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A B S T R A C T   

Benzo (a) pyrene is a highly carcinogenic polycyclic aromatic compound, difficult to be degraded, 
widely present in the environment. However, there is currently no cost-effective and efficient 
method for removing benzo (a) pyrene. In this study, a feasible method was introduced to cheaply 
and efficiently adsorb benzo(a)pyrene using chromatin. Scanning electron microscopy analysis 
showed that the chromatin had a filamentary fiber structure. Fourier transform infrared (FTIR) 
spectroscopy showed that benzo(a)pyrene formed a bond with the chromatin. Effective binding 
was confirmed using fluorescence microscopy. Influence factors exploration experiments indi-
cated that the amount of benzo(a)pyrene adsorbed by chromatin was 0.16 mg g− 1. The adsorption 
process of BaP by chromatin is consistent with a pseudo-second-order kinetics model of adsorp-
tion. The adsorption isotherm model is consistent with the langmuir isotherm model.This study 
suggests that chromatin can be utilized as a ordinary and high efficiency adsorbent for removing 
benzo(a)pyrene and can be utilized in further studies.   

1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are the chemical compounds formed by combining several benzene rings in different 
arrangements [1]. They originate mainly from the incomplete combustion of fossil energy sources in industrial production [2]. The 
stable structure of PAHs makes them difficult to degrade in the environment, and they are prone to accumulation, causing serious harm 
to the environment and living organisms [3]. In the 1980s, the U.S. Environmental Protection Agency listed 16 PAHs as priority control 
pollutants [1]. The most notable characteristics of PAHs are carcinogenicity, teratogenicity and mutagenicity [4]. Benzo(a)pyrene 
(BaP) is a strong carcinogen among polycyclic aromatic hydrocarbons, which is recognized as one of the three major carcinogens in the 
world, and the World Health Organization (WHO) has classified BaP as a Group I carcinogen [4]. Incomplete combustion of organic 
substances can produce the polycyclic aromatic hydrocarbon BaP, which consists of five benzene rings attached to each other, and 
widely exists in the tailpipe of automobile emission, fried food, asphalt and smoke [5]. In studies of BaP, it has been found to cause a 
number of major diseases such as leukaemia and liver cancer [6]. In recent years, many methods such as adsorption [7], biodegra-
dation [8], advanced oxidation [9], ultrasonic degradation [10], and bioremediation [11] have been attempted for BaP removal. All of 
these methods are flawed to some degree. In particular, the adsorption method offers the advantages of simplicity of operation, 
cost-effectiveness, high removal capacity, and no other toxic degradation in use, which makes it an excellent method for treating 
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pollutants [12]. Conventional adsorption method is to remove the pollutants by soil, activated carbon or some biomass materials.BaP 
belongs to organic molecules and forms co-adsorbents with surfactants and metal ions and other substances, which will lead to a 
decrease in adsorption capacity. In addition, the adsorbents are susceptible to degradation, leading to poor treatment results. 
Therefore, this study investigates the feasibility of chromatin as an adsorbent for treating BaP fouling based on the mechanism of DNA 
and planar polycyclic substance insertion binding. 

DNA has an important role in the various functional applications of living organisms and is a genetic material that primarily carries 
genetic information. DNA has also been the target of exogenous attacks and biological damage. In 1961, Lerman discovered that some 
molecules with planar aromatic ring structures could intercalate into base pairs, and these small molecules were called DNA insertion 
agent molecules [4,13]. Based on this model, it has been shown that anthraquinones, acridines and naphthylimides are able to 
intercalate into the base pairs of DNA by intercalating bite to achieve intercalation in vitro. The above studies provide a possibility for 
the removal of PAHs by DNA-rich substances [14,15]. DNA has been proposed as an adsorbent for the removal of BaP, but this method 
relies on the separation of DNA and solution by magnetic beads, which increases the cost and operational difficulties of using ad-
sorbents during the adsorption process [4]. Therefore, it is necessary to explore a cost-effective and efficient adsorbent enriched with 
DNA for removing BaP from pollutants. 

The main components of chromatin are DNA and proteins. The linear structure with nucleosome as the basic unit contains about 
50bp of connecting DNA linked together, and the nucleosome is assembled by histone proteins with 1.75 circles of 146bp of DNA 
wrapped around the periphery [16]. Thus chromatin not only possesses some of the properties associated with DNA, but also is a huge 
bio-macromolecular substance that naturally stabilizes and fixes DNA. Chromatin is widely found in the spermathecae of male or-
ganisms from a wide range of sources and is expected to be an inexpensive adsorbent. In this study, we propose to use the globally 
widely available carp sperm nests as raw material for extracting carp sperm chromatin, and use carp sperm chromatin as a substitute of 
DNA to capture and remove BaP. 

