ADVANCGES IN APPLIED
CHEMISTRY AND INDUSTRIAL
CATALYSIS

Edited by
Binoy K. Saikia




ADVANCES IN APPLIED CHEMISTRY AND INDUSTRIAL CATALY SIS

Presenting a collection of papers resulting from the conference on “Applied Chemistry and Indus-
trial Catalysis (ACIC 2021), Qingdao, China, 24-26 December 2021”. The theme of the conference
was: “Clean Production and High Value Utilization”, discussing how to reduce the environmental
footprint at the source and produce high value-added end products in chemical manufacturing. The
conference brought together scholars from the Chinese government, top universities, business asso-
ciations, research centers and high-tech enterprises, and was committed to building and enabling
a platform for the cooperation among the Chinese government, Chemical industry, and scholars.
The goal was to build a bridge between R&D results and the Chemical industry.

The conference conducted in-depth exchanges and discussions on relevant topics such as applied
chemistry and industrial catalysis aiming to provide an academic and technical communication
platform for scholars and engineers engaged in scientific research and engineering practice in the
field of chemistry, catalysis and function material. By sharing the research status of scientific
research achievements and cutting-edge technologies, it helps scholars and engineers all over
the world comprehend the academic development trend and broaden research ideas. So as to
strengthen international academic research, academic topics exchange and discussion, and promote
the industrialization cooperation of academic achievements.



PROCEEDINGS OF THE 3RD INTERNATIONAL CONFERENCE ON APPLIED CHEMISTRY
AND INDUSTRIAL CATALYSIS (ACIC 2021), QINGDAO, CHINA, 24-26 DECEMBER 2021

Advances 1n Applied Chemistry and
Industrial Catalysis

Edited by

Binoy K. Saikia
CSIR-North East Institute of Science & Technology

CRC Press
Taylor & Francis Group

Boca Raton London New York Leiden

CRC Press is an imprint of the
Taylor & Francis Group, an informa business

A BALKEMA BOOK

‘-::!



CRC Press/Balkema is an imprint of the Taylor & Francis Group, an informa business

© 2022 selection and editorial matter, Binoy K. Saikia;
individual chapters, the contributors

Typeset in Times New Roman by MPS Limited, Chennai, India

The right of Binoy K. Saikia to be identified as the author of the editorial material,
and of the authors for their individual chapters, has been asserted in accordance with sections 77 and
78 of the Copyright, Designs and Patents Act 1988.

All rights reserved. No part of this book may be reprinted or reproduced or utilised in any form or by
any electronic, mechanical, or other means, now known or hereafter invented, including photocopying
and recording, or in any information storage or retrieval system, without permission in writing

from the publishers.

Although all care is taken to ensure integrity and the quality of this publication and the information
herein, no responsibility is assumed by the publishers nor the author for any damage to the property or
persons as a result of operation or use of this publication and/or the information contained herein.

Library of Congress Cataloging-in-Publication Data
A catalog record has been requested for this book

First published 2022

Published by: CRC Press/Balkema
Schipholweg 107C, 2316 XC Leiden, The Netherlands
e-mail: enquiries@taylorandfrancis.com
www.routledge.com — www.taylorandfrancis.com

ISBN: 978-1-032-31196-8 (Hbk)
ISBN: 978-1-032-31197-5 (Pbk)
ISBN: 978-1-003-30855-3 (eBook)
DOI: 10.1201/9781003308553


mailto:enquiries@taylorandfrancis.com
http://www.routledge.com
http://www.taylorandfrancis.com

Advances in Applied Chemistry and Industrial Catalysis — Saikia (Ed.)
© 2022 Copyright the Editor(s), 978-1-032-31196-8

Table of contents

Preface xi
Committee member Xiii

Applied chemistry and chemical analysis techniques

Optimal analysis of C4 olefin preparation by ethanol coupling under the influence of
multiple factors 3
Y Dang, Y. Duan & S. Gong

Study on the extraction of grape seed oil by supercritical carbon dioxide 9
Y Han

Research progress of preservatives in cosmetics and their detection techniques 17
J. Chen

Determination of four acrylates in food packaging paper via high performance
liquid chromatography 25
Y. Qiu, D. Xiang, L. Zhang & J. Zhao

Influence of pH on efficient removal of naproxen from water 30
Y Tang, W Yi, K. Ren & C. Hong

Evaluation of biodiesel carbon soot particles as lubricant additives in soybean oil 37
H. Luo, C. Li, Z. Fang, L. Cheng, X. Chen, X. Wang, Q. He, J. Fu,
Q. Zhao, Q. Qiao & X. Liang

A compound bactericide for industrial circulating water 43
Y. Cheng, R. Sun, J Wu & C. Huang

Simulation and application of eutrophication in Hongze Lake 50
S. Ma, S. Tong, Y. Xiong, H. Hu & G. Zhou

Comparison of geochemical characteristics of different crude oils from the
Huizhou Sag 56
J. Zhao & F Wang

Exploration of the factors affecting the determination of lead content in
laboratory ceramic tiles 62
F Zhang, Y. Zhang & B. Shang

The problems with the chemical oxygen demand process and analytical studies 68
Y. Zhao, H. Tang, Y. Wang, X.Y. Ge, H. Wang & Y. Li

Review on in-situ chemical oxidation technology in groundwater remediation 73
X. Sun, X. Wang & L. Zhao

Optimization and upgrading of chemical corrosion resistance testing methods
for ceramic tiles 80
L. Cui, H. Gao, S. Du & L. Zhao



Research on evaluation system of business model for recovery and reuse of
sulfur hexafluoride
Y Jin, Z. Li, X. Xiao, Y. Zhao & F Zhu

The biochemical effects of rhubarb extract’s six anthraquinone derivatives in
treating lung cancer
Z. Chen, S. Liu, X. Sun, J. Wu, H. Zhu & R. Zhu

Applications of engineered nanoparticles in biomedicine
W. Huang, J. Lyu, X. Zhang & Y. Zhang

Research on the application of chemical analysis technology in the testing of
chemical raw materials
L. Jia

LEAP-based scenario analysis in carbon emission of Jiangsu Province
X. Wang, E Zou, J. Shi, S. Wang & H. Chen

Profit analysis of virtual power plant in the ancillary service market
K. Chen, G. Zhang, L. Xu, X. Dong, H. Tang, Y. Wang, H. Qi, X. Zhang & Z. Xu

Research on the planning and allocation method of smart grid technological
transformation investment scale considering operational uncertain factors
Y. Zhou, Y. Wang, Y. Jian, Q. Wang & L. Hu

Analysis of treating solid waste by pyrolysis and gasification based on building
green airports
B. Li, B. Zou, J. Su & R. Lei

Application of biochar in amelioration of saline-alkali soil
J. Zhang, Y. Jiao & W. Yang

Indoor VOC removal method: An analysis for TiO,-coated activated carbon in
air purification process
Z. Zheng

Application of ultrafiltration-reverse osmosis system double membrane method in
advanced treatment of fluoride in raw water
B. Wang, X. Dong, Y. Guo, F Shi, Z. Guo, H. You & H. Li

Industrial catalysis and chemical properties research

Comparison of flocculation performance of inorganic ion modified polyferric sulfate
S. Li &Y. Kang

Effect of Pb?* in pulp on the separation of lead-zinc sulfide minerals
H. Xu, Z. Pang, Q. Li, M. Hu, J. Deng, B. Wu, R. Huang & S. Li

Effect of storage time on the change of physicochemical properties of stored sludge
from sewage plant
D. Huang, R. Li, L. Zhang, R. Bai, X. Hou & J. Fu

Study on nitrogen removal of surface water by MBBR process coupled with
sulfur autotrophic denitrification
YL. Han, M.L. Zhu, H. Jiang, J.B. Zhang & PL. Xu

Hydrogenolysis of 2, 4, 6, 8, 10, 12-hexabenzyl-2, 4, 6, 8, 10,
12-hexaazaisowurtzitane (HBIW) with PdX (X=Fe, Ni, Co, Ag, Pt)/mpg-C;N, catalysts
W. Liu, K. Chen, Z. Zhang, H. Liu, N. Li, S. Jin & S. Zhao

vi

86

92

110

121

127

133

138

144

150

158

165

177

184

189

195

202



Determination of 13 bisphenol compounds in plastic food contact materials by
gas chromatography-mass spectrometry
Y Qiu, G. Li, Q. Zhang, J. Lu & M. Long

Supercritical water oxidation of tributyl phosphate
S. Sun, S. Wang, Y. Li, T. Xu, J. Li, F. Zhang & C. He

Response of cadmium enrichment and free amino acids content in seedlings of
two castor varieties to cadmium stress
G. Zhu, X. Wang, D. Cheng, M. Peng, Q. Chen, J. Li, L. Xia & X. Wang

