
iScience

Article

ll
OPEN ACCESS
Adsorption and desorption behavior of Zn2+ in a
flow-through electrosorption reactor
Yusen Dong,

Manci Jiang, Jing

Zhao, Fei Zhang,

Shaohua Ma, Yang

Zhang

18810887900@163.com

Highlights
A flow-through

electrosorption reactor is

proposed

Found the most suitable

conditions for this module

Various models were used

to describe the adsorption

process

Adsorption efficacy is

highly reproducible over

multiple cycles

Dong et al., iScience 27, 109514
April 19, 2024 ª 2024 The
Authors. Published by Elsevier
Inc.

https://doi.org/10.1016/
j.isci.2024.109514

mailto:18810887900@163.com
https://doi.org/10.1016/j.isci.2024.109514
https://doi.org/10.1016/j.isci.2024.109514
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109514&domain=pdf


OPEN ACCESS

iScience ll
Article

Adsorption and desorption behavior of Zn2+

in a flow-through electrosorption reactor

Yusen Dong,1,2,* Manci Jiang,1 Jing Zhao,1 Fei Zhang,1 Shaohua Ma,1 and Yang Zhang1
SUMMARY

As heavy metal industrial wastewater increases in volume and complexity, we need more efficient,
cheaper, and renewable technologies to curb its environmental impact. Compared to advection electro-
sorption, through-flowelectrosorption is a hotspot technique thatmakesmore efficient use of the adsorp-
tion capacity of activated carbon fiber mats. A cascade flow-through electrosorption assembly based on
activated carbon fiberwas used to obtain the best adsorption of Zn2+ inwater at a voltage of 2V, pH value
of 8, plate spacing of 3 mm, and temperature of 15�C. The process is more closely fitted to the secondary
adsorption kinetic equation and the Langmuir equation. The adsorption capacity of the module decreases
at a progressively slower rate with the number of cycles and will eventually retain 75% of its peak value
with significant regenerability. The study of this module can provide technical support for treating heavy
metal wastewater.

INTRODUCTION

With the continuous development of the economy, the discharge of various types of heavy metal wastewater that harms the environment

cannot be ignored.1,2 Significant differences exist in the content of Zn2+ in wastewater produced by different industries, ranging from

50 mg/L in the electroplating industry to 20,000 mg/L in the pharmaceutical industry where zinc acetate is widely used. To cope with the envi-

ronmental pressure caused by the expanding heavy metal wastewater, researchers have proposed technologies such as chemical precipita-

tion, ion exchange, membrane separation, distillation, adsorption, and others.3 Adsorption technology has been widely used in the field of

water treatment for its simple process control. The essence of adsorption water purification technology is the non-homogeneous migration

process of pollutants between the adsorbent and thewastewater.4–6 However, traditional adsorption technology often suffers from secondary

pollution, low recovery rate, and short life span in practical applications. In contrast, the emergence of electroabsorption technology, also

known as capacitive deionization technology in recent years, is considered a highly promising water treatment strategy due to its high effi-

ciency, low energy consumption, and simple regeneration process of the adsorbent.7–9

Heavy metal wastewater containing zinc, chromium, lead, and copper generated by human industrial activities can have bioaccumulative ef-

fects and persistent ecological problems.10 Zinc metal is commonly used in the production of industrial products such as alkaline carbonic acid

plating forcorrosionprotection,alloypreparation,plastics, batteries, lubricants, andflame retardants.11Theconcentrationof zinc inaquaticplants

andanimalscan reachmore thana thousandtimesthebackgroundvalue, showinganextremelystrongbioaccumulationeffect.Excessive intakeof

zinc can cause zinc toxicity in the body leading to symptoms of stomach ulcers, stomach bleeding, and disorders of cholesterol metabolism.12,13