In the present research paper, we propose chromatin, a novel adsorbent for removal of BaP, to reduce the operational cost of using 
magnetic beads to separate DNA first. The main purpose of this article is to further expand the use of DNA or chromatin for economical 
and effective removal of polycyclic aromatic hydrocarbons (PAH) pollutants based their intercalations with DNA or chromatin. 
Therefore, we characterized the carp sperm chromatin properties before and after adsorption of BaP using fluorescence microscopy, 
SEM, and FTIR. We also investigated various factors that might affect the adsorption performance of carp sperm chromatin on BaP, 
includes BaP solution pH, reaction temperature, time of reaction, chromatin dose and initial BaP solution concentration. In addition, 
we also utilized kinetic and thermodynamic methods to analyze the process of carp sperm chromatin adsorbing BaP. 

2. Materials and methods 

2.1. Experimental drugs and information 

BaP (Dr. Ehrenstoff GmbH, Augsburg, Germany, standard) was dissolved in ethanol (Chengdu Cologne Chemical Co., Ltd., China, 
98 %) and diluted with Tris-HCl buffer solution (pH 7.4) to make a stock solution (Tris: Shanghai Yuanye Biotechnology Co., Ltd., 
China, analytically pure, 99.5 %. HCl: Xilong Science Co.). Chromatin was prepared according to the Artman method using sper-
matophores of Asian male carp purchased from the market and stored at − 70 ◦C. The chromatin was extracted from the spermato-
phores of Asian male carp by the Artman method. Sodium chloride, trisodium citrate, and sucrose used in the chromatin extraction 
process were produced by Xilong Scientific Co, 99 %. The configuration solutions in the experimental studies were refrigerated at 4 ◦C 
in a refrigerator. The pH value of the solutions was adjusted with Tris-HCl buffer solution. 

2.2. Instrumentation 

A thermostatically controlled water bath of type HH-4, manufactured in China, was used for the temperature in the experimental 
reaction of benzo(a)pyrene. All centrifugation operations in the experimental study were performed using a cryogenic centrifuge 
manufactured by Sigma, Germany. The homemade chromatin was freeze-dried using an alpha1-4LD + machine from Christ, Germany. 
BaP concentrations were converted by using a Cary Eclipse fluorescence spectrophotometer (Agilent Technologies, USA). Chromatin 
was examined before and after the adsorption experiments using an American model Thermo Scientific Nicolet is 10 FTIR spec-
trometer. DM4B fluorescence microscope (Leica, Germany) was used for fluorescence observation of chromatin and chromatin after 
adsorption of BaP. Scanning electron microscope (Czech Republic TESCAN MIRA LMS). 

2.3. Chromatin preparation 

Chromatin was extracted following the method proposed by Artman [17]. A 1.5 % solution of C6H5Na3O7 was used in the ratio of 
1:10 by mass to carp testicles and then homogenised in a homogeniser. Take the precipitate saved by centrifugation in a centrifuge 
using 12000 rpm for 15 min. Subsequently, the precipitate after centrifugation was taken and added to the precipitate in the ratio of 
1:10 by mass of 0.25 M sucrose-1.5 % sodium citrate solution and homogenised using a homogeniser and centrifuged to obtain the 
precipitate. Sperm cells were prepared by adding 0.88 M sucrose-1.5 % sodium citrate solution to the precipitate in the ratio of 1:30 by 
mass, mixing well and standing for 10 min. The rested solution was taken and processed in a centrifuge at 12,000 rpm for 15 min. The 
precipitate after centrifugation was taken and the resulting precipitate was washed three times with a solution at a concentration of 
0.05 M Tris HCl - 0.15 M NaCl (pH 7.5) at a mass ratio of 1:5 to obtain a purer cell nucleus. A 0.01 M Tris-HCl (pH 8.0) solution was 
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added to the washed precipitate at a mass ratio of 1:10 and further processed using a homogeniser. Finally, chromatin was obtained by 
centrifugation at 12,000 rpm for 15 min and the resulting precipitate was processed using a freeze dryer. 

2.4. Adsorption experiment 

To investigate the effect of reaction time on the removal of BaP by chromatin, the pH of the working solution was set at 7.4, the 
chromatin dose was 1.5 g L− 1, the volume of BaP working solution was 4 mL, and the initial concentration of the solution was 100 
μg⋅L− 1, 150 μg⋅L− 1, 200 μg⋅L− 1, 250 μg⋅L− 1, and 300 μg⋅L− 1, respectively.The supernatant of the BaP working solution was measured in 
a water bath after After reaction for 20, 40, 60, 80, 100, 120, 140, 160, and 180 min, the absorbance values of the supernatants were 
measured to find the appropriate reaction time. 