Study on preparation of C4 alkenes by ethanol coupling
Z. Wang, X. Zhang, Y. Zheng & H. Fang

Experimental research of mercury thermal desorption in high-mercury
gold separation residue
RY Li, XX Gao, X.H. Liu, N. Cao & X. Kong

Migration and transformation of heavy metals during pyrolysis of printing
and dyeing sludge
R. Zhao, Y. Yu, J. Chen & Y. Luo

Electrokinetic motion of a particle at PEG-dextran interface in a microchannel
Z. Liu, J. Zhang & Y. Song

Determination of the composition of imported recycled polyamide/polyethylene
blends by differential scanning calorimetry
K. Lin, C. Zhang, F. Ni & C. Luo

Microporous aeration induced performance enhancement of electrochemical
softening for circulating cooling water
Y Tang & W Li

Retrosynthesis of undescribed sesquiterpene lactone
L. Pu, J. Chen, W. Tang, J. Li & H. Xu

Occurrence and transformation of arsenic from coal to ash fly via combustion
L. Jiang, Y. Xu & L. Du

Preparation and properties of straw-based water absorbent materials
Y Qu, X Cao, Y. Bai & E Tian

Collaboration between C-H activation and pericyclic reactions for constructing
fused eight- and four-membered carbocycles
Z. Wang

A proposed synthesis routine of akuammicine, one of the akuamma alkaloids
from the seeds of the akuamma tree
Y Gu, T Zheng & J. Guo

Experimental study on coalescing and separation to remove trace water from jet fuel
H.F Dong, J. Hu, C.A. Huang & X.W. Tian

Catalytic activity for hydrogen evolution reaction in phosphene nanoribbons:
A first-principles study
H. Chen & L. He

Ni-based catalyst for phenol and its derivative selective hydrodeoxygenation
S. He

vii

207

212

218

225

231

237

242

248

253

259

264

269

273

279

284

292

298



How effective is feather degradation solution as a fertilizer in soilless
lettuce cultivation
M. Chen

Research on low temperature NO conversion over Mn-TiO, catalysts
Q. Liang, P Zuo, Z. Yang, L. Tong & L. He

Graphited mesoporous carbon as polysulfide host by chemical vapor deposition
for high-rate Li-S batteries
X Liang, C. Chang, Y. Chen, J. Tian, Y. Wang, N. Liu & Y. Liu

Experiments and thermodynamic models for ternary liquid-liquid equilibrium
systems of water + furfuryl alcohol-ethyl acetate at different temperatures
M. Han, M. Xu, S. Lin, H. Yan & Q. Li

Study on synthesis of polycarbonate by melt transesterification
E. Yongsheng, B. Liu & F Yang

Determination and correlation of liquid-liquid equilibrium of water +
furfuryl alcohol 4 extractant
H. Yan, Q. Yin, Y. Han, M. Han & Q. Li

Study on a structure of CgH,(0,Tb,
H. Liu, X. Zhang & Y. Liu

Effects of crop straw on manganese, boron and iron uptake of Amygdalus
davidiana seedlings
J. Zhang, P Zou, X. Xu, J. Shu, W Tang, L. Lin & H. Lian

Experimental study on electrochemical corrosion of tubing wall in flowing liquids
H. Wang, H. Zhang, Y. Li, L. Zhang, J. Cheng & W. Wei

Electrochemical corrosion behavior of steel in acid solution with some
tetrazole derivative
X Teng, B. Wu, X. Tao & Z. Tao

Adsorption of different plant straws on congo red
Y Qu, S. Wang, L. Wang & X. Xu

Chemical devices and environmental chemistry research

Constructed wetland systems vegetated with different plants applied to the
treatment of nitrobenzene wastewater
D. Huang, B. Zhang, K. Jing, L. Zhang, R. Bai & R. Li

Research on pretreatment of organic sulfur compounds in garlic wastewater
by coagulation
K. You, J. Li, D. Huang, W. Zhou & D. Shen

Spatial distribution characteristics of five heavy metals elements in rice:
A case study for different basins in Heilongjiang Province
W, Zhao, Y. Shan, L. Zhao & L. Nie

Expanded application study on the treatment of dye wastewater by ozone
advanced oxidation
M. Feng, Y Wang, Y. Xiao & Q. Yin

Preliminary study on purification of wastewater from liquor production
X Lan & X. Chen

viii

305

311

319

328

335

341

348

353

359

365

372

379

385

390

398

405



Treatment of amoxicillin wastewater by Fe/Cu micro-electrolysis and the
COD removal kinetics: Effects of Fe filler particle size and shape
L. Liu, J Wang & D. He

Application of staged flocculation sedimentation process in treatment of
wastewater from copper concentrator
X Xue

Fenton-neutralization-coagulation process for the treatment of SDBS wastewater
L.Yu, H Su, Y Wang & J. Wu

Research on disinfection technology of medical wastewater based on chlorine dioxide
X Xue

Optimization of low temperature plasma system for the degradation of
UDMH wastewater through response surface methodology
Z. Hou, Z. Xu & Y. Wu

High-alkali lime method combined with flue gas neutralization for the
removal of low-concentration chloride ions in dye wastewater

H. Zheng, J. Xu, Z. Ren, M. Li, G. Zhong, D. Zhao, X. Hu, X. Cheng,

J. Guo, G. Yao, C. Zheng & X. Sun

A summary of the sources, pathways, environmental impacts and
implications of ZnO and TiO, nanoparticles
G. Zhu

Methodological verification of determination of TVOC in indoor air
M. Zhang, W. Li, X. Mao, X. Li & H. Gou

Research progress of nitrogen removal in low C/N wastewater by constructed
wetlands: Mechanism and influencing factors
X. Ge, Y. Guo, J. Zhai, X. Song & X. Cao

Screening of nitrogen removal bacteria and its application in aquaculture
wastewater treatment
S. Chen

Pilot scale experimental study on fluoride removal by chemical precipitation
combined with high efficiency solid-liquid separator
X Song, G. Zhang & F Zhou

Inter-monthly change and climatic zoning of sea surface temperature in the
South China Sea and the adjacent Northwest Pacific Ocean
M. Zhang, J. Kang, Y. Hua, X. Meng, L. Zhou & Z. Chen

Research progress on the mechanisms of tropical cyclone intensity changes
H. Wu, J. Peng, J. Zhao & L. Zhang

Research on scenario construction and dynamic deduction model of
major hazardous chemicals disaster based on stochastic petri net
X Wang, K. Liu & Y. Zhou

Research and application of instrument and equipment health evaluation method
considering state evolution process
E Wang, H. Zhuo, D. Yan, B. Wang & T. Li

Design of solid-liquid fertilizer mixing device for petroleum-contaminated
soil organic fertilizer remediation machine
S.E Liu, JX Wang, Z.Q. Lv, G.L. Zhang & H X. Wang

ix

414

425

431

438

444

454

460

470

477

483

492

498

506

518

526

533



Adsorption of nitrogen and phosphorus in wastewater by modified biochar
Y. Zhang

Study on characteristics of membrane fouling in MBR for liquor-making
wastewater treatment and its cleaning
X Xue

Influence of application frequency and amount of biogas slurry on infiltration liquid
Y Hu, E Li, Y. Liu, B. Mei & L. Feng

Explore the purification effect of constructed wetlands on total phosphorus in water,
taking Taihu Sanshan Island Wetland Park as an example
O. Wen

Author index

542

547

553

558

565



Advances in Applied Chemistry and Industrial Catalysis — Saikia (Ed.)
© 2022 Copyright the Editor(s), 978-1-032-31196-8

Preface

Due to recent pandemic, 2021 3rd International Conference on Applied Chemistry and Industrial
Catalysis (ACIC 2021) was held virtually online during December 24-26, 2021. The decision
to hold the virtual conference was made in compliance with many restrictions and regulations
that were imposed by countries around the globe. Such restrictions were made to minimize the
risk of people contracting or spreading the COVID-19 through physical contact. There were 120
individuals who attended this on-line conference, represented many countries including Canada,
America, Singapore and China.

The theme of this conference is “Clean Production and High Value Utilization”. It mainly talks
about how to reduce environmental footprint at source and produce high value-added end products in
chemical manufacturing. At the same time, the conference brings together scholars from the Chinese
government, top universities, business associations, research centers and high-tech enterprises. This
conference is committed to building an enabling platform for the cooperation among the Chinese
government, Chemical industry and scholars. The ultimate goal is to build a bridge between R&D
results and the Chemical industry.