Flexible activated carbon fibers have attracted extensive research in the field of electroabsorption because of their excellent electrical and

thermal conductivity, high-temperature resistance, low thermal expansion, and stable chemical properties.14 It has been shown that material

modification operations for activated carbon fibers can effectively enhance core parameters such as system electroabsorption efficiency, spe-

cific surface area, porosity, pore size distribution, and selectivity. The l-cysteine-modified activated carbon fiber could reach a maximum

adsorption capacity of 179.53 mg/g for lead ions as deduced by the Langmuir model.15 Electrochemical analysis of camphor carbon fume

by cyclic voltammetry with constant current charge-discharge showed that the doping of nitrogen significantly increased its specific capac-

itance and caused it to exhibit multilayer adsorption on non-homogeneous surfaces following Freundlich.16 As another efficient adsorption

material, multiwall carbon nanotubes can improve the stability of emulsion liquid membrane (ELM) by approximately 20% when effectively

applied, reduce the swelling ratio of emulsion by 42%, and increase the mass transfer coefficient by 4.746% when cooperating with surfac-

tants.17,18 On the other hand, this saturated adsorption device enriched with many charges is often regarded as an energy storage device.

Some researchers have attempted to expand it into the field of nanogenerators and non-destructively monitor its parameters such as voltage,

current, temperature, etc., which broadens the relevance for its extended applications.19–21 A large number of studies have focused exten-

sively on the electrosorption properties of carbon-based adsorbent materials and their behavior under typical modifications but have not

focused on the interaction of flowing water with carbon materials.
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Figure 1. Zn2+ adsorption test equipment
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Motivated by the aforementioned promising research, this paper constructs a flow-through (the direction of water flow completely pen-

etrates the adsorbent material) electrosorption reactor different from the common flow-by (the direction of water flow is exactly parallel to the

adsorptionmaterial) reactor. The flow-through electrosorption reactor was tested to have a better response to Zn2+ electrosorption efficiency

by reasonable process control when filled with activated carbon fiber electrodes. Therefore, this paper hopes to provide intentional technical

support for the innovative progress of electroabsorption technology.

RESULTS

The reactor used in the experiment is shown in Figure 1. The Zn2+ adsorption behavior of the flow-through reactor-activated carbon fiber mat

system was investigated experimentally at different pole plate spacing, voltage, pH, temperature, and feedwater concentration.

Effect of polar plate spacing on the behavior of electrosorption of Zn2+

Figure 2 depicts the effect of pole plate spacing variation on Zn2+ (400 mg/L) in the electrosorption wastewater. As Table 1 shows, in the di-

rection of the timescale, the change in the electrosorption Zn2+ process was less significant after 60min (p = 0.033 > 0.01) and lost significance

after 70min (p = 0.053 > 0.05) (p is used to describe the significance of the indicator for evaluating the correlation of data between groups, the

same in the following text.). Taking the 60 min at which the time of the adsorption process begins to decrease toward the difference as the
Figure 2. Influence of polar plate spacing on the effect of electro-absorption
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Table 1. Results of experimental data analysis of Zn electrosorption at different plate spacings

parameters 1 mm 2 mm 3 mm 4 mm 5 mm

The ratio of 20 min adsorption

amounts to the maximum value

41.98% 58.38% 64.94% 34.26% 47.65%

Significance of differences in data

between groups, comparison with

3 mm experimental group

0.002b 0.013a – 0.021a 0.018a

ameans that the difference between the comparative data is significant.
bmeans that the difference between the comparative data is extremely significant, the same in the following table.
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assumed endpoint of adsorption, most of the adsorption process is completed within 20 min of the beginning of adsorption, and this trend

increases as the pole-plate spacing approaches 3 mm.8,17,22 The adsorption behavior starts with more adsorption sites on the surface of the

activated carbon fiber mat, and the adsorption moves faster toward the equilibrium, as the adsorption process goes on, the number of sites

on the surface of the activated carbon fiber mat gradually decreases and finally approaches the equilibrium, and the adsorption capacity no

longer changes significantly. The comparison between the different electrode spacing groups demonstrated that the 3mmelectrode spacing

had a significant advantage in relative adsorption of 23.14 mg/g and differed significantly from the other spacing configurations. The relative

adsorption amounts between groups at the same time during the process of electrosorption showed a positively skewed distribution, reach-

ing a large value of significance near the equilibrium point of adsorption (p = 0.997). This result reveals that the electrode plate spacing, i.e.,

the thickness of the porous insulating mat, should be guaranteed to be 3 mm, for the flow-through electrosorption of Zn2+.