To investigate the effect of temperature on the removal of BaP by chromatin, pH was set 7.4, six treatments of temperature heating 
were set at 25 ◦C, 30 ◦C, 35 ◦C, 40 ◦C, 45 ◦C, 50 ◦C, and 4 mL of BaP solution with concentrations of 100 μg⋅L− 1, 150 μg⋅L− 1, 200 μg⋅L− 1, 
250 μg⋅L− 1, 300 μg⋅L− 1, respectively, were added to a solution of 1.5 g L− 1 chromatin. The absorbance value of its supernatant was 
measured after 140 min of shaking bed reaction to find the suitable temperature of adsorption reaction. 

In order to study the effect of solution pH on the BaP removal rate, the pH of the working solution was set at 6.4, 7, 7.4, 8,9, the 
chromatin dose was 1.5 g L− 1, the volume of the BaP working solution was 4 mL, and the initial concentration of the solution was 
200ug⋅L− 1. The absorbance value of the supernatant was measured after the reaction was carried out for 140 min in a water bath to 
study the effect of solution pH on the BaP removal rate. 

In order to find out the appropriate amount of chromatin, 0.5 g L− 1, 1 g L− 1, 1.5 g L− 1, and 2 g L− 1 of chromatin were added to 12 
portions of 4 mL of BaP solution with concentrations of 100 μg⋅L− 1, 200 μg⋅L− 1, and 300 μg⋅L− 1, respectively, and the shaking bed 
reaction was carried out for 140 min. 

In order to investigate the effect of BaP solution concentration on the adsorption performance of chromatin, 100 μg⋅L− 1, 150 
μg⋅L− 1, 200 μg⋅L− 1, 250 μg⋅L− 1, and 300 μg⋅L− 1 BaP solutions were used as the solutions to be adsorbed, and adsorbent dosage of 1.5 g 
L− 1, pH = 7.4, and the shaker reaction was carried out for 140 min. 

The fluorescence intensity value of the solution at the end of the reaction was determined using a fluorescence spectrophotometer. 
The concentration of BaP in the solution was calculated using the fluorescence intensity values. The parameters of the fluorescence 
spectrophotometer were as follows: excitation wavelength 385 nm, scanning range 400–600 nm, scanning speed Fast, voltage 600, slit: 
Ex = 5 nm, Em = 5 nm, fluorescence emission peaks at 406 nm, 430 nm, and 456 nm, respectively. The absorption peak at 430 nm was 
chosen as the data for linear equation calculation. The removal rate (R, %) and adsorption capacity (qe, mg⋅g− 1) of BaP were calculated 
according to the following equation: 

Fig. 1. (a) and (b) Scanning electron micrograph of chromatin before adsorption, (d) and (e) Scanning electron micrograph after chromatin 
adsorption, (c) Fluorescence microscope image before chromatin adsorption, (f) Fluorescence microscope image after chromatin adsorption. 
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R(%)=
C0-Ce

C0
× 100%  

qe =
(C0-Ce)V

W  

where C0 (ug⋅L− 1) represents the concentration of BaP solution in the absence of reaction, Ce (ug⋅L− 1) represents the concentration of 
BaP solution at the end of the reaction, V (mL) represents the volume of BaP solution, and W (mg) represents the mass of chromatin. 

3. Analysis of experimental results 

3.1. SEM and fluorescence microscope observation analyses 

The scanning electron micrographs and fluorescence diagrams before and after the adsorption of BaP by chromatin are demon-
strated in Fig. 1. As shown in Fig. 1a,b,d,e, from the scanning electron micrographs before and after the adsorption of BaP by chro-
matin, it can be found that there are some filamentary fiber structures in the chromatin, which increases the contact area between the 
adsorbent and the BaP molecules to a certain extent, and facilitates the adsorption process. As shown in Fig. 1c–f, the fluorescence 
microscopy observation shows that there is a significant change in the fluorescence intensity of chromatin before and after adsorption 
of BaP, which is related to the strong fluorescence emitted by planar macromolecules such as BaP themselves, because DNA in 
chromatin does not emit fluorescence, while proteins in it emit weak fluorescence. By comparing the SEM and fluorescence microscope 
observations before and after chromatin adsorption of BaP, it can be confirmed that chromatin has a strong adsorption capacity for 
BaP. 