During the conference, the conference model was divided into three sessions, including oral
presentations, keynote speeches, and online Q&A discussion. In the first part, some scholars, whose
submissions were selected as the excellent papers, were given about 5—10 minutes to perform their
oral presentations one by one. Then in the second part, keynote speakers were each allocated 3045
minutes to hold their speeches. In the second part, we invited five professors as our keynote speakers.
Prof. Jieshan Qiu, College of Chemical Engineering, Beijing University of Chemical Technology.
And then we had Prof. Weidong Zhou, College of Chemical Engineering, Beijing University
of Chemical Technology. The others keynote speakers as follow: Prof. Wenbin Yang, Southwest
University of Science and Technology; A/Prof. Yang Juan, Xi’an Jiaotong University; Prof. Jun Hu,
Northwestern Polytechnical University. Their insightful speeches had triggered heated discussion
in the third session of the conference. Every participant praised this conference for disseminating
useful and insightful knowledge.

The proceedings are a compilation of the accepted papers and represent an interesting outcome of
the conference. Topics include but are not limited to the following areas: Chemical Engineering and
Technology, Function Material, Carbon Resources Chemical, Environmental chemical, Industrial
catalysis, Energy chemical engineering and other related topics. All the papers have been through
rigorous review and process to meet the requirements of international publication standard.

We would like to acknowledge all of those who supported ACIC 2021. The help and contribution
of each individual and institution was instrumental in the success of the conference. In particular,
we would like to thank the organizing committee for its valuable inputs in shaping the conference
program and reviewing the submitted papers.

We sincerely hope that the ACIC 2021 turned out to be a forum for excellent discussions that
enabled new ideas to come about, promoting collaborative research. We are sure that the proceedings
will serve as an important research source of references and knowledge, which will lead to not only
scientific and engineering findings but also new products and technologies.

The Committee of ACIC 2021
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Optimal analysis of C4 olefin preparation by ethanol coupling
under the influence of multiple factors

Yuzhuo Dang*, Yuxiao Duan** & Shuoshuo Gong

Key Laboratory of Information System Engineering, National University of Defense Technology,
Changsha, PR. China

ABSTRACT: The production of C4 olefins by petroleum catalytic cracking is costly and harmful
to the environment. For the chemical reaction of ethanol coupling to produce C4 olefin, a Co/SiO,_
HAP catalyst with both acid and base activity was introduced. The ethanol conversion and C,4 olefin
selectivity of the reaction under different catalyst ratios were experimentally studied, and a two-
factor variance model was constructed to reasonably explain the effects of temperature and catalyst.
On this basis, the BP neural network optimization algorithm based on genetic algorithm (BP-GA
joint algorithm) was used to study the optimal coupling reaction conditions. The optimal catalyst
combination is 265 mg 1.1wt% Co/Si0,-236 mg HAP, the optimal concentration of ethanol is
1.95 ml/min, and the optimal temperature is 390°C, which are of high similarity to the theoretical
analysis results and have strong reliability. Under these conditions, the ethanol conversion rate is up
to 97.6%, and the selectivity of C,4 olefin is 64.5%, showing the best target reaction effect, which
has practical significance for the actual chemical production.

1 INTRODUCTION

As an important chemical material, C, olefin is the basic raw material for preparing other important
industrial products. With the global non-renewable resources becoming increasingly scarce, limited
oil resources are controlled by a few countries and exploited at unpredictable rates. The production
of C4 olefin by catalytic cracking of petroleum is becoming increasingly expensive and harmful
to the environment, so it is gradually not being adopted. Chemical manufacturers are gradually
turning their attention to ethanol, a cleaner, more environmentally friendly, more common, and
cheaper raw material.

At the end of the 18th century, Dutch chemists discovered that Al,O3 could catalyze the dehy-
dration process of ethanol. Subsequently, chemists carried out many experiments on the process,
reaction mechanism and catalystsl®!, and found that the reaction mechanism under different cata-
lysts was quite different. So far, activated alumina, magnesium oxide, manganese oxide, molecular
sieve, cobalt oxide, TiO,-Si0,, and other catalysts have good performance, but the catalysts used in
industry are mainly activated alumina and molecular sieves. Since the development of the isother-
mal tubular reaction process in the 1940s and the study of the fixed bed adiabatic reaction process
and fluidized bed process in the 1970s, there have been few new studies. Therefore, we focus
on the coupling reaction of ethanol to prepare C4 olefin and obtain the optimal coupling reaction
conditions to achieve a high conversion rate.

Corresponding Authors: *1270245602@qq.com and **1228441415@qq.com

DOI 10.1201/9781003308553-1 3
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2 BACKGROUND AND REACTION MECHANISM

In the process of ethanol coupling to produce C4 olefin, synergistic catalysis by acid-base active
sites is usually required. In our experiment, the combination of catalysts (Co/SiO, and HAP
hydroxyapatite) was used to catalyze the growth of the ethanol carbon chain into four and convert it
to olefin. The Co/SiO,-HAP catalyst has both acid and base active sites, and Co has deoxygenation
activity. The Cy4 olefin can be produced by adjusting the loading amount of Co and the pH of the
catalyst surface. However, due to the inevitable occurrence of other side reactions in the process
of ethanol conversion, ketones, aldehydes, and other complex products are produced, resulting in
a limited yield of C4 olefin and a large proportion of other products. Therefore, the research on
the design of catalyst combinations has very important industrial environmental protection sig-
nificance and economic value. In this study, we explored how to improve the conversion rate of
ethanol and ensure the C4 selectivity by controlling the loading ratio of Co/SiO, and HAP, the
concentration of ethanol, and the experimental temperature.

The Co/SiO,-HAP catalyst has both acid and base active sites. The specific reaction process is
as follows: the reactant ethanol first removes two hydrogen atoms to produce acetaldehyde under
the catalysis of alkaline sites, and then removes one water molecule to produce ethylene under
the catalysis of acidic sites; or one water molecule can also be directly removed from two ethanol
molecules to form an ether molecule, which converts to ethylene by further removing one water
molecule; or one molecule of water can be removed from ethanol to form a carbon-carbon double
bond to generate ethylene directly. Finally, ethylene (or acetaldehyde) is catalytically converted to
butene according to the Prince mechanism.

CH,CH,0H —: . cH,cH,0

~-H,0 -H,0
~ \

- .
My L

Qg =cy £, ogcH-CHCH,

Figure 1. Reaction mechanism of ethanol coupling for the production of C4 olefin.

3 RESULTS AND DISCUSSION

The coupling experiments were carried out using Co/SiO,-HAP catalyst at different temperatures,
and the results are shown in Table 1.

Table 1. Experimental table of coupling reactions.

Level
Factor 1 2 3 4 5 6
Reaction temperature/°C 250 275 300 325 350 400
Ethanol concentration/ml- min~! 0.3 0.9 1.68 2.1
Loading amount of Co/wt% 0.5 1 2 5
Mass ratio of Co/SiO, to HAP/% 0.5 0.556 1
4



A series of experiments were carried out at different temperatures using different catalysts. The
experimental results are shown in Table 2.

Table 2. Experimental table of coupling reactions.

Ethanol Loading Mass ratio Conversion
Reaction concentration/ amountof  of Co/SiO; rate of Selectivity of

Entry  temperature/°C  ml- min~! Co/wt% to HAP/% ethanol/% Cy4 olefin/%
1 250 0.3 2 1 14.8 1.96
2 250 0.3 1 1 19.7 5.75
3 250 0.9 2 1 9.7 5.5
4 250 0.9 1 1 6.3 5.63
5 250 1.68 1 1 2.07 34.05
6 250 1.68 2 1 4.60 18.07
7 250 1.68 1 2 1.3 5.19
8 275 0.3 2 1 12.4 6.65
9 275 0.9 1 1 19.2 8.04
10 275 1.68 1 1 5.85 37.43
11 275 1.68 2 1 17.20 17.28
12 275 2.1 5 1 1.0 1.65
13 300 0.3 2 1 20.8 10.12
14 300 0.9 1 1 28.5 13.82
15 300 1.68 1 2 4.1 12.74
16 300 1.68 1 0.5 10.2 3.61
17 325 0.3 2 1 28.3 13.86
18 325 0.9 1 1 37.6 28.72
19 325 1.68 1 1 19.68 49.7
20 325 1.68 2 1 56.38 30.62
21 350 0.3 2 1 36.8 18.75
22 350 0.9 1 1 48.9 36.85
23 350 1.68 0.5 1 60.5 27.25
24 350 1.68 5 1 55.8 10.65
25 350 2.1 5 1 48.7 30.8
26 350 2.1 1 1 13.4 31.04
27 400 0.3 2 1 76.0 38.23
28 400 0.9 1 1 83.7 53.43
29 400 1.68 0.5 1 88.4 41.02
30 400 2.1 1 1 79.3 58.7

For each group of catalyst combinations recorded in the experiment, the relationship between
temperature and ethanol conversion and C4 olefin selectivity was studied respectively under
constant Co/SiO, and HAP loading ratios. The preliminary study showed that the increase of temper-
ature in the reaction was conducive to ethylene formation. With the change of catalyst combination,
the fluctuation degree of ethanol conversion and C4 olefin selectivity increases gradually.

