on the pump side (connected through the valve)

as fabricated to precisely fit to the wide end of the column. Fig.

1 shows the geometric size of the adaptor. The setup was also

roven to be applicable for HPLC stainless steel columns. Through

his setup, adjustable bed volume was achieved by simply cutting

he influent end of the plastic column. Furthermore, this is an ex-

ellent alternative to expensive commercial glass columns with ad-

ustable bed volumes. 

.3. Data collection and analysis 

The absorbance of the solution was measured by the on-line

ber-optic detection system. Briefly, the light source was turned on

nd preheated for a minimum of 30 min, and then Spectra Suite

oftware was activated. After that the Z-type flow cell was filled

ith the blank solvent, and bubbles in the Z-type flow cell were

emoved. The light intensity was adjusted to about 27,0 0 0 counts

t the desired detection wavelength on the software. The integra-

ion time and smoothness were set to 20 ms and 5, respectively,

nd the dark spectrum and reference spectrum were stored by the

pplication software. Under the above condition, the 2,4-D solu-

ions with different concentrations were injected into Z-type flow

ell and absorption spectra were recorded. 
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.4. Working solutions 

The stock solution of 2,4-D (20 0 0 mg/L) was prepared by ac-

urately weighting of standard sample and completely dissolving

n methanol, then stored at 4 °C in a refrigerator. The working so-

utions of 2,4-D were prepared by dilution of the stock solution

ith methanol-water (1:9, v/v), and the calibration curves were es-

ablished by the working solutions. The aliquot working solutions

ere prepared each time freshly by diluting the stock solution. 

.5. Synthesis of MIPs and NIPs 

The synthesis procedure of MIPs was adopted from the work

eported by Karsten Haupt [20] . In brief, the template 2,4-D

0.2210 g, 1 mmol), the functional monomer 4-VP (0.4205 g,

 mmol) were dissolved in 5 mL mixture of methanol and water

4:1, v/v) in a 20 mL glass bottle. Subsequently, EGDMA (3.9644 g,

0 mmol) as a crosslinker and AIBN (0.05 g, 0.31 mmol) as ini-

iator were added to the same solution. The pre-polymer solution

as ultra-sonicated for 10 min to homogenize the solution. Then

olymerization solution was purged with a stream of nitrogen for

 min. Then the solution was sealed before being placed in the

re-heated thermostatic water bath, and polymerization was pro-

eeded at 45 °C for 4 h, followed by 2 h at 60 °C. After, the hard

ulk polymer was ground manually using a mortar and then sep-

rated through different meshes. Then, the polymer particles with

ifferent sizes (38~54 μm, 54~75 μm, 75~100 μm) were collected.

he particles were washed in methanol/acetic acid (7:3) (2 ×), ace-

onitrile/acetic acid (9:1) (2 ×), acetonitrile (1 ×), and methanol

2 ×) for 2 h each time using a Soxhlet extractor and dried in oven

t 60 °C. NIPs were prepared following the same procedures but

ithout the addition of 2,4-D. 

.6. Adsorption and desorption procedures 

The polymer (MIPs and NIPs) adsorbent materials were packed

nto a column. The column was washed with methanol, and was

hen activated with methanol-water (1:9, v/v) until the absorbance

f the effluent below 0.005. The flow cell was filled with a solvent

sing a three-way valve. The instrument parameters were adjusted

ccording to Section 2.3 . After setting and saving the parameters,

nd then the 2,4-D solution was flowed through the column by a

yringe pump at a constant flow rate. The adsorption solution was

etected by the fiber-optic spectrometer when passing through the

-type flow cell. When the absorbance change of the effluent so-

ution is below 0.002 within 10 min, it is considered that the ad-

orption reaches saturation. Then, the spectrum software was in-

ctivated, and the data were stored. The same system setup was

mployed for the subsequent experiment. 

After the adsorption process, the desorption solvent was passed

hrough the column at a flow rate of 1.0 mL/min and detected by

he fiber-optic spectrometer. Due to the high concentration, des-

rption solutions were collected and diluted for absorbance mea-

urement. 