In the chronological direction, the electroabsorption gradually moves toward equilibrium, and the activated carbon fiber mat gradually

reaches the adsorption equilibrium under the electric drive, which shows a gradual decrease in the rate of change of the relative adsorption

amount. On the other hand, there was a significant increase in relative adsorption with decreasing pole plate spacing but caused a significant

decrease in relative adsorption at spacing below 3 mm. This may be because decreasing the electrode spacing in a certain range of flow-

through stacked electrodes can enhance the electric field strength, reduce the mass transfer resistance, enhance the mass transfer efficiency,

and bring about a certain increase in the adsorption capacity. However, the continued reduction of the electrode spacing may cause short-

circuiting of some electrodes and the loss of electrically driven adsorption capacity;23 at the same time, the lower electrode spacing also

makes the ‘‘cavity’’ effect of the porous electrode plate increase, and the local electric field strength is lower, even resulting in the interaction

effect between the multi-layer electrode stack, which causes the further reduction of the relative adsorption capacity.24,25
Influence of polar plate voltage on the effect of electro-absorption

Figure 3 depicts the response state of the voltage variation for Zn2+ (400 mg/L) in the electrosorption wastewater. As Table 2 shows, in the

direction of the timescale, the process of electrosorption lost significance at 40 min (p = 0.359 > 0.05) and then recovered until it lost signif-

icance again at 90 min (p = 0.782 > 0.05). The endpoint of adsorption was 90 min with a significant decrease in the start of the adsorption

process, and most of the adsorption process was completed within 40 min, and the trend increased gradually with the increase of voltage

to 2.5V. Comparison between groups with different electrode voltages showed that the operating voltage of 2 V had the relative adsorption
Figure 3. Influence of the pole-plate voltage on the electro-absorption effect
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Table 2. Results of experimental data analysis of Zn electrosorption at different pole-plate voltage

parameters 1.2 V 1.4 V 1.8 V 2.0 V 2.5 V

The ratio of 40 min adsorption

amounts to the maximum value

60.46% 58.90% 67.01% 71.47% 96.71%

Significance of differences in data

between groups, comparison with

2 V experimental group

0.005** 0.027* 0.017* – 0.04*
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performance of 23.93 mg/g dominant and was significantly different from the other experimental groups. Unlike other experimental studies,

the peak relative adsorption capacity of 24.2 mg/g was reached at 40 min at an operating voltage of 2.5 V and then decreased. At the loss of

significance of the adsorption process (not counting the specific 2.5 V experimental group), the data were positively skewed between the

electroabsorption groups (p = 0.831). This result suggests that for Zn2+ flow-through electrosorption, the operating voltage should be as close

to 2 V as possible and ensure that it does not exceed 2.5 V.

The ability of flow-through electrosorption of Zn2+ gradually increases as the operating voltage increases continuously toward 2 V. How-

ever, the relative adsorption amount rises rapidly when the voltage reaches 2.5 V and then decreases rapidly, during which a large number of

fine bubbles are generated in the bilateral pole plates. It indicates that the mass transfer capacity of the electrosorption process gradually

increases with the increase of voltage, bringing about the increase of adsorption amount, but the continued increase of voltage will bring

about the side reaction of electrolytic water to produce a large number of micro-foam bubbles, which will encroach on a large number of

adsorption sites and destroy the double electric layer structure, resulting in the da of relative adsorption amount.8,26
Effect of pH on the electroabsorption

Figure 4 and Table 3 depict the results of the pH change response of Zn2+ by flow-through electroabsorption. The relative adsorption amount

increased and then decreased with increasing pH and reached a maximum value of 24.79 mg/g at pH = 8. The relative adsorption amount

obeyed a positively skeweddistribution along the increasing pHdirection (p = 0.347) with significant intergroup variability. Flow-through elec-

troabsorption of Zn2+ should maintain its applied pH between 6 and 8.