Ethanol conversion rate and C4 olefin selectivity are affected by both temperature and cata-
lyst combination. A non-interactive two-factor analysis of the variance model was established.
The original hypothesis Hj is that ethanol conversion rate and olefin selectivity are not affected
by temperature and catalyst, and the alternative hypothesis H; is that ethanol conversion and C4
olefin selectivity are affected by both. Here, we ignore the effect of temperature on catalyst activity
and think there is no interaction between them. Inter-group error SS,=)",_, Z;:I . —X)’=

sy i_y (% —X)* , intra-group error SSg="[_; > i [xj — (% + X, — %)]* and the total error

. \2 . . . .
SST =31 e (xj — X)” of the two two-dimensional tables are calculated. Given their respec-
Ms,

tive degrees of freedom, the mean square error can be calculated to obtain the F = s
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Figure 2. The relationship between ethanol conversion rate and C4 olefin selectivity and temperature at
different ethanol concentrations.
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Figure 3. Three-dimensional fitting diagram of the relationship between ethanol conversion and C4 olefin
selectivity and temperature under different catalyst combinations.

F (r—1,(r — 1)(s — 1))value, and then the P-Value can be calculated to judge the influence of
the two factors on ethanol conversion or C, olefin selectivity. The results of the two-factor analysis
of variance are shown in Tables 3 and 4.

Table 3. Two factor analysis of variance of catalyst combination and temperature on ethanol conversion.

Source SS df MS F Prob
Columns 3.06529 6 0.51088 59.2 1.47269¢-33
Rows 2.22693 20 0.11135 12.9 2.45503¢e-29
Error 1.03563 120 0.00863

Total 6.32785 146

It can be seen from the last column of the above table that the P-Value is far less than 0.05, so
it is fully assured that these two factors have an impact on the ethanol conversion rate. Since the F
value is 59.2 > 12.9, the influence of column quantity (temperature) on ethanol conversion rate is
greater than that of row quantity (catalyst combination).



Table 4. Two factor analysis of variance of catalyst combination and temperature on Cy4 olefin selectivity.

Source SS df MS F Prob
Columns 0.95547 6 0.15925 59.25 1.41632¢e-33
Rows 1.04976 20 0.05249 19.53 9.84214e-29
Error 0.32252 120 0.00269

Total 2.32776 146

Table 4 is the same as Table 3. It can be seen from the last column that the P-Value is far less
than 0.05, so it is fully assured that these two factors have an impact on the ethanol conversion rate.
Since the F value is 59.25 > 19.53, similarly, the influence of column quantity (temperature) on
ethanol conversion rate is greater than that of row quantity (catalyst combination).

4 SOLUTION OF OPTIMAL COUPLING REACTION CONDITIONS

According to the experimental data analysis, the best C,4 olefin selectivity is obtained in the combi-
nation of a 1:1 ratio of Co/SiO, to HAP. With the increase of the mass ratio of HAP, the basic site of
the reaction increases, resulting in a large amount of acetaldehyde coupling into olefine aldehyde.
When the mass ratio of Co/SiO, to HAP reaches 1:1 with the increase of the Co/SiO, content,
the intermediate reaction will produce acid that promotes the conversion of the olefinic aldehyde
into C4 olefins, increasing the selectivity of C4 olefin. The selectivity was also maximized at a
certain temperature. When the temperature is too high, the selectivity of C, olefin is greater; when
the temperature is too low, the selectivity of high carbon alcohols is greater. The specific optimal
experimental conditions were studied using BP-GA joint algorithm.

Ethanol conversion rate or C4 olefin selectivity was set as the objective function f, the indepen-
dent variable X was the catalyst combination and temperature, which contains many influencing
factors. The function curve was fitted through a neural network algorithm, and the mathematical
model was established to optimize the solution of the problem.

Temperature, loading ratio, loading capacity of Co, and dropping rate of ethanol were respectively
represented as x, x,, X3, and x4; ethanol conversion rate and Cy4 olefin selectivity represented as f;
and f,. The regression function was obtained by the neural network, and the optimal solution was
obtained by fitting the curve according to the function.

Table 5. Optimal coupling reaction conditions.

Conversion
rate of Selectivity of
Catalyst combination Temperature/°C  ethanol/% C4 olefin/%
Optimal solution 265 mg 1.1wt%Co/Si02-236 mg HAP; 390 97.6% 64.5%

ethanol concentration1.95 ml/min

5 CONCLUSION

This study investigated the effects of reaction temperature, loading ratio, loading amount of Co,
ethanol dropping rate, and other factors on catalyst content and reaction mechanism. According to
the experimental results and the BP-GA algorithm, the following conclusions were obtained:



(1) Temperature is an important factor in the experiment of olefin production by ethanol coupling.
Too high or too low temperature will lead to an increase in the selectivity of by-products. The
optimal temperature is 390°C, according to experiments and calculations.

(2) The dropping rate of ethanol is also an important factor affecting the experimental results.
When the dropping rate is insufficient, there are fewer reactants and low catalyst efficiency.
When there is too much ethanol, the catalyst surface is coated with more unreacted ethanol,
which reduces the catalyst efficiency. The optimal dropping rate is 1.95 ml/min.

(3) It is found that the content of the catalyst is positively correlated with the concentration of
ethanol. When the ratio of Co/SiO, to HAP is close to 1, Selectivity of C4 olefin is relatively
high. When the loading amount of Co is low, the dispersion of Co on the surface of the catalyst is
less, making it difficult to be reduced. Upon increasing the loading amount of Co, it is reduced
to a mixed state of oxidation state and elemental cobalt, which accelerates the dehydrogenation
of ethanol into acetaldehyde. As the intermediate product, the acetaldehyde then converts to
C, olefins under the action of the Co/SiO,-HAP catalyst.

How to control the side reaction, increase the efficiency of the catalyst, and ideally avoid the
formation of by-products is the focus of future research. A better understanding of the mechanism
ofthe coupling reaction will not only bring great benefits to industry, but also reduce environmental
pollution.
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Study on the extraction of grape seed oil by supercritical
carbon dioxide

Yujia Han*
Beijing No. 2 Middle School, Beijing, China

ABSTRACT: It has always been an important problem in industry to seek for a stable and high
efficient way to extract oil. However, there are inevitable problems in every traditional technique of
oil extraction, such as low efficiency, complicated operations, low productivity, and organic solvent
residue which harms people’s health in long run, and the operations cannot substitute each other. In
this research, we creatively use supercritical CO2 fluid to extract oil from grape seed and discuss the
best situation for application in real industry.In this experiment, orthogonal design of four factors
three levels was applied. The extracted pressure, temperature and time as the influence factor
have been investigated for the optimal parameters of the supercritical CO2 extraction technique.
The mass of the oil production is measured and compared using the balance. Targeting on the
nine groups of results from the experiment, we use range analysis to process the experimental
data. Secondly, we studied the supercritical CO2 extraction process with to achieve the highest
anthocyanin content. Grape seed oil was diluted with petroleum ether and scanned with UV-vis
spectrophotometer to observe the absorption peak. We observed and compared the absorption peak
with the absorption peak with soybean oil and corn oil and find out that there are components
including anthocyanin and compare the different absorption peak in different situations to get the
appropriate situation which can achieve the highest anthocyanin content. This research provides a
theoretical basis for the further production of industrial oil pressing instead of traditional pressing
and organic solvent in the future.

1 INTRODUCTION

Edible oil is one of the most important living materials of modern humans. While helping humans
maintain physical health, it provides part of the energy needed, which in turn provides an important
guarantee for survival and health. Last year, Chinese residents consumed an average of more than
20kg of edible oil every year, and the total consumption reached 29 million tons (Xue 2020). Among
them, the oil crops distributed in China mainly involve peanuts, sunflowers, soybeans, rape and
flax, with a total planting area of more than 320 million mu (Wang 2019).