.7. Analysis of experimental data 

Adsorption breakthrough curves of 2,4-D were acquired accord-

ng to the effluent concentration and consumed time. The effluent

oncentration and the time were determined with the fiber-optic

pectrometer. The formula for calculation of effluent volume V eff is

s follows: 

 eff = Q t e (1) 

here Q (mL/min) is flow rate and t e (min) is exhaustion time

n which effluent passed through of the column. The exhaustion
ime corresponds to when the effluent concentration is 90% of the

nitial concentration. Likewise, the breakthrough time is the time

hen the effluent concentration is 10% of initial concentration, ex-

ressed as t b . The total mass of the adsorbed 2,4-D, q total (mg) can

e achieved using the calculation formula: [34] 

 total = Q/ 10 0 0 

∫ t total 

0 

( C 0 − C)d t (2) 

here t total is the total time of adsorption, and Q is flow rate

mL/min), C 0 and C are the initial and effluent concentrations

mg/L) of 2,4-D. 

The adsorption capacity q eq (mg/g) of 2,4-D at the time of

olumn equilibrium can be calculated according to the following

quation: 

 eq = q total /m (3) 

here m (g) is the mass of adsorbent. 

. Results and discussion 

.1. Characterization 

FTIR spectra of the MIPs and NIPs are shown in Fig. 2 a. There

as no distinct peak around 1636 cm 

−1 , indicating that the poly-

erization was succeeded. Comparing MIPs and NIPs, the absorp-

ion band at 1732 cm 

−1 can be attributed to C 

= O of cross-linker.

he peak at 693 cm 

−1 was assigned to C 

–Cl stretching. After wash-

ng the MIPs, it could be clearly seen that the sharp distinct peaks

t 1732 cm 

−1 and 693 cm 

−1 of the template molecule were de-

reased, and that the absorption spectrum is similar to that of

IPs, which indicates the removal of the template molecule. 

Fig. 2 c and d shows the SEM images of MIPs. The surface is

ough and porous indicating that there is a good possibility for 2,4-

 to be trapped and adsorbed onto the surface of the pores. 

The surface area of the MIPs was measured using the analysis

f N 2 sorption. The pore size distribution was obtained by the DFT

ethod. The N 2 adsorption/desorption isotherm and the pore size

istributions are presented in Fig. 2 b. The surface area of the MIPs

easured by the BET method was 295.37 m 

2 /g. The average pore

iameter and total pore volume were 6.11 nm and 0.45 cm 

3 /g, re-

pectively. 

.2. On-line determination of 2,4-D 

2,4-D solutions in the range of 1.0–160 mg/L were measured at

83.5 nm using FOS. The results are shown in the Fig. 3 , and the

egression equation was A = 0.009 C + 0.009 ( R 2 = 0.9993). The

esult indicated that on-line measurement of fixed bed adsorption

f 2,4-D can be accomplished using the self-made FOS. 

.3. Repeatability of the on-line measurement 

In this section, the reproducibility of the measurement system

as investigated by three parallel experiments. Breakthrough ex-

eriments were carried out on MIPs and NIPs columns at the same

onditions. As shown in Fig. 4 , the three breakthrough curves had

lmost overlapped each other. According to the adsorption capac-

ty, the RSDs of MIPs and NIPs columns were 0.73% and 1.54%, re-

pectively. The rate constants were calculated by two models, and

he RSDs of MIPs and NIPs of Yoon–Nelson model were 4.49% and

.45%, respectively. The RSDs of MIPs and NIPs of Thomas model

ere 4.53% and 2.41%, respectively. It can be seen that break-

hrough curves obtained by on-line fiber-optic system have no no-

iceable difference and which indicates that the system has good

eproducibility. The fact proves that this method can be well ap-

lied to on-line measurement of fixed bed adsorption with the ad-

antages of excellent reproducibility and simple instrumentation. 
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Fig. 2. Characteristics of polymers (a) FTIR spectra, (b) nitrogen adsorption–desorption isotherm and pore size distribution (inset), (c, d) SEM images at different magnifica- 

tions. 

Fig. 3. Absorption spectra and calibration curve of 2,4-D. 