3.2. FTIR analyses 

As shown in Fig. 2, in order to better show the changes in FTIR absorption peaks before and after adsorbent adsorption, the FTIR 
spectrum in this study is presented in two wavelength ranges of 400–1300 cm− 1 and 100-3000 cm− 1. Compared with the infrared 
absorption peaks of chromatin before adsorption of BaP, it could be found from the results of Fig. 2a and c that the absorption peaks of 
the chromatin infrared spectrum after adsorption of BaP showed more new peaks in the range of 400–800 cm− 1, which should 
originate from the BaP absorption of adsorbent molecules. It was reported that some vibrational peaks in the range of 400–1300 cm− 1 

were characteristic peaks representing sugars, phospholipids, and DNA skeletons in DNA molecules. For example, 833 cm− 1 repre-
sented sugar-phospholipid strand vibrations, 894 cm− 1 represented deoxyribose vibrations, 966 cm− 1 represented DNA backbone 
labeling, 1055 cm− 1 represented sugar-phospholipid salt vibrations, 1087 cm− 1 represented phosphate symmetrical stretching bands, 
and 1228 cm− 1 represented phosphate misalignment peaks [18–21]. All of the above characteristic peaks concerning the sugar and 
phosphate structures in DNA also appeared in the spectrum of Fig. 2c. Correlation studies have shown that the infrared absorption 
peaks appearing at 455 cm− 1, 494 cm− 1, 534 cm− 1, 634 cm− 1, and 668 cm− 1 in Fig. 2c originated from the bending of γ (C–H) in BaP, 

Fig. 2. (a) and (b) Chromatin infrared map, (c) and (d) Infrared image after chromatin adsorption of BaP.  
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Fig. 3. (a) The effect of reaction time on the efficiency of BaP removal by chromatin. (b) The effect of reaction temperature on the efficiency of BaP 
removal by chromatin. (c) The effect of pH of BaP solution on the efficiency of chromatin removal (d) The effect of chromatin quality on the removal 
efficiency of BaP. (e) The effect of initial concentration of BaP solution on the efficiency of chromatin removal. 
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while the new peaks appearing at 756 cm− 1, 762 cm− 1, and 802 cm− 1 were due to the twisting of the τ (C–C) ring in BaP [22]. As shown 
in Fig. 2b and d, the FTIR spectra of chromatin before and after adsorption also changed more in the range of 1000–2000 cm− 1. The A-T 
and C-G base pair vibrational peaks specific to double-stranded DNA were shown at 1540 cm− 1 in Fig. 2b, and the infrared absorption 
peak specific to protein carbonyls in chromatin appeared at 1657 cm− 1 [16]. Comparing Fig. 2d and b, new FTIR absorption peaks 
appear at 1270 cm− 1, 1296 cm− 1, 1407 cm− 1, 1492 cm− 1, 1511 cm− 1, 1528 cm− 1, 1624 cm− 1, 2852 cm− 1, and 2925 cm− 1. It was 
reported that the FTIR absorption peaks at these positions were related to the stretching vibration and δ (C–H) vibration of the ring in 
the BaP molecule [22]. By comparison of the characteristic peaks associated with the FTIR spectra, it can be confirmed that chromatin 
forms an effective binding to the BaP molecule. 

3.3. The effect of reaction time on the efficiency of BaP removal by chromatin 

In the reaction of BaP removal by chromatin, the length of reaction time is an important factor affecting the efficiency of substance 
adsorption. A suitable reaction time helps to improve the utilisation of chromatin. It could be found from the results of Fig. 3a that the 
adsorption rates first increases and then gradually leveled off with the increase of adsorption time. When the adsorption time was 
gradually increased from 20 min to 140 min, the increase in the adsorption rate at each treatment was more than 35 %, and the in-
crease in the adsorption rate was smaller when the adsorption time continued to be extended. This may be due to the limited number of 
adsorption sites provided by the adsorbent when the mass of chromatin is certain. In the beginning of the process of chromatin removal 
of BaP, there were sufficient adsorption sites on chromatin for BaP to be adsorbed rapidly. As the reaction time increases, the number of 
adsorption sites on chromatin decreases, which is not conducive to the continuation of adsorption, so the adsorption rate stabilizes. 
Therefore, from the consideration of adsorption efficiency, saving time and cost, 140 min should be the optimal adsorption time. 

3.4. The effect of reaction temperature on the efficiency of BaP removal by chromatin 

As showed in Fig. 3b, when the temperature gradually increased, the removal rate was the first to maintain a large rate of increase, 
and then leveled off. As the reaction temperature increases from 25 ◦C to 35 ◦C at 5 ◦C intervals, the BaP removal rate of chromatin 
increased at least 10 % for all BaP solutions. As the reaction temperature increases from 35 ◦C to 50 ◦C at 5 ◦C intervals, only in the 300 
μg⋅L− 1 BaP solution, the BaP removal rate of chromatin gradually increased, while the BaP removal rates of chromatin for the other 
four concentrations of BaP solutions gradually decreased and/or tended to equilibrium. This phenomenon may be due to the fact that 
the structure of chromatin in the solution gradually changed from compact to loose with the gradual increase of temperature, exposing 
more adsorption sites to bind with BaP molecules in the solution, which improved the BaP removal rate. The DNA and protein in 
chromatin are mainly entangled together by hydrogen bonding, and the histones that play a role in fixation are tightly held together by 
this force, and with the increase of temperature, the possibility is provided for the disappearance of this force [16,23,24]. Therefore, 
the BaP removal rate increases with increasing temperature. But when the concentration of the liquid increases, more BaP molecules 
interact with the chromatin, which suggests that the removal rate gradually increases with increasing temperature at higher con-
centrations. On the contrary, When the BaP solution is more concentrated, although its BaP removal rate gradually increases with the 
increase of temperature, many BaP molecules cannot interact with chromatin, resulting in lower levels of BaP removal rate. 