The existing industrial edible oil production methods are divided into two kinds, one is the
pressing method, which usually squeezes the edible oil from the oil seeds under the physical
action of external forces. The input cost of this method is low because it adopts pure physical
pressing, the edible oil produced has no solvent residue, and the production process is simple.
However, the residual material of this production process has some disadvantages, such as high
oil content and low oil production efficiency, so its application atmosphere in industry is greatly
limited. Another method is leaching (Sun 2019). This method is mainly based on the principle of
similarity compatibility and is extracted by using organic solvents and vegetable oils with similar
structures (Wang 2015). This method has been widely used in industrial production at home and
abroad because of its high oil production rate, large output, low production cost, high profit, etc.
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However, the distillation method cannot completely separate the edible oil from the organic solvent,
and the extractant still has trace residues in the product. Among them, the aromatic hydrocarbons
and sulfides contained in hexagonal alkanes are highly toxic, which will cause respiratory system
dullness, external skin damage, and endanger the stability of the corresponding nervous and blood
system and endanger health after exposure. Thus, it can be seen that both the pressing method
and the leaching method have their own advantages and disadvantages in the industrial production
process, and they are irreplaceable, which implies that it is necessary to find a new process with
no solvent residue and high oil yield simultaneously.

Supercritical fluid refers to the fluid above the critical temperature and critical pressure, which
is different from the particularity of gas and liquid (Wang 2021). The commonly used supercritical
fluids are mainly CO,, ethane, methanol, ethanol, toluene, water, etc., among which supercritical
CO; is the most widely used. This is mainly due to the fact that the production of CO; is cheap,
easy to obtain, stable, non-flammable and explosive, and its critical temperature is 364.2 K and
critical pressure is 7.38 MPal, which is easy to be realized in industrial production. In addition, the
full use of CO, can effectively prevent Greenhouse Effect (Xu 2016). With the rapid development
of modern industry, the use of fossil fuels is increasing, the volume of CO, gas discharged into
the air is also gradually increasing simultaneously. In this regard, the reuse of CO, is extremely
important to protect the environment on which we live. In addition, the density of supercritical
CO;, fluid is similar to that of ordinary liquid, so it has strong solubility. Compared with the liquid,
the viscosity and diffusion coefficient of the supercritical CO; fluid is much larger than that of the
liquid, which is closer to the gas and has excellent mass transfer performance. Supercritical CO,
extraction has the advantages of no harm to health due to its simple extraction process and good
separation of solvent and solute. Thus, supercritical CO, extraction technology has been widely
developed in recent years, and has a more in-depth application in the fields of medicine, chemical
industry, food, environmental protection, etc.

In this work, supercritical CO, fluid technology was used to extract edible oil from grape seeds to
find the parameters with the highest extraction rate. The oil content of grape seeds is very high, up
to 140.17%, which is comparable to corn and soybeans commonly used to extract oil, so it is a waste
ofresources if thrown away (Du 2015; Tian 2018). In 2015, China’s grape output was 12.628 million
tons, making it the second largest producer, indicating it is very important to make full use of its
grape seeds to avoid waste of resources. Compared with corn and soybeans, it also contains proan-
thocyanidins, which can not only facilitate the production of collagen, but also block ultraviolet rays
and enhance immunity. Among them, vitamin E has a very obvious skin care effect. Higher levels of
unsaturated fatty acids contribute to the prevention of cardiovascular and cerebrovascular diseases.
In this experiment, the extraction yield was used as an index to find out the appropriate extraction
parameters by designing orthogonal experiments. The second research content is to measure and
compare the anthocyanin content in grape seed oil obtained by different extraction processes by
using ultraviolet-visible spectrophotometer, and thereby obtaining suitable parameters.

2 METHODOLOGY

2.1 Experimental reagents

Drug Name Purity Manufacturer
CO, >99.95% Beijing Fudong Gas Products Company
Grape seed / Market purchase
Petroleum ether 99% Tianjin Fuchen Chemical Reagent Factory
Soybean oil / Fulinmen, Tianjin
Peanut oil / Luhua, Laiyang City, Shandong Province
Absolute ethanol / Beijing Chemical Plant
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2.2 Main instruments

Speed supercritical CO, extraction instrument U.S. Applied Separation Instrument company

One oil-free air compressor Suzhou Same Electromechanical Company
One low temperature thermostat Ningbo Xinzhi Biological Technology Co., Ltd.
Universal crusher Shanghai

UV-Vis Spectrophotometer Beijing Puxi General Instrument Co., Ltd.
Analytical Balances Mettler electronic balance LEIO4E

2.3 Supercritical CO, extraction process of grape seed oil

First of all, weigh 50 g of dried grape seeds, rinse with clean water, remove sundries and dry, and
put the dried grape seeds into a universal grinder. In order to make the grape seeds come into full
contact with CO5 as far as possible without blocking the extraction pipeline, the grape seed powder
with appropriate thickness between 20 mesh and 40 mesh was screened with 20-mesh and 40-mesh
sieves in the experiment. Weigh 7 g powder, plug the extraction kettle with filter and polypropylene
fiber, put the powder carefully and plug the other end with the same method. Put the extraction
kettle loaded into the extraction system vertically, turn on the power supply, open the CO, valve, put
in the gas, start the air compressor, set the furnace temperature and kettle temperature. When the
furnace temperature and kettle temperature are stable, the pressure of the system is adjusted to the
needs of the experiment, and the static extraction begins and timing. When the time is up, open the
outlet valve for dynamic extraction. After the dynamic extraction is finished, collect the product,
reduce the pressure, keep the valve open and keep the gas flowing for one minute, then close the
cylinder valve, intake valve, air compressor, mainframe power supply and constant temperature
water bath in turn. Finally, the extraction kettle is taken out from the extraction furnace, the material
is poured out and cleaned.

Orthogonal experiment: four parameters were changed in the experiment (Table 1), and the
data were analyzed by orthogonal test. Supercritical CO;: the factors affecting the extraction of
grape seed oil include extraction temperature (T), extraction pressure (P), flow rate of CO, (V),
dynamic extraction time (t1) and static extraction time (t2). According to the pre-experimental
results, extraction pressure, extraction temperature and extraction time have great influence on the
extraction results, so the orthogonal experiment table of four factors and three levels is selected
for the experiment (Table 2). In this experiment, we selected three levels of T at 35,40,50°C and
P at 150,250,350 bar. We selected three levels of 10, 20 and 30 minutes (Table 1) as the dynamic
extraction time. The orthogonal experiment with four factors and three levels was carried out
according to the orthogonal table (Table 2).

Table 1. Influencing factors and level setting values of orthogonal test data.

B temperature C Static extraction time D Dynamic extraction time
A pressure (P)/bar (Ty/°C (t1)/min (t2)/min
1 150 35 5 10
250 40 10 20
3 350 50 15 30
11



Table 2. Lo 3* orthogonal test design table.

Horizontal

combination ABCD A/bar B/°C C/min D/min
1 1111 150 35 5 10
2 1222 150 40 10 20
3 1333 150 50 15 30
4 2123 250 35 10 30
5 2231 250 40 15 10
6 2312 250 50 5 20
7 3132 350 35 15 20
8 3213 350 40 5 30
9 3321 350 50 10 10

2.4 Characterization method

2.4.1 Determination of extraction yield
In order to determine the yield of extracted grape seed oil, the dynamic extraction products were
collected and the weighing quality was recorded. The ratio of the mass of the dynamic extraction
product to the grape seed powder used in the reactor is the extraction yield.

Extraction yield = (the extraction quality of grape seed oil (g)/the quality of grape seed used
(g))x 100%

2.4.2  Determination of anthocyanin content

The spectrum of diluted grape seed oil solution was determined by UV-vis spectrophotometer, and
its anthocyanin content was verified by comparison with soybean oil and corn oil solution under
the same conditions (Fu 2002). According to the peak value of anthocyanin in the spectrum of
grape seed oil solution under different extraction processes, the supercritical extraction conditions
with the highest content of proanthocyanidins were found.

3 RESULTS AND DISCUSSION

3.1 Determination of the optimal parameters for the extraction of grape seed oil

We obtained the experimental results in Table 3 by doing the experiments shown in Table 2, and then
processed the experimental data using the range analysis method. The processing results are shown
in Table 3. Where KI is the sum of all extraction rates at level 1, K2 is the sum of all extraction
rates at level 2, and K 3 is the sum of all extraction rates at level 3. k1 is the average value of

Table 3. Measurement results of orthogonal test.

C D
A B Static extraction Dynamic extraction Extraction
No. Pressure/bar Temperature/°C time/min time/min rate/%
1 150 35 5 10 0.31
2 150 40 10 20 0.97
3 150 50 15 30 227
4 250 30 10 30 7.42
5 250 40 15 10 2.71
6 250 50 5 20 4.20
(continued)
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Table 3. Continued.