 

 

 

 

 

 

 

 

Fig. 4. Breakthrough curves of 2, 4-D on MIPs and NIPs ( n = 3). 
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3.4. Comparison with the traditional method 

Under the same conditions, the breakthrough curves were ob-

tained by on-line fiber-optic detection and traditional sampling

method, respectively. The concentration of 2, 4-D in the effluent

was calculated according to the standard curve (Fig. S2 (A)). As

shown in the Fig. 5 , the overall trends of breakthrough curves

obtained by the two methods are the same. However, the break-

through curves obtained by the sampling method fell behind that

of fiber-optic method. This is due to the FOS method monitoring
ealtime concentration of the flow in the bed, while the sampling

ethod represents averages of past 1 min sample. It proved that

he fiber-optic on-line detection method could be applied to the

ealtime measurement of the fixed bed adsorption process. The

dsorbate concentration increases as the time prolongs. Moreover,

he larger the sampling volume is, the lower the measured con-

entration is than that of actual concentration at the moment. This

ill cause significant distortion in the traditional method when the

dsorption is very fast. Here, simple instrumentation was achieved

sing common SPE cartridges (can be applied to any column) and
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Fig. 5. Comparison of 2, 4-D breakthrough curves obtained by traditional sampling 

method and on-line method. 

Fig. 6. Breakthrough curves of 2,4-D and its cross-reactants on MIPs. 
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Table 1 

Parameters obtained to 2.4-D adsorption by MIPs at different conditions. 

Conditions Experimental parameters of breakthrough curve 

C 0 M Q � t b t e q total q eq V eff

160 50 1.0 38–75 30.34 46.50 6.14 122.78 46.50 

120 50 1.0 38–75 30.83 50.84 4.88 97.66 50.84 

80 50 1.0 38–75 31.67 58.83 3.67 73.42 58.83 

160 30 1.0 38–75 13.84 31.00 3.57 118.88 31.00 

160 40 1.0 38–75 21.83 40.84 4.95 123.84 40.84 

160 50 0.5 38–75 62.30 87.14 5.96 119.22 43.57 

160 50 1.5 38–75 19.67 31.45 6.10 121.92 47.12 

160 50 2.0 38–75 14.50 24.83 6.20 123.90 49.66 

160 50 1.0 38–54 33.33 39.67 5.91 118.27 39.67 

160 50 1.0 54–75 29.17 44.50 5.91 118.27 44.50 

160 50 1.0 75–100 21.67 51.50 5.81 116.19 51.50 

Notation: C 0 = initial concentration (mg/L), m = weight (mg), Q = flow rate 

(mL/min), � = particle size (mm), t b = breakthrough time, t s = exhaustion time, 

q total = total mass of 2,4-D adsorbed, V eff = effluent volume. 
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 three-way valve, without complicated configuration such as the

PLC system. 

.5. Adsorption selectivity 

The breakthrough curves for 2,4-D analogues are shown in

ig. 6 . It is observed that the breakthrough time of 2,4-D is the

ongest among its analogues. The MIPs binding capacity decrease

n the order of 2,4-D, DPAc, CPOAc and CPAc, but the pKa and po-

arity do not follow this order (Table S1). Actually, this has some

egree of agreement with the view, that molecular imprinting is

he result of enhanced effect originated from existing interaction of

he template with control polymer [35,36] . MIPs have high speci-

city and selectivity comparable to those of natural receptors, so

hey have the largest adsorption amount and highest recognition

bility to 2,4-D, resulted from a remarkable imprinting effect. 

.6. 2,4-D adsorption in fixed bed 

.6.1. Effect of initial 2,4-D concentration 

In order to obtain the effect of 2,4-D initial concentration

 C 0 ) on the MIPs adsorption, the concentrations ( C 0 ) from 80 to

60 mg/L were investigated. As shown in the breakthrough curves

n Fig. 7 (left), the breakthrough time decreased from 31.67 to
0.34 min, and the saturation time also decreased from 58.83 to

6.51 min with the increasing of initial concentration from 80 to

60 mg/L. The mass transfer zone of the breakthrough curves be-

omes narrower and steeper, with the decrease of breakthrough

ime. This can be explained by the fast saturation of the MIPs fixed

ed, when a high number of 2,4-D molecules interact on per unit

urface area of the adsorbent [ 17 , 26 ]. Besides, it can be discussed

hat a higher concentration leads to an increase in the mass trans-

er coefficient or diffusion coefficient [37–39] . With the increase of

oncentration, the adsorption capacity increased gradually. As the

oncentration increased from 80 to 160 mg/L, the adsorption ca-

acities increased from 73.42 to 122.78 mg/g ( Table 1 ). 