3.5. The effect of pH of BaP solution on the efficiency of chromatin removal 

From Fig. 3c, it can be found that the change of pH has some influence on the adsorption effect, and the removal rate of BaP by 
chromatin took the lead in gradual increase and then decrease. The best removal rate was 94 % at pH of 7.4. When the pH was less than 
7.4, the removal rate decreased, which may be due to the amino acids of DNA was gradually positively charged, and the electrostatic 
interaction between chromatin and BaP was weakened, resulting in the blockage of their binding [16]. When the pH value was greater 
than 7.4, the removal of BaP by chromatin decreased. The reason for this phenomenon may be the increase in the amount of OH- in the 
solution, which led to the protonation of the relevant groups in the chromatin and inhibited the adsorption process [25]. Therefore, in 
this experiment, the optimum condition for the reaction was chosen to be pH 7.4. pH of solution changes the distribution of charge on 
the adsorbent surface, which in turn affects the adsorption performance of the adsorbent. When chromatin was used as an adsorbent 
for the treatment of BaP, the DNA was positively charged in the acidic solution and negatively charged in the basic solution [14]. The 
DNA in the chromatin is the active ingredient of the adsorbent, so changing the pH of the solution will have an effect on the adsorption. 

3.6. The effect of chromatin quality on the removal efficiency of BaP 

As showed in Fig. 3d, for the two concentrations of BaP solution, 100 μg⋅L− 1, 200 μg⋅L− 1, it could be found that the removal of BaP 
from the solution changed less with the increase of the amount of chromatin, and for the BaP solution of 300 μg⋅L− 1, the removal rate 
showed an increasing trend with the increase of chromatin quality. When the chromatin quality was greater than 1.5 g L− 1, its BaP 
removal rate does not change significantly. When the chromatin dose is 1.5 g L− 1, for the 100 μg⋅L− 1, 200 μg⋅L− 1, 300 μg⋅L− 1 BaP 
solutions, the BaP removal rates were 97 %, 91 %, and 68 %, respectively, and the BaP adsorption capacity of chromatin was 0.136 mg 
g− 1, indicating that BaP in the solution with lower BaP concentration has been almost completely removed. Under the same dosage of 
chromatin, as the concentration of BaP to be treated increases, the BaP removal rate of chromatin decreases. This may be due to the 
limited number of adsorption sites of the adsorbent itself, which have already been fully adsorbed. As the dosage of adsorbent in-
creases, the number of adsorption sites also increases. Therefore, as the dosage of adsorbent increases, the BaP removal rate of 
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chromatin gradually improves. In order to ensure a higher removal rate without wasting the adsorbent, an adsorbent dosage of 1.5 g 
L− 1 was selected as the optimal adsorbent quality. 

3.7. The effect of initial concentration of BaP solution on the efficiency of chromatin removal 

As showed in Fig. 3e, the BaP removal rate of chromatin gradually decreased with the increase of concentration of BaP solution. 
When the starting concentration of the BaP solution was low, the BaP removal rate was high, and when the BaP concentration 
increased from 100 μg⋅L− 1 to 300 μg⋅L− 1, the BaP removal rate decreased sharply from 97 % to 79 %, however, the adsorption amount 
increased gradually from 0.064 mg g− 1 to 0.158 mg g− 1. The reason for this phenomenon may be that the amount of chromatin is 
certain, and the number of adsorption sites available is limited, when the concentration of BaP solution is low, there are enough 
adsorption sites in the chromatin to adsorb BaP sufficiently, which is manifested as a high adsorption rate. As the BaP concentration of 
the solution increases, the number of adsorption sites in the original adsorbent remains unchanged, but the number of BaP molecules in 
the solution increases, resulting in insufficient adsorption and a lower removal rate. 