C D
A B Static extraction Dynamic extraction Extraction

No. Pressure/bar Temperature/°C time/min time/min rate/%
7 350 30 15 20 5.25

8 350 40 5 30 9.67

9 350 50 10 10 2.81
K1 3.54 12.98 14.18 5.83

K2 14.33 13.35 11.2 10.42

K3 17.73 9.28 10.23 19.36

k1 1.18 433 4.73 1.94

k2 4.78 4.45 3.73 3.47

k3 591 3.09 3.41 6.45

R 4.73 1.36 1.32 4.51

extraction rate at level 1, k2 is the average value of extraction rate at level 2, k3 is the average value
of extraction rate at level 3, and R is the range of each factor.

3.1.1 Optimization of orthogonal test results

According to the orthogonal test data, the analysis of the range, the greater the value of the range,
the greater the influence of the results. According to the data of orthogonal test in Table 3, P has
the greatest influence on the extraction yield, followed by t1 and T, and t2 is the least. There is a
great difference between the two levels of extraction pressure and dynamic extraction time, which
has a great influence on the extraction rate. Comparatively speaking, the range of static extraction
time and temperature is small, and they have relatively little effect on the extraction rate. The
extraction rate increases with the increase of pressure, but considering the bearing capacity of
the instrument, the high-pressure operation cost increases, so P is set at 350 bar. In addition, the
extraction yield is proportional to the dynamic extraction time, but considering the experimental
efficiency and production cost, the dynamic extraction time is 30min. The results suggest that
temperature and static extraction time have little influence on the experimental results and can be
considered as secondary factors. As a result, the optimal process parameters should be to select the
corresponding parameters when the K value of each factor is the maximum, indicating that the most
suitable conditions are A3, B2, CI, D3, which corresponds to the eighth group in the orthogonal
combination of Table 3. Thus, the experiment shows that the optimal process parameters-extraction
pressure P is 350 bar, T is 40°C, t1 is 30 min, and t2 is 5 min is the most suitable parameter.

e e i

-0 © 0o

ot

Extraction Rate / %

O W

325 330 335 A0 345 350 3/ 360 3BE

o

Pressure / bar

Figure 1. Effect of extraction pressure on extraction rate.
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Figure 2. The effect of dynamic extraction time on extraction rate.

3.1.2  Optimal determination of optimal extraction process parameters

In order to further obtain the best extraction parameters of grape seed oil, we carried out the
optimization and verification of orthogonal experiment. The results of orthogonal experiment
showed that the extraction pressure had a great influence on the extraction rate, and the extraction
rate was higher at 350bar. As aresult, the extraction temperature is set at 40°C, the static and dynamic
extraction time is 5 and 30 min respectively, and the extraction pressure is changed (330,340,350,
360bar). Weigh the quality of each group of products and calculate the extraction rate (Figure 1).
As shown in the figure, the extraction rate is the highest at 350 bar, and the extraction rate can
reach 9.67% under this condition. With the increase of pressure, the yield decreased greatly. This
is due to the supercritical CO;: there is a solution limit for the fluid. Consequently, it is chosen to
be 350 bar.

Dynamic extraction time is also an important parameter in our study. At the beginning of extrac-
tion, the amount of oil extracted increases rapidly, but with the gradual prolongation of extraction
time, the extraction rate slows down. At the same time, the increase of extraction time will also
reduce the selectivity of solvents. Thus, after 350 bar, 40°C, t2 is 5 min, dynamic extraction is
started, and after 30 min, the product quality is weighed every 10 min, and Figure 3 can be obtained.
It can be seen that the highest extraction rate can be obtained after 60 minutes, which can reach
9.90%. Then the extraction yield did not continue to increase with the extension of time.

Proanthocyanidins

18
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¥ ——— Soybean oil
i Peanut oil
0.9
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Figure3. Comparison of UV-Vis absorption spectra of supercritically extracted grape seed oil and commercial
edible oil.

According to the experimental results, the extraction rate is less affected by temperature, and
the extraction rate is the highest when the temperature is 40PC. Similarly, the static extraction time
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has less effect on the extraction rate, which is selected as 5 min. It is concluded that in order to
improve the extraction rate, the most suitable parameters are as follows: P =350 bar, T =40°C, t1
and t2 =5 and 60 min, respectively. The final extraction rate is 9.90%.

3.2 Determination of the supercritical extraction process parameters with the highest
proanthocyanidin content

3.2.1 Determine the presence of anthocyanins in grape seed o0il using ultraviolet-visible
spectrophotometer

In this experiment, the UV-vis spectra of the extracted grape seed oil and the diluted solution of
soybean oil and peanut oil were compared to identify the existence of proanthocyanidins. Proantho-
cyanidins have a characteristic absorption peak at 280 nm. Grape seed oil, soybean oil and peanut
oil were diluted 500 times with petroleum ether as reference solution, and the experimental results
were shown in Figure 3. The grape seed oil contains proanthocyanidins, while soybean oil and corn
oil contain almost no proanthocyanidins.

3.2.2  Optimization of supercritical extraction process parameters with the highest
proanthocyanidin content

In general, the content of proanthocyanidins in grape seed oil determines its quality. Supercritical
CO;: the content of proanthocyanidins in grape seed oil was affected by extraction temperature
and pressure. We chose the content of proanthocyanidins as the optimization goal to study the
two extraction parameters of extraction pressure and temperature respectively to find the best
supercritical extraction process with the highest content of proanthocyanidins. The experimental
conditions are as follows: Take T value of 35, 40, 50°C, P value of 150, 200, 250, 300, 350 bar,
t2 value of 5 min, tl value of 60 min product, dilute them 10,000 times with petroleum ether,
use petroleum ether as the reference solution, and use an ultraviolet-visible spectrophotometer to
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Figure 4. Absorbance of the product at 280nm at different temperatures and pressures.
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Figure 5. The absorbance of the product at 280nm at different temperatures and pressures.
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scan the absorbance value of the product at 280 nm. As shown in Figure 4, all products have the
highest proanthocyanidin content under the same pressure and temperature at 40°C, which is the
most suitable temperature.

According to the above results, the proanthocyanidin content is highest when the extraction
pressure is 300 bar. Therefore, we are looking for the best extraction process parameters around
300 bar. T Take different samples with T values of 35, 40, 50°C, P values of 150, 200, 250, 300,
350 bar, t2 for 5 min, and t1 for 60 min, dilute them 10,000 times with petroleum ether, use
petroleum ether as the reference solution, and use an ultraviolet-visible spectrophotometer to scan
the absorbance value of the product at 280 nm. As shown in Figure 5, all the products are at the
same temperature and the pressure is the highest when the pressure is 275 bar, indicating that the
optimal supercritical extraction pressure is 275 bar.

4 CONCLUSION

In this research, we supercritical CO, fluid to extract oil from grape seed and orthogonal design of
four factors three levels was applied. The extracted pressure, temperature and time as the influence
factor to investigate the optimal parameters of the supercritical CO, extraction technique. Also, we
studied the supercritical CO, extraction process with to achieve the highest anthocyanin content.
According to the above experimental results, the optimal process parameters-extraction pressure P
is 350 bar, T is 40°C, t1 is 60 min, and t2 is 5 min is the most suitable parameter. The final extraction
rate is 9.90%. In addition, the process conditions for supercritical CO, extraction of grape seed oil
with the highest proanthocyanidin content are 275 bar and 40°C.
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Research progress of preservatives in cosmetics and their detection
techniques
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ABSTRACT: Cosmetics are daily chemical industrial products that are applied, sprayed or dis-
persed by other similar methods on body surface for the purpose of cleaning, skin care, beauty
and elimination of bad odors. Cosmetics are exposed to a large number of micro-organisms in the
process of production, shipment and use. To mitigate the impacts of microbial contamination on
the safety of cosmetics, manufacturers need to add preservatives to cosmetics. However, the exces-
sive use of preservatives may cause skin contact allergy. This paper reviews the classification of
preservatives in cosmetics and the detection methods of preservatives, compares and summarizes
the research progress and advantages and disadvantages of preservative detection techniques.