Flow-through electrosorption at low pH will behave as H+ competing with metal ions for adsorption, consuming a large number of acti-

vated carbon fiber mat surface sites, while consuming a large number of charges leading to changes in the composition of the double electric

layer. In the process of gradually increasing pH, most metal ions will behave as precipitates formed with OH�, the colloidal state within the

solution system, and most of them are negatively charged, leading to the migration of metal colloids to the positive pole within the system,

which reduces the relative adsorption of metal ions by activated carbon fiber mats.27–30
Effect of temperature on electrical absorption

Figure 5 depicts the results of the flow-through electrosorption response to temperature changes. As Table 4 shows, in the temporal direc-

tion, the adsorption process lost significance after 60 min (p = 0.058 > 0.05), taking it as the endpoint, most of the adsorption processes were
Figure 4. Effect of pH on the electroabsorption
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Table 3. Results of experimental data analysis of Zn electrosorption at different pH

Parameters(pH) 2 4 6 8 10 12

Significance of differences in data between

groups, comparison with 8(pH) experimental group

0.041* 0.017* 0.035* – 0.0072** 0.0035**
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completed within 40 min and there was a tendency for this phenomenon to decrease with increasing temperature. Comparison between

different operating temperature groups showed that the ambient temperature of 15�C could reach relative adsorption of 23.33 mg/g and

was significantly different from other temperatures. During the process of electrosorption, the relative adsorption between the groups at

the same time (0–40 min) showed a negatively skewed distribution, reaching a large positive significant value near the adsorption equilibrium

point (p = 0.938). This result shows that flow-through electrosorption should ensure a temperature of 15�C.
To a certain extent, raising the solution temperature will enhance the momentum of the particles in it, at which point the resistance of the

applied electric field to drive their migration will be raised. Flow-through electrosorption exhibits a decrease in relative adsorption capacity at

higher temperatures, which may be due to the difficulty of adsorption due to the increased irregular motion of Zn2+ at higher temperatures

and the possible exothermic adsorption reaction of Zn2+ by electrosorption.31,32
Effect of substrate concentration on electrical absorption

Figure 6 depicts the results of the performance of flow-through electrosorption under different substrate concentration conditions. As Table 5

shows, in the direction of the timescale, the process of electrosorption of metal ions lost its significance of change after 60 min (p =

0.352 > 0.05), taking it as the endpoint of adsorption, most of the adsorption process was completed within 30 min, and this trend decreased

as the substrate concentration moved away from 100 mg/L. Comparison between different substrate concentrations showed that 400 mg/L

had a significant advantage in relative adsorption of 22.96 mg/g and was significantly different from other concentration configurations. Dur-

ing the adsorption process, the relative adsorption amounts between groups at the same time were positively skewed and reached a high

normal significance at the adsorption equilibrium point (p = 0.779). This result shows that for the flow-through electrosorption of metal ions,

the feedwater concentration of the substrate can be appropriately increased within a certain range.

A certain amount of adsorbent continuously improves its adsorption capacity and mass transfer capacity with the increase in the concen-

tration of adsorbate. At the same time, the metal ions in the liquid phase will have a higher chance to contact the adsorbent and be captured

under the action of the adsorption force enhanced by the electric field force. However, exorbitant substrate concentration will increase pro-

duced water concentration at a certain amount of adsorbent, so the coordination relationship between substrate dosing concentration and

the adsorbent amount should be properly considered in engineering applications.32–35
Adsorption kinetics

As an internal factor influencing flow-through electrosorption, the variation of electrode spacing is more economical than changing

the voltage and can also provide more valuable technical support for the engineering application of the technology. In this section, the
Figure 5. Effect of temperature on electrical absorption
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Table 4. Results of experimental data analysis of Zn2+ electrosorption at different temperature

parameters 15�C 20�C 25�C 30�C 35�C

The ratio of 40 min adsorption

amounts to maximum value

84.70% 74.72% 77.86% 76.08% 75.23%

Significance of differences in data

between groups, comparison with

15�C experimental group

– 0.014* 0.001* 0.002** 0.001**
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quasi-primary kinetic model, quasi-secondary kinetic model, and intraparticle diffusion model are fitted for different pole-plate spacing con-

ditions. The kinetic equation is as follows.

ln
�
qe � qt

�
= ln qe � k1t (Equation 1)
t

qt
=

1

k2q2
e

+
t

qe
(Equation 2)
qt = kpt
0:5 +C (Equation 3)

In the formula, qe is the adsorption capacity at equilibrium and qt is the adsorption capacity at time t, mg/g; k1(min-1) is the quasi-level

kinetic constant, k2(g/(mg$min)) is the quasi-secondary kinetic constant; c is a constant.