.6.2. Effect of flow rate 

With the flow rate from 0.5 to 2.0 mL/min, the breakthrough

urves were obtained as shown in Fig. 7 (middle). The break-

hrough time decreases from 62.30 to 14.50 min and exhaustion

ime decreases from 87.14 to 24.83 min with the increase of flow

ate from 0.5 to 2.0 mL/min, due to deficient contact time [40] .

he breakthrough curves were relatively flat, and the mass trans-

er area was larger at a lower flow rate. With the high flow rate,

he breakthrough curve is steeper, which is a results of a higher in-

raparticle diffusion and smaller mass transfer area [41] . As shown

n Table 1 , the adsorption capacity did not significantly improved

ith the decrease of flow rate, which indicated that MIPs adsorp-

ion of 2,4-D is very fast, and that the low flow rate cannot im-

rove column efficiency [ 41 , 42 ]. 

.6.3. Effect of particle sizes 

The effect of particle sizes of MIPs has been investigated in the

ange 38–54 μm, 54–75 μm and 75–100 μm. The breakthrough

urves are shown in Fig. 7 (right). The figure shows that break-

hrough curves of MIPs particles with three different size crossed

t the point of 50% C / C 0 . This indicates that the particle size does

ot affect adsorption capacity ( Table 1 ). The proposed method

an accurately represent detailed information of the breakthrough

urves. With the increase of particle size, the breakthrough time

ecreased from 33.36 to 21.67 min and exhaustion time increased

rom 39.67 to 51.50 min, as showed in Table 1 . In this case the in-

ragranular diffusion serves as the rate limiting step, and the ad-

orption rate and the ratio of the diffusion coefficient d p 
2 to D

s proportional [43] . Therefore, the adsorption rate of large parti-

les was lower than that of small particles. These factors result in

he shortest breakthrough time of MIPs with a particle size of 75–

00 μm. The shapes of the breakthrough curves indicate that the

onger the particles, the slower the mass transfer. That is probably

ecause the diffusion resistance inside the particle has a dominant
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Fig. 7. Breakthrough curves of 2,4-D adsorption on MIPs at different initial 2.4-D concentrations(left), flow rate(middle) and particle size(right). 

Table 2 

Parameters of Yoon–Nelson, Thomas and Adams–Bohart models for 2,4-D adsorption by MIPs in a fixed-bed adsorption. 

Conditions Yoon–Nelson Thomas model Adams–Bohart model 

C 0 m Q � k YN τ R 2 K Th q 0 R 2 k AB × 10 3 N 0 × 10 −4 R 2 

160 50 1.0 38–75 0.2660 38.25 0.9991 1.6623 122.57 0.9991 1.0783 4.1658 0.9693 

120 50 1.0 38–75 0.2147 40.73 0.9970 1.8024 97.43 0.9974 1.3138 3.2709 0.9888 

80 50 1.0 38–75 0.1613 44.92 0.9963 2.0135 72.04 0.9959 1.3760 2.4917 0.9918 

160 30 1.0 38–75 0.2374 22.33 0.9991 1.4779 118.82 0.9947 1.1946 4.1259 0.9850 

160 40 1.0 38–75 0.2240 31.05 0.9975 1.3989 123.77 0.9972 1.1410 4.1261 0.9890 

160 50 0.5 38–75 0.1741 74.68 0.9997 1.0881 119.29 0.9997 0.6121 4.1074 0.9373 

160 50 1.5 38–75 0.3861 25.26 0.9991 1.8734 133.92 0.9968 1.4006 4.2296 0.9381 

160 50 2.0 38–75 0.4701 19.03 0.9975 2.2317 135.22 0.9680 1.5961 4.3701 0.9162 

160 50 1.0 38–54 0.6774 36.43 0.9991 4.2221 116.63 0.9991 2.6983 3.6974 0.9751 

160 50 1.0 54–75 0.2895 36.52 0.9992 1.7956 116.66 0.9989 1.0053 4.0673 0.9459 

160 50 1.0 75–100 0.1480 36.14 0.9989 0.9251 116.28 0.9989 0.5123 4.5866 0.8942 

Notation: C 0 = initial concentration (mg/L), m = weight (mg), Q = flow rate (mL/min), � = particle size (mm), k YN = Yoon–Nelson 

model rate constant, τ = the time required for 50% breakthrough (min), k Th = Thomas model rate constant (mL/mg min), q 0 = equi- 

librium adsorption capacity (mg/g), k AB = Adams–Bohart model rate constant (L/mg min), N 0 = saturation concentration (mg/L). 
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effect on mass transfer. The breakthrough curves were obtained

upon the changing of MIPs amount from 30 to 50 mg as shown

in Fig. S3. 