1 INTRODUCTION

There are various types of preservatives in cosmetics. According to the limit use regulations of
domestic and foreign cosmetic preservatives, preservatives in cosmetics can be divided into three
main categories. The first category of cosmetic preservatives is parabens. Parabens, also known as
nipagin esters, are used as preservatives in cosmetics because of their low toxicity, non-volatility,
good bactericidal ability and stability (European Commission 2007). However, excessive use of
parabens in cosmetics may cause contact dermatitis. Both China and the EU indicate in their rele-
vant regulations that the limits for single and mixed esters are 0.4% and 0.8%. In contrast, the US
believes that the use of paraben preservatives in cosmetics is safe (European Commission 200); Hu
1994; Wang 2007) The second category of cosmetic preservatives is formaldehyde and formalde-
hyde releasing compounds. Formaldehyde has high bactericidal activity and low price (Fu 2012).
However, excessive amounts of free formaldehyde may irritate the eyes and respiratory tract, trig-
ger allergic reactions, and are even potentially carcinogenic (Critchley 2009). In China’s relevant
regulations, formaldehyde and its formaldehyde release compounds are stipulated as restricted
substances. Both China and Europe stipulate that the concentration of free formaldehyde in cos-
metics other than oral hygiene products cannot exceed 0.2%, and the maximum concentration in
oral hygiene products is 0.1% (European Commission 2007; Hu 1994; Wang 2007). The third cat-
egory of cosmetic preservatives is isothiazolinone. Isothiazolinone compounds are highly effective
non-oxidizing bactericidal preservatives, including MIT, CMIT and BIT, which have been widely
used in various fields such as industrial recycling, cooling water, textile softener and polish, and
paper industry. The research shows that these substances are Class I sensitizers which may cause
allergic or dermatitis reactions, and excessive exposure may also lead to skin burns, with CMI and
MI being the most sensitizing and irritating (Chen 2010; de Groot 1988; Nielsen 2001).
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2 NECESSITY FOR PRESERVATIVE DETECTION IN COSMETICS

Although preservatives in cosmetics can slow down the growth of micro-organisms in cosmetics,
improper concentrations may cause contact allergies to the skin. In 1998, Nielsen in Denmark
reported the research on contact allergies and found that about 6% of contact allergies were caused
by the excessive amount of preservatives in the cosmetics used by patients (Goossens 1999; Marks
2000; 2003). According to the patch test on examining skin allergic reactions in the United States
from 1996 to 2002, the rate of skin allergic reactions caused by paraben preservatives from 1996 to
1998 was 1.7%. From 2001 to 2002, this figure has decreased to 0.6% due to the widespread use
of paraben preservatives in cosmetics. The rate of skin allergy screening caused by formaldehyde
or quaternium-15 was about 9%, the rate of contact allergy caused by imidazolidinyl urea was
2.7% to 3.7%, and the rate of contact allergy caused by isothiazolinone was 2.3% (Lu 2014; Pratt
2004; Wilkinson 2002). According to a comprehensive research of patch test in Europe from 1991 to
2000, the rate of skin allergy caused by hydroxybenzoates was 0.5% to 1.0%, the rate of skin allergy
caused by formaldehyde or quaternium-15 was about 2% to 2.5%, the rate of skin allergy caused
by imidazolidinyl urea was 0.5% to 1.5%, and the rate of skin allergy caused by isothiazolinone
was 2.3% (Wu 2007). There are many types of preservatives, and many countries have regulations
on the use and detection of preservatives in cosmetics.

3 CONVENTIONAL DETECTION METHODS FOR PRESERVATIVES IN COSMETICS

The analysis methods of HPLC, UV spectrophotometry, capillary electrophoresis and gas chro-
matography are commonly used in cosmetics. In order to improve the accuracy, stability and
efficiency of detection methods for cosmetic components, researchers have been working to
improve various methods in recent years.

3.1 High performance liquid chromatography

The principle behind HPLC is to use liquid as the mobile phase and inject the mixed solvents with
different polarities and ratios into the chromatographic column through the flow pump, so that
the different components are separated in the chromatographic column and enter the detector for
detection.
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Figure 1. HPLC analytical method for preservatives in cosmetics.
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Lu Lin et al. conducted a study on the detection of five restricted preservatives (chlorhexidine,
benzoic acid, chlorodimethoate, o-phenylphenol and p-chlorine-m-cresol) in cosmetics. The five
preservatives in 10 commercially available cosmetics were extracted with methanol, and saturated
sodium chloride solution was used as the precipitant. The results showed that five preservatives
such as chlorhexidine presented good linearity in a certain concentration range with the correlation
coefficients greater than 0.9990, the limits of detection (LOD) were 0.8—2.2 ng, and the recoveries
of the method were 95.0%—-104.0%. It was concluded that the method is accurate for the detection
of preservatives in cosmetics, and is a useful supplement to the standardized method (Cao 2019).

The goal of chromatographic analysis is to separate the components in the mixture. The resolution
of two adjacent chromatographic peaks is defined as the quotient of the retention time difference
between the two peaks and the average of the bottom width of the two peaks.

R =2(tga-tr1)/ (W1 + W3)

A reversed-phase high performance liquid chromatographic (RP-HPLC) method for the simulta-
neous detection of 24 preservatives in cosmetics was conducted by Wu Ting et al. The KromasilC18
(4.6 mm x 250 mm, 5 pm) column was used with the phosphate buffer solution (pH=4.26) as the
mobile phase and gradient elution. The samples were extracted by methanol ultrasonication, and
then determined by RP-HPLC-diode array detector. The sample pretreatment and chromatographic
conditions were studied and optimized. The relative standard deviations of the method were found
to be 1.3%~3.3%; the recovery was 90.6%~97.8%; the linear correlation coefficients of various
preservatives were >0.9997. The result shows that with high accuracy and precision, HPLC can
be used for the analysis of the contents of various preservatives in cosmetics (Liu 2019).

HPLC has many advantages, with a wide range of determination, high separation efficiency,
fast analysis speed and high degree of automation, and has become the most common analytical
method used by analytical researchers today. HPLC has been widely applied to the separation and
determination of various hormones in food, health care products, pharmaceuticals and cosmetics
(Patricia 2020). However, this analytical method suffers from extra-column effects. On the one
hand, once the elution mode of the mobile phase changes, the dispersion and retention of the target
analytes may affect the peak shape of the chromatographic peaks; on the other hand, the limitations
of the detector may also limit the detection range (Ebru Tiirkz Acar 2017).

3.2 UV spectrophotometry

UV spectrophotometry is a method to analyze substances by measuring their absorbance within the
UV-visible wavelength range. It is used for qualitative analysis, because the absorption spectrum
of each substance is determined by its different particle structure; under certain conditions, the
absorbance of the substance is linearly related to its concentration and is used for quantitative
analysis. Lambert-Beer law was used to calculate the concentration of preservatives in cosmetics
(A=kbc), A represented the absorbance.

E Patricia Sheppard et al. determined 16 cosmetic preservatives using partition chromatography
separation and UV spectrophotometry. The method was adapted from the official hexachlorophenol
first action method 35.023-35.027 and is widely applicable to the determination of preservatives in
cosmetics. The chemical categories studied include phenols, parabens, biphenyls, carbonyls, and
salicylanilides. The partition chromatography technique can’t separate 3,4, 5-tribromosalicylic
acid (TBS) from hexachlorophenol or Irgasan DP 300. However, the UV determination of these
compounds was accomplished by using the maximum absorption value of TBS, which was not
consistent with the absorption values of the other 2 preservatives. The average recovery of all
compounds studied was 97% (Li 2013).

UV spectrophotometry is simple to operate and fast to analyze. However, due to the complexity
of the cosmetic matrix, the detection of the target results is susceptible to interference, and cannot
be used for the simultaneous detection of multiple types of cosmetic restricted substances, the
detection in the actual sample is limited.
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3.3 Capillary electrophoresis

Capillary electrophoresis is a separation technique that uses capillaries as separation channels and
can be used for the detection and analysis of biological macro-molecules.

Yildirim et al. used a capillary electrophoresis (CE) analytical approach for the determination
of benzalkonium chloride. The quantitative analysis was performed with an external standard
method. The 75 mM (pH 6.0) phosphate buffered solution containing 30% of acetonitrile was
used as the electrolyte for the electrophoretic separation. The sample was introduced hydrodynam-
ically into the capillary column within 3 seconds using a pressure of 50.0 mbar. The developed
method was validated and applied to samples prepared by wringing out antibacterial wipes con-
taining benzalkonium without further extraction. The linearity of the method was controlled by
applying Mandel’s test. The LOD values of the developed method were 0.313 and 0.309 jLg/ml
and the LOQ values for the C10 and C12 derivatives were 1.042 and 1.029 pg/ml respectively
(Cho 2019).

Ying Li et al. developed a new mini capillary electrophoresis amperometric assay (mini-CE-AD)
for the rapid determination of the fatty aldehyde preservatives formaldehyde and glyoxal in cosmet-
ics. Based on a transient moving chemical reaction boundary online enrichment method, coexisting
interferents and their congeners (acetaldehyde and methylglyoxal) can be well separated for both
aldehydes, with LOD (S/N=3) up to ng/mL level (1.64-2.80 ng/mL) under optimal conditions.
With average recovery between 94—105%, CE should have a wide range of analytical applications
(Yang 2018).

Capillary electrophoresis technique has the advantages of high efficiency separation, simple
operation and drug saving. However, due to the small capillary diameter and too short optical path,
the method has poor preparative ability and low sensitivity; the electrodialysis variation with sample
components affects the reproducibility of the separation, which restricts its wide application.