3.8. Effect of environmental coexisting substances on BaP adsorption of chromatin 

When the BaP concentration was 300 μg⋅L− 1, chromatin was1.5 g L− 1, the temperature of the reaction was 35 ◦C and the pH of the 
BaP solution was 7.4, the shaker reaction was carried out for 140 min, and the BaP removal rate of chromatin was only 79 %. This 
meant that at such a high BaP concentrations, although the BaP removal rate of chromatin was only 79 %, it was already the limit of 
chromatin’s ability to remove BaP. Therefore, Therefore, to study the influence of environmental co-existing substances on the BaP 
removal efficiency by chromatin, glucose, lysine, vitamin C or leucine were added to the above removing BaP reaction by chromatin 
with concentrations as follow:1 × 10− 2 mol L− 1, 2 × 10− 3 mol L− 1, 4 × 10− 4 mol L− 1, 8 × 10− 5 mol L− 1, 1.6 × 10− 5 mol L− 1, 3.2 ×
10− 6 mol L− 1, 6.4 × 10− 7 mol L− 1. Urea was also added to the above removing BaP reaction by chromatin with concentrations as 
follow: 1 mol L− 1, 0.5 mol L− 1, 0.1 mol L− 1, 0.01 mol L− 1, 0.001 mol L− 1, 0.0001 mol L− 1. After the shaker reaction was carried out for 
140 min, the results of their BaP removal rates were shown in Fig. 4. As shown in Fig. 4, it can be observed that the BaP removal rate of 
chromatin changes after adding several environmental coexisting substance such as lysine, leucine, glucose, vitamin C, or urea. The 
presence of lysine and vitamin C improved BaP removal rate of the adsorbent, increasing the removal rate by chromatin from 79 % to 
approximately 85 % compared to the absence of environmental coexisting substances. The presence of glucose and leucine decreased 
the removal of BaP from chromatin from 79 % to approximately 75 % compared to the absence of environmental coexisting substances. 

For vitamins, the reason for this may be due to the fact that the oxidizing properties of vitamin C cause the DNA double helix 
structure in the stain to stretch more, favoring the intercalation of the BaP molecules into the base pairs of DNA [26]. For glucose, the 
reason for the decrease in the BaP removal rate may be due to the increase in the viscosity of the solution, which is unfavorable for 
molecular movement, and the chance of molecules contacting each other decreases, thus causing a decrease in the BaP removal rate 
[27]. For lysine, the reason for the increase in the removal rate may be due to the fact that lysine is a polar amino acid, and the polar 
carboxyl group in the amino acid will combine with the grooves of the DNA in the staining by hydrogen bonding, so that the original 
double helix structure of the DNA becomes loose, which is conducive to the intercalation between BaP molecules and DNA, and 
therefore the removal rate is increased by a small margin [28]. The main reason for the decrease in the BaP removal rate after the 
addition of a higher concentration of leucine is that leucine is a non-polar hydrophobic amino acid, and the hydrophobic groups on its 
side chain will bind to DNA and cause damage to DNA, which in turn affects the BaP removal rate of chromatin. However, a lower 
concentration of leucine can promote the interaction between DNA and BaP molecules in chromatin, which has a certain effect on 
improving the BaP removal rate [29]. 

Fig. 4. (a) Effect of the presence of glucose, lysine, vitamin C, and leucine on the removal of BaP by chromatin. (b) Effect on chromatin removal of 
BaP in the presence of urea. 
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As can be seen from Fig. 4b, there is an influence of the presence of the environmental coexisting substance urea on the chromatin 
removal efficiency. The BaP removal rate of chromatin is gradually decreased with the gradual increase of urea concentration in the 
system. The reason for this phenomenon may be that the high urea concentration reduces the stability and rigidity of the double helix 
of DNA, so that the intercalating bite of BaP to the chromatin is blocked, resulting in a gradual decrease in the BaP removal rate as the 
concentration of urea gradually increases [30]. Environmental coexisting substances do have an impact on the BaP removal rate of 
chromatin. Some are beneficial for chromatin to remove BaP, while others are not. 

Fig. 5. (a) Chromatin adsorption BaP nonlinear first-order kinetic model plot. (b) Chromatin adsorption BaP nonlinear second-order kinetic model 
diagram. (c) Chromatin adsorption BaP intra-particle diffusion model. (d) Chromatin adsorption BaP Langmuir nonlinear isotherm and Freundlich 
nonlinear isotherm model plots. (e) Chromatin adsorption BaP Tekmin adsorption isotherm model plot. (f) Chromatin adsorption BaP adsorption 
thermodynamic diagram. 
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3.9. Adsorption kinetics 

A detailed and accurate description of the processes and mechanisms involved in adsorption reactions is very important. Here we 
have used the nonlinear pseudo-first-order adsorption kinetic equation (1) and the nonlinear pseudo-second-order adsorption kinetic 
equation (2) for the relevant fitting illustrations [14]. 

qt = qe
(
1-exp-k1 t) (1)  

qt =
k2qe

2t
1 + k2qet

(2)  

where t (min) represents the adsorption time and qt (mg⋅g− 1) corresponds to the amount of BaP adsorbed per unit mass of the 
chromatin when the adsorption time is t. qe (mg⋅g− 1) represents the amount of BaP adsorbed per unit mass of chromatin at adsorption 
equilibrium. Furthermore, k1 (min)− 1 is the rate constant of the pseudo-first-order model, while k2 [g⋅(mg⋅min)− 1] is that of the 
pseudo-second-order model. 