3.7. Breakthrough curve modeling 

3.7.1. Yoon–Nelson model 

Yoon–Nelson model [44] is relatively simple comparing to other

kinetic models. The model assumes that the decrease in the ad-

sorption rate of the adsorbate is directly proportional to the ad-

sorption rate of the adsorbate and the breakthrough of the adsor-

bate on the adsorbent, the formula is expressed as: 

ln [ C / ( C 0 − C ) ] = k YN t − τk YN (4)

where C 0 (mg/L) and C (mg/L) are initial concentrations of the so-

lution and the effluent concentration after adsorption, k YN (1/min)

is the rate constant of Yoon-Nelson model, the 50% breakthrough

is expressed by τ (min) and Yoon–Nelson model constant ( k YN ),

which were obtained from the linear relationship of ln [ C / ( C 0 − C ) ]

against t . And the parameters calculated according to the model

are presented in Table 2 , where k YN and τk YN represent the slope

and intercept (Fig. S4). 

From Table 2 , we can see that the rate constant k YN increases

and τ decreases with the increasing of influent concentration due

to the fast saturation of the column at high adsorbate concentra-

tion. A similar trend was found on k YN and τ in the case of increas-

ing of the flow rate. This is due to the fact that a higher flow rate

would result in the insufficient adsorption and early adsorption

equilibrium. There is no significant change in the rate constant k YN 

with an increase of 2, 4-D MIPs weight. Table 2 showed that deter-

mination coefficients ( R 2 ) values of the Yoon–Nelson model were
igher than 0.99 at the given experimental conditions. The break-

hrough curves were predicted according to the different param-

ters investigated in Fig. 8 . It can be seen that the breakthrough

urves predicted by Yoon-Nelson models are similar to the experi-

ental breakthrough curves. Therefore, the adsorption behavior of

, 4-D in MIPs column under different experimental conditions can

e described very well by the Yoon–Nelson model. 

.7.2. Thomas model 

H.C. Thomas proposed the Thomas model in 1944 [45] . It as-

umes that the adsorbate does not diffuse axially in the column.

he model is expressed as: 

n ( C 0 / C − 1 ) = k Th q 0 m / Q − k Th C 0 t (5)

here the initial concentration of the solution and effluent concen-

ration at a time t (min) are expressed as C 0 (mg/L) and C (mg/L),

espectively. k Th (mL/min mg) represents the Thomas model rate

onstant, Q (mL/min) is the flow rate, q 0 (mg/g) implies the equi-

ibrium uptake capacity, m (g) is the amount of adsorbent in the

olumn. The values of k Th and q 0 can be obtained from the linear

lot of ln(C 0 /C-1) against time ( t ), respectively. The values of k Th ,

 0 , and the correlation coefficient ( R 2 ) were obtained and listed in

able 2 , where k Th C 0 and k Th q 0 m/Q stand for slope and intercept

Fig. S5). 

It can be clearly seen from Table 2 that q 0 value decreases

nd k Th value increases as the flow rate increases. With increasing

f 2,4-D concentration, k Th value increases, whereas q 0 decreases.

he reason is that the higher the 2,4-D concentration, the greater

he driving force is. The value of q 0 and k Th did not significantly

hange with the increase of the MIPs mass. The value of k Th de-

reases with the increase of particle size. It is found from Table 2 ,



Y. Hu, T. Muhammad and B. Wu et al. / Journal of Chromatography A 1622 (2020) 461112 7 

Fig. 8. Experimental and predicted breakthrough curves of 2,4-D on MIPs fixed-bed columns predicted by the Yoon–Nelson, Thomas and Adams–Bohart model. 
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Fig. 9. Desorption kinetic curves at different flow rates. 

Fig. 10. Effect of polymers recycle times on 2,4-D adsorption capacity. 

 

t  

i  

I  

u  

a  
he Thomas model correlation coefficients ( R 2 ) are between 0.9680

nd 0.9997. Fig. 8 shows the breakthrough curves obtained by the

alculated parameters. It can be concluded that the Thomas model

an fit the breakthrough curves well. 