3.4 Gas chromatography

GC is a separation and analysis method in which the mobile phase is gaseous and the mixture
is separated by using the difference of physical properties such as boiling point and polarity of
each substance, which can be used for qualitative and quantitative analysis of thermally stable and
volatile substances.

Cho et al. used a gas chromatograph with a flame ionization detector to simultaneously analyze
14 kinds of preservative in cosmetics. The calibration curves of the 14 preservatives, except for
dehydroacetic acid (0.9891), showed good linear correlation coefficients above 0.9997, confirming
the specificity. The accuracy (% recovery) of the 14 preservatives in cosmetics ranged from 96.9%
~109.2%. The result shows that a series of preservatives can be detected simultaneously by GC
(Golden Dividend 2011).

Yang Ming et al. developed a gas chromatographic method for the determination of methanol
in polyvinyl alcohol (solid), a raw material used in cosmetics. The head space approach was more
suited than distillation and direct dilution methods for the determination of methanol in polyvinyl
alcohol. The effects of solvent and salting agent on the determination results were investigated,
and the optimal solvent and salting agent were found to be 10m water and 0.5 g sodium chloride
respectively. The results showed that the linearity of methanol concentration was good in the range of
10~1000 mg/L with the correlation coefficient up to 0.9995, the recoveries were 92.6%~104.8%,
the relative standard deviations were within the range of 1.2%~6.5%, and the limits of detection
were 5 mg/L. The experimental results demonstrated that the gas chromatographic method is
suitable for the detection of methanol in polyvinyl alcohol, a raw material used in cosmetics (Sun
2019).

Gas chromatography has good separation capacity and reduces the workload of mobile phase
preparation. However, the inherent characteristic of not being able to characterize unknown
components directly and not being able to apply to a wide range of analytes limits its application.
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Figure 2. GC analytical method for detection of preservatives in cosmetics.

4 INSTRUMENT COMBINED DETECTION METHOD FOR PRESERVATIVES IN
COSMETICS

4.1 Gas chromatography-mass spectrometry

Quan et al. conducted a gas chromatography-mass spectrometry method for the simultaneous deter-
mination of one preservative, including phenol and benzyl alcohol in cosmetics. The determination
of the above 21 preservatives in cosmetics by GC-MS was investigated using ultrasonic extraction.
The sample extraction solvent and sonication time selection and experiments on linearity, limit of
detection, recovery and precision were carried out. The relative standard deviations of the method
were 1.19%—6.68%:; the recoveries were 90.46%—9.56%: the minimum limits of detection were
50-250 mg/kg. The result demonstrates that GC-MS is easy to conduct, fast and accurate, and can
be utilized for the analysis of the 21 preservatives in cosmetics because of the good separation of
the above 21 preservatives (Guerra 2018).

Sun Jing et al. developed a method for the simultaneous determination of 25 preservatives by
GC-MS/MS. The cosmetic samples were extracted by ultrasonication with methanolic solution
containing 0.1 mg/mLL(4)-ascorbic acid, with 2-octanol, phenol and heptachlor as internal stan-
dards, dehydrated with anhydrous sodium sulfate, centrifuged and filtered. Then, the sample was
analyzed by GC-MS/MS, and quantified by internal standard method. The limits of detection of
the method were 0.08-0.99 pwg/kg. 3 types of cosmetic matrices, including water, lotion and cream,
were selected to verify the accuracy of the method at 4 spiked levels. The recoveries of 25 preser-
vatives were 82.3%—119.4%, with the RSD of 0.2-14.3% (n=6). The method is qualitatively and
quantitatively accurate and can be effectively used for the detection of multiple preservatives in
cosmetics products (Qi 2020).

Gas chromatography-mass spectrometry is a combination of chromatographic and mass spectro-
metric detection techniques, which combines the advantages of gas chromatography for efficient
separation and mass spectrometry for providing structural information of analytes, and is widely
used in various fields of detection and analysis.

4.2 Liquid chromatography-mass spectrometry

EugeniaGuerra et al. improved a formula based on VE and LC-MS/MS for the simultaneous analysis
of 22 regulated preservatives and synthetic dyes in cosmetics. The extraction process is performed
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in Eppendorf tubes, allowing extraction and clean-up in a single step, reducing sample and reagent
consumption for efficient and rapid extraction. The method shows good linearity (R? > 0.9918) and
intra- and inter-day precision (%RSD < 13) with the LOQ of preservatives less than 0.587 pugg™!
and with the LOQ of synthetic dyes less than 3.437 jLgg™!. Quantitative recoveries were obtained
at four concentration levels in the range of 2-100 pwgg~! in cosmetic matrices. The method has
been successfully applied to a wide range of cosmetic products, including leave-on and wash-off
products, where 13 target compounds could be quantified at concentrations ranging from 0.39 to
442 ugg™! for dyes and from 1.89 to 1335 wgg™! for preservatives. It is worth highlighting the
presence of parabens at concentrations higher than 1000 wgg™! in 24 of the 35 samples analyzed
in toothpaste.

Li Li et al. Conducted an approach for the determination of the restricted preservatives chlorhex-
idine, benzyl chloride phenol, chlorodimethoate, o-phenylphenol and p-chlorine-m-cresol in two
matrix types of cosmetics by HPLC and liquid chromatography-mass spectrometry respectively.
The samples were extracted by solvent ultrasonication, centrifuged at 8000 r/min for 15 min, filtered
through a microporous membrane and the renewed filtrate was taken for determination. The two ana-
lytical methods were determined using different columns, eluent solvents and elution procedures.
The results showed that the linearities of the five restricted preservatives, including chlorhexidine,
were good in different linear ranges with linear correlation coefficients greater than 0.990 for
HPLC and LC-MS. The relative standard deviations of the method precision were 0.4%~1.1%
and 1.0% ~2.8% respectively; the recoveries were 103.7%~119.8% and 71.2% ~ 117.2% respec-
tively. The limits of detection of the five preservatives were 2.10 ~4.70 wg/g and 1.05 ~2.45 ng/g
respectively. The experimental data indicated that the LC-MS method was more suitable for the
qualitative determination of several restricted preservatives in cosmetics, while the LC method was
only suited for the quantitative determination of the samples.

Liquid chromatography is not limited by the target analytes and has a wide range of applications.
Liquid mass spectrometry takes the advantages of both and makes up for their disadvantages when
used alone, making it one of the most effective tools for analyzing mixtures, but it limited by the
lack of detectors when used alone.

Figure 3. LC-MS method for detection of preservatives in cosmetics.

5 CONCLUSION

This paper reviews the research progress on detection techniques of preservatives in cosmetics.
This paper introduces the principles and research progress of relevant detection techniques used for
preservative detection from the basic concept, classification, and necessity of detection. By analyz-
ing the literature, the advantages and disadvantages of each detection method are comprehensively
described. The paper describes in detail the conventional detection methods for cosmetics. Some
of the methods are easy to operate and have high separation capacity, while some of the detection
methods have disadvantages such as low sensitivity, low applicability, and high restriction on the
detection object. Compared with conventional detection methods, the combined detection method

22



has the advantage of being able to provide accurate structural information of analytes while sep-
arating phases, but there are disadvantages such as limitations by detector requirements, which
require further development of new detection methods.

In addition, there is no comparative assessment of detection methods for specific types of
restricted preservatives in cosmetics, and it is necessary to summarize precisely the most effective
testing methods for different preservatives by reviewing and organizing the testing of preservatives
in cosmetics in various countries.
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Determination of four acrylates in food packaging paper via high
performance liquid chromatography

Yue Qiu*, Dong Xiang, Lu Zhang & Jiaxiong Zhao
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ABSTRACT: A method for the determination of four acrylate monomers in food packaging paper
was established based on high performance liquid chromatography (HPLC) method. The effects of
extraction solvent, ultrasonic time, ultrasonic temperature and other pre-treatment conditions on
the extraction efficiency of acrylate monomers were investigated. Under the optimal conditions,
the samples of food packaging paper were extracted by ultrasonic treatment, analyzed by HPLC,
and quantified by external standard method. The results suggested that the four acrylate monomers
showed good linearity in the range of 0.1-50.0 mg/L (R? > 0.999), and the detection limits (LODs)
were 0.03—0.08 mg/L. The blank samples were used as the matrix for standard addition experi-
ment, and the recoveries were 89.2%—108.1% with relative standard deviations of 1.3%—4.8%. The
method was simple, accurate and reliable, which can provide technical support for daily detection
of acrylic monomers in food packaging paper.

1 INSTRUCTIONS

The acrylate polymer has excellent color preservation, light resistance, UV resistance, difficult
to oxidation and other advantages (Sengtu 2008; Wei 2009; Zhao 2