Figure 7A shows the results of the quasi-level dynamic fit and Figure 7B shows the results of the quasi-level two dynamic fit. The fitted

parameters are shown in the following table.

The quasi-secondary kinetic (Figure 7B) fit of the adsorption behavior of activated carbon fibers on Zn2+ has a higher R2 value then Quasi

first-order kinetic (Figure 7A) and k decreases with the increase of the pole plate spacing.36 The time required for adsorption to reach equi-

librium gradually increased with increasing pole plate spacing, and the adsorption behavior was a complex chemisorption process with a

shared electron pair or electron exchange process between the activated carbon fiber mat and Zn2+. The quasi-secondary adsorption kinetic

model provides more explanation of the adsorption behavior and can better describe the electrosorption behavior of Zn2+ on activated car-

bon fiber mats.37,38

The results of fitting the intraparticle diffusion model with different pole-plate spacing are shown in Figure 8.

The fitted curve does not pass through the origin and is bipartite, with the first segment having a higher slope. It can be seen that flow-

through electrosorption is an adsorption process controlled by both internal diffusion andmembrane diffusion. In the first 30 min, the system

is mainly in the surface diffusion phase, and the adsorption rate is controlled by the internal diffusion step, with a high adsorption rate and

strong mass transfer dynamics, and a larger k value represents a faster adsorption rate.39 In the second 30 min, the surface spots of the acti-

vated carbon fiber mat were gradually saturated, the concentration of metal ions in the liquid phase was gradually reduced, the adsorption
Figure 6. Effect of substrate concentration on electrical absorption
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Table 5. Results of experimental data analysis of Zn electrosorption at different substrate concentrations

parameters 10 mg/L 50 mg/L 100 mg/L 200 mg/L 400 mg/L

The ratio of 30 min adsorption

amounts to maximum value

64.87% 72.92% 77.09% 74.11% 71.04%

Significance of differences in data

between groups, comparison with

400 mg/L experimental group

0.000** 0.000** 0.000** 0.001** –
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rate was controlled by the membrane diffusion step together with the internal diffusion step, and the adsorption gradually moved toward the

steady-state process.40
Adsorption thermodynamics

The Langmuir and Freundlich models are used to describe monolayer homogeneous and non-homogeneous adsorption systems, respec-

tively. The fitting results are shown in Figure 5 and Table 3.

Ce

qe
=

Ce

qm
+

1

bqm
(Equation 4)
ln qe = ln Kf +
1

n
ln Ce (Equation 5)

In the formula, qe is the adsorption capacity at equilibrium, mg/g; qm is themaximum adsorption capacity, mg/g; b is the adsorption equi-

librium constant and L/mg; n and k are empirical constants.

The R2 values of the fitted Langmuirmodel were 0.97782, 0.97671, and 0.98546 at 15�C, 25�C, and 35�C conditions, respectively, compared

to 0.94941, 0.92786, and 0.9382 of the Freundlichmodel, according to which it was judged that the adsorption of Zn2+ by flow-through electro-

sorption was more consistent with the Langmuir model, and the system within predominantly chemisorption-dominated monolayer adsorp-

tion.41–44 The qm values were 14.04009, 10.60852, and 9.42945 at the adsorption temperatures of 15�C, 25�C, and 35�C, respectively, and the

adsorption amount decreased gradually with the increase in temperature, indicating that the reaction of Zn2+ electroabsorption is exothermic

and the appropriate temperature reduction helps the reaction to proceed positively. On the contrary, desorption would be a heat-absorbing

reaction, and the application of this technology in practice should be carefully dependent on the amount of ambient temperature.

Zn2+ substrate concentration of 100mg/L for Figure 6. The adsorption process’sG, S, andHwere calculated using the van’t Hoff’s equation

and Gibbs equation, and the results are shown in Table 4.

DG0 = � RT ln KD (Equation 6)
ln KD =
DS0

R
� DH0

RT
(Equation 7)
Figure 7. Fitting of adsorption kinetic model with different pole plate spacing

(A) Quasi-primary kinetic fitting results.