.7.3. Adams–Bohart model 

The Adams–Bohart model [46] is based on the hypothesis that

dsorption equilibrium does not occur instantaneously. The equa-

ion is mainly used to describe the relationship between C/C 0 and

 in the fixed bed adsorption process. The initial part of the break-

hrough curve is described by the Adams–Bohart model. The equa-

ion can be expressed as follows: 

n ( C / C 0 ) = k AB C 0 t − k AB N 0 ( Z / F ) (6) 

here k AB (L/mg min) is the rate constant, the initial concentration

nd concentration of effluent solution are represented as C 0 (mg/L)

nd C (mg/L); N 0 (mg/L) is saturation concentration; Z (cm) repre-

ents the height of adsorbent column; F (cm/min) stands for the

atio of solution flow rate Q to cross-sectional area A of the col-

mn. From the linear plot of ln(C/C 0 ) against t , the parameters k AB 

nd N 0 in the model can be obtained, and the results are demon-

trated in Table 2 , where k AB C 0 and k AB N 0 (Z/F) stand for slope and

ntercept, respectively (Fig. S6). 

As illustrated in Table 2 , the increase of 2,4-D concentration re-

ulted in the decline of k AB value, while the increase of N 0 value.

ith the increase of flow rate, k AB increased, and N 0 decreased.

he value of k AB decreased with the increase of into the amount

nd size of particles. The correlation coefficients ( R 2 ) were fairly

ood as shown in Table 2 . Additionally, the breakthrough curves

 Fig. 8 ) predicted by the Adams–Bohart model did not match well

ith experimental curves. Thus, the Adams–Bohart model is not

uitable for describing 2,4-D adsorption on MIPs fixed-bed column.

.8. Regeneration of 2, 4-D MIPs and NIPs 

When the column was completely saturated, the desorption ex-

eriment was performed with methanol at flow rates of 0.5 and

.0 mL/min, respectively. The concentration of desorption effluent

olution was calculated using the standard curve (Fig. S2(B)) estab-

ished using the standard solutions prepared in methanol. It can

e found from the curves in Fig. 9 that 2, 4-D could be completely

esorbed within 2 min. Desorption rates were 96.37% and 99.88%

t 0.5 and 1.0 mL/min, respectively. 

Regeneration of used MIPs and NIPs were carried out with

0 mL methanol at a flow rate of 1.0 mL/min. The adsorption abil-

ty of the regenerated polymer particles was investigated by the

n-line system. 
The regeneration of adsorbent is an effective means to reduce

he cost. MIPs and NIPs can be reactivated due to the higher phys-

cal stability and chemical robustness than other materials [ 47 , 48 ].

n this study, the MIPs and NIPs were regenerated by extraction

sing methanol, as shown in Fig. 10 . The results showed that the

dsorption capacity of MIPs and NIPs did not change significantly
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after five reuses, indicating that they had outstanding repeatabil-

ity. Therefore, the polymers are great potential adsorbents in the

treatment of 2,4-D wastewater. 

3.9. Adsorption from real sample matrix 

In order to verify the applicability of the material on the real

water sample, the lake water was tested. As there was no de-

tectable amount of 2,4-D found in the sample, the water was

spiked at 20 mg/L and used for the fixed bed adsorption. As shown

in Fig. S7, the breakthrough curve was obtained with a smooth S-

shape. Furthermore, the curve shows that the breakthrough time

is 40.51 min, the exhaustion time is 92.16 min and the adsorption

capacity is 28.50 mg/g. Therefore, the method is valid for the mea-

surement of real sample adsorption. 

4. Conclusions 

In this paper, a novel method based on the self-assembled FOS

system was investigated to determine the adsorption kinetics of

2,4-D MIPs in fixed bed mode. This investigation confirmed that

on-line, automatic, precise measurement of adsorption kinetics can

be achieved by the system. The measurement results showed that

adsorption kinetics of the imprinted polymers fit to Thomas and

Yoon–Nelson models. And the polymers showed to have high bind-

ing capacity, good selectivity, fast adsorption rate, indicating a

great potential in the treatment of 2,4-D wastewater. The FOS sys-

tem being on-line, realtime, simple and reproducible can overcome

the limitations of traditional sampling method in the detection of

the fixed bed adsorption kinetics. In addition, the system can col-

lect much greater data at a given time interval than traditional

methods. And further work needs to be done to explore applica-

tions of the system in the kinetic measurement of a single adsor-

bate in wastewater and multicomponent adsorption. 
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