The fitted plots of the nonlinear adsorption kinetic model of BaP by chromatin are shown in Fig. 5a and b, respectively. The pa-
rameters resulting from the linear fits are provided in Table 1. From the comparison of the two values of correlation coefficient (R2) and 
qe in Tables 1 and it can be seen that the adsorption process of BaP by chromatin is more in line with the pseudo-second-order 
adsorption kinetic model [14]. 

Considering the possible influence of pores and intra-particle diffusion in the adsorption process, the analytical fitting was per-
formed using equation (3). qt is the adsorbed amount and t is the time [31]. 

qt = k3t0.5 + C (3)  

k3 (mg⋅g− 1⋅min− 0.5) represents velocity constants for the intraparticle diffusion model, and C is a constant. 
The intraparticle diffusion model is able to show multiple stages involved in the adsorption process, including an initial surface 

adsorption stage, an asymptotic particle diffusion adsorption stage, and a final equilibrium stage. As shown in Fig. 5c and Table 1, the 
fitted lines for qt and t0.5 do not pass through the origin with a correlation coefficient of 0.81673–0.94597. This correlation coefficient 
suggests that intra-particle diffusion is not the only speed-limiting step. If it is the only rate-limiting step, then the line fitted by the 
intra-particle diffusion model should pass through the origin. In addition, it can be seen from the figure that the adsorption process of 
chromatin on BaP involves multiple steps, and surface adsorption and internal diffusion may occur simultaneously during the 
adsorption process. 

3.10. Adsorption isotherm model 

Chromatin adsorption isotherm models for BaP were fitted and analyzed using Langmuir (4) and Freundlich (5) adsorption 
isotherm model equations [14]. 

qe =
qmkLce

1 + klce
(4)  

qe: adsorbed amount at equilibrium; qm: adsorbed amount at saturation; Ce: concentration of BaP at equilibrium; KL: Langmuir’s 
constant, as shown in Fig. 5d(R2 > 0.99). 

qe = kFc
1
n
e (5)  

KF: Freundlich constant, n: adsorption intensity, as shown in Fig. 5d(R2 > 0.9). 
The Langmuir isotherm model indicates that the active sites of the adsorbent are uniformly distributed and uniformly adsorbed on 

the surface.The Freundlich isotherm model is mostly used to represent multilayer adsorption. The relevant parameters of both models 
are presented in Table 2. Notably, by comparing the correlation coefficients of the two models, it was concluded that the adsorption 

Table 1 
The data related to chromatin adsorption BaP adsorption kinetics.  

BaP (ug⋅L− 1) Pseudo first-order dynamics Pseudo second order dynamics Intraparticle diffusion 

K1 qe R2 K2 qe R2 K3 C R2 

(min− 1) (mg⋅g− 1)  (g⋅mg− 1⋅min− 1) (mg⋅g− 1)  (mg⋅g− 1⋅min− 0.5)   

100 0.019 0.019 0.901 1.93 0.068 0.999 0.0011 0.051 0.818 
150 0.023 0.057 0.879 0.620 0.105 0.988 0.0022 0.070 0.926 
200 0.025 0.097 0.856 0.390 0.141 0.995 0.0036 0.086 0.897 
250 0.024 0.125 0.973 0.240 0.169 0.999 0.0049 0.096 0.946 
300 0.018 0.109 0.966 0.190 0.181 0.998 0.0057 0.107 0.912  
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process of BaP by chromatin is more consistent with the Freundlich adsorption isotherm model. The Freundlich isotherm model better 
elucidates the interaction between BaP and the chromatin, suggesting the multilayer adsorption of BaP with the composite and het-
erogeneity on the surface of the chromatin. The value of n > 1 implies a favorable and strong interaction between BaP and the 
chromatin, signifying favorable BaP adsorption. 

The Dubinin-Radushkevich model (6) is used to describe the energy of the adsorbent molecules and is abbreviated as E, which 
represents the energy required for the movement of the molecules.E < 8 kJ mol− 1, indicates that the adsorption process is phys-
isorption.8 kJ mol− 1<E < 16 kJ mol− 1, indicates that the adsorption process is chemisorption [16]. 

ln qe = ln qs-kadε2 (6)  

where Kad[(mol2⋅kJ)− 2] represents the Dubinin-Radushkevich isothermal modelling constants, qs (mg⋅g− 1) iscorresponds to the 
theoretical saturation capacity of isothermal models, and ε (mol2⋅kJ− 2) refers to the Polanyi potential as defined by Eq. (7), while E 
(kJ⋅mol− 1) can be calculated using Eq. (8) [16]. 