(B) Quasi-secondary kinetic fitting results.

iScience 27, 109514, April 19, 2024 7



Figure 8. Fitting results of the intraparticle diffusion model
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KD =
qe

Ce
(Equation 8)

DG gradually decreases with increasing temperature and is positive, indicating that increasing temperature helps the adsorption reaction

to occur. TheDS andDHof this reaction are both positive, indicating that the adsorption reaction is a heat absorption process with an increase

in entropy.
Adsorption cycle

The results of 10 adsorption-desorption cycles are shown in Figure 9, and the results were extrapolated 50 times using the extrapolation

method and fitted to the equation.

The electrosorption efficiency gradually decreases over 10 adsorption cycles until it reaches the lowest points. As Figure 9A shows, the extrap-

olation calculations showthat theadsorptionefficiencywill continue todecreaseuntil the 50th time still retaining75%of the treatmenteffect of the

first adsorption. The fit of the equation for 50 cycles reached0.9951, and the cyclic process of electroabsorptionwas considered to compound the

first-order fitting equation. As Figure 9B shows, the first-order derivative of the equation achieves zero between 239 and 240, and the adsorption

efficiency does not decrease indefinitely during the adsorption cycle and eventually stabilizes at about 75%of the initial adsorption efficiency.45,46

The removal of Zn fromwastewater by flow-through electroabsorption has certain practical significance, and its application effect in practical en-

gineering can be investigated.
Figure 9. Adsorption cycle experimental results and first-order derivatives of the fitted equations

(A) Adsorption cycle and epitaxial fitting results.

(B) First-order derivatives of the fitted equations.
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DISCUSSION

In this study, it is verified by experiments that the flow-through stacked electro-adsorption system has a good treatment capacity for Zn2+

wastewater under the condition that the adsorption capacity is renewable. The suitable working conditions for Zn removal from wastewater

by flow-through electrosorption are 15�C, pH = 8, 3 mm pole plate spacing, and 2 V, and adsorption capacity of up to 24.79 mg/g. There is a

limit loss of about 25% of the adsorption efficiency after several cycles, and the adsorption capacity does not decrease indefinitely. In dealing

with wastewater Zn2+ pollution, or even heavy metal pollution, flow-through electroabsorption technology can be properly applied to treat

produced water and protect the water environment.

With its high adsorption capacity and strong adsorbent regeneration ability, flow-through electro-adsorption technology can provide an

economical and easy-to-use engineering method for industrial wastewater treatment, industrial desalination, deep purification of drinking

water, brackish water desalination, seawater desalination, and other aspects in today’s severe water pollution and water shortage. These

experimental results may be helpful to better understand the working mechanism of the flow-through stacked electro-adsorption system

in dealing with Zn2+ wastewater. Future research needs experimental study on the treatment efficiency of this system for different metal

ions and their mixed solutions, and the development of separation and adsorption mechanisms, and fully compare the adsorption behavior

under different flow patterns, to provide a theoretical basis for adsorption-separation and desorption-concentration of actual heavy metal

industrial wastewater.
Limitations of the study

While our study demonstrates promising results, we also acknowledge some limitations that need to be addressed. Limited by the reactor

shape, stacked flow-through reactors may be more prone to blockage, especially for wastewater to be treated, which requires a fine filter at

the front end. Second, the currently employed reactor is relatively simple, and the stacking ofmultiple layers of electrodes inevitably produces

phenomena such as local shorting. Third, the whole reaction system is still in a chaotic state in terms of the flow state, and the introduction of

themeans of computational fluid dynamics coupledwith the computational electric fieldmay help to solve this problemby exploring the state

of the system including particle migration and adsorption.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Activated carbon fiber mat ST-2000, SENYOU Co., CHINA customized

zinc sulphate China National Medicine Group 7733-02-0

Software and algorithms

IBM SPSS Statistics (version 26.0) IBM SPSS Statistics software https://www.ibm.com/cn-zh/products/spss-statistics
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Yusen Dong (18810887900@

163. com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

No experimental models (animals, human subjects, plants, microbe strains, cell lines, primary cell cultures) were used in the study.

METHOD DETAILS

Materials

Activated carbon fiber mat (ST-2000, SENYOU Co., CHINA) has a specific surface area of 1800-2000m2/g, static adsorption capacity for ben-

zene of 70-80 (wt%), pores volume of 0.8-1.2ml/g, and average pore diameter of 1.7-2nm. Data analysis in the text was done using spss 26.0

(IBM Co., American).