ε=RTln
(

1+
1
Ce

)

(7)  

E=
1
̅̅̅̅̅̅̅̅̅̅̅
-2kad

√ (8) 

Based on the linear fitting results presented in Table 2, E was determined to be 3.8 kJ mol− 1. Since E is below 8 kJ mol− 1, the 
adsorption process could be judged to be a physisorption process. Consequently, the adsorption of BaP by the chromatin is attributed to 
physisorption process. 

The Temkin isotherm model incorporates an explicit consideration of adsorbent-adsorbate interactions. As shown in equation (9) 
used, this equation results in a uniform distribution of the binding energy [32,33]. 

qe =BlnKT + BlnCe (9)  

KT is the equilibrium constant and B(kJ⋅mol− 1) is the adsorption energy. The data associated with the modified isotherm model fit are 
shown in Table 2. The Temkin model fit as shown in Fig. 5e. The adsorption energy of the adsorbent is all positive, and the adsorption 
process is a heat-absorbing process. 

To gain further insights into the thermodynamic characteristics of BaP adsorption on the chromatin, experiments were conducted at 
different temperatures. The Gibbs radical change (ΔG), the standard change in entropy (ΔS) and the standard change in enthalpy (ΔH) 
are computed using Eqs. (10)-(12). 

Table 2 
Chromatin adsorption BaP Adsorption isotherm correlation data under linear fitting.  

Isotherm model   Model parameter  

Langmuir T (K) KL (L⋅mg− 1) qm (mg⋅g− 1) R2 

298.15 100 0.130 0.989 
303.15 85.0 0.146 0.963 
308.15 442 0.147 0.995 
313.15 500 0.158 0.999 
318.15 443 0.171 0.999 
323.15 874 0.181 0.998 

Freundlich T (K) n KF (mg1-1/n⋅L1/n⋅g− 1) R2 

298.15 3.73 0.231 0.570 
303.15 2.93 0.326 0.533 
308.15 5.04 0.265 0.428 
313.15 4.54 0.315 0.814 
318.15 4.16 0.369 0.867 
323.15 5.57 0.334 0.950  

Dubinin-Radushkevich T (K) Kad (mol2⋅kJ)− 2 qs (mg⋅g− 1) R2 E (kJ⋅mol− 1) 
298.15 − 3.4 × 10− 8 0.342 0.998 3.8 
303.15 − 3.3 × 10− 8 0.354 0.997 
308.15 − 3.4 × 10− 8 0.377 0.996 
313.15 − 3.3 × 10− 8 0.385 0.996 
318.15 − 3.3 × 10− 8 0.392 0.995 
323.15 − 3.2 × 10− 8 0.403 0.994 

Temkin T (K) KT B(kJ⋅mol− 1) R2 

298.15 1.808 23.540  0.611 
303.15 0.831 32.070  0.590 
308.15 9.628 26.322  0.968 
313.15 15.619 23.654  0.877 
318.15 16.904 24.216  0.890 
323.15 167.521 20.081  0.927  
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ΔG= -RTln KL (10)  

ln KL =
ΔS
R

−
ΔH
RT

(11)  

ΔG=ΔH-TΔS (12)  

where ΔG represents the Gibbs free energy (kJ⋅mol− 1), R denotes the gas constant (8.314 J mol− 1 K− 1), KL represents the thermo-
dynamic equilibrium constant of adsorption, and ΔH represents the enthalpy change of adsorption (kJ). Adsorption thermodynamics 
related data in Table 3. The adsorption thermodynamic fit is shown in Fig. 5f. 

4. Conclusion 

In this study, a series of adsorption experiments and related detection techniques were used to verify the feasibility of chromatin 
prepared from carp spermathecae as a viable potential adsorbent for BaP. The results of Fourier infrared spectroscopy showed that 
proteins and DNA were present in the chromatin, and a good binding between chromatin and BaP was formed. Observations by 
scanning electron microscopy and fluorescence microscopy showed that chromatin had a good adsorption effect on BaP. The results of 
batch adsorption experiments showed that the chromatin reached adsorption equilibrium for each concentration of BaP for 140 min 
under the conditions of pH 7.4 and temperature 35 ◦C, and the BaP removal was completed. In addition, the adsorption kinetic fitting 
results showed that the adsorption of BaP by chromatin conformed to the pseudo-second-order kinetic model. The results of adsorption 
isotherm fitting showed that the adsorption process was more in line with the Langmuir isotherm model, and the adsorption capacity of 
chromatin on BaP was 0.16 mg g− 1. The results of Dubinin-Radushkevich isotherm fitting showed that the adsorption of BaP by 
chromatin was a physical adsorption process. The results of the Tekmin adsorption isotherm study indicate that the adsorption process 
is heat-absorbing and the thermodynamic results indicate that the adsorption process is spontaneous. In summary, the chromatin 
extracted from the testis of common carp has good performance in removing BaP and can be used as a novel feasible adsorbent for 
efficient removal of BaP from pollutants. 
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