Adsorption experiments

The reactor used in the experiment is shown in Figure 1. The reactor is a cylindrical flow-through structure (Place in water bath at desired tem-

perature) with an internal stack of electrodes that fills the entire fluid cross-section, and all fluids run through the fluid from bottom to top. The

electrode stack is a cathode-ACF-dielectric-anode-dielectric-ACF-cathode cycle stack (three cycles in total). The cathode and anode plates

aremade of titanium to ensure stability and the dielectric is a plastic mesh to ensure insulation effectiveness. The raw water tank is placed on a

thermostatic heater to ensure the required inlet water temperature for the experiment.

The electrosorption performance of the flow-through activated carbon electrosorption reactor was evaluated by the adsorption and

desorption behaviors of Zn2+ in the flow-through reactor. The effects of different pole plate spacing (1-5mm), voltage (1.2-2.5V), pH (1-9), tem-

perature (15-35�C), and feed water (10mg/L-400mg/L)(Typical electroplating plant wastewater after homogenization before treatment, the

concentration of Zn2+ is often 10-400 mg/L) concentration on the adsorption of Zn2+ by activated carbon fiber mats were investigated.

The experimental reactor has 6 layers of cathodes with activated carbon fiber mats on both sides and 7 layers of anodes.

To study the adsorption kinetics, electroabsorption tests were performed with Zn2+ solutions of 400 mg/L and pH 8 at a voltage of 2.0 V,

pole plate spacing of 1, 3, and 5 mm, and under hydrostatic conditions, and the produced water was taken at 10, 20, 30, 40, 50, and 60 min,

respectively. The Zn2+ concentration was determined after filtration (0.45 mm).

To study the thermodynamics of electro-adsorption, the electro-adsorption reaction was carried out under the conditions of pH 8, 400mg/

L, reaction voltage 2 V, and hydrostatic pressure for 2 hours. The temperature gradients were 15�C, 25�C, and 35�C. The supernatant (0.45 mm)

was filtered and the concentration of Zn2+ was determined.

To study the adsorption cycle, electroabsorption experiments were carried out under the conditions of a voltage of 2V, pH of 8, a water

temperature of 20�C, pole plate spacing of 3mm, and Zn2+ concentration of 400mg/L. The current direction was changed every hour and a

total of 10 cycles were carried out.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Spss software was used in statistical analysis.

Correlation analysis method is used, as shown in Tables 1, 2, 3, 4, and 5. The results of regression analysis can be seen in Figures 7, 8, and 9

and below figures and tables.
Fitting curves of Langmuir (A) and Freundlich (B) adsorption isotherm models

Graph of 102lnKD versus 103T-1

Dynamical fitting parameters

Pole plate pitch qe k R2

First order dynamics

1 mm 5.6589 0.01631 0.891

3 mm 12.7705 0.07028 0.972

5 mm 6.2647 0.0102 0.841

Second order dynamics

1 mm 7.3083 0.007329 0.989

3 mm 12.2070 0.002466 0.980

5 mm 5.9988 0.006975 0.966
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Parameters for fitting the intraparticle diffusion model

Pole plate pitch c1 k1 R1
2 c2 k2 R2

2

1 mm �0.818 1.021 0.974 3.343 0.275 0.985

3 mm �1.16 1.26 0.969 4.259 0.441 0.974

5 mm �1.068 0.852 0.967 2.868 0.166 0.949

Adsorption thermodynamic fitting parameters

T/(�C) qm Kf R2

Langmuir

15 14.04009 0.05375 0.97782

25 10.60852 0.04794 0.97671

35 9.42945 0.04685 0.98546

T/(�C) 1/n Kf R2

Freundlich

15 0.30921 1.66177 0.94941

25 0.30245 1.45781 0.92786

35 0.30893 1.2209 0.9382

Values of thermodynamic fitting parameters at different temperatures

T/(OC) lnKD DG0/(KJ$mol�1) DH0/(KJ$mol�1) DS0/(J$mol�1$K�1)

15 �2.904 6.958 11.720 16.525

25 �2.722 6.748 11.720 16.525

35 �2.587 6.628 11.720 16.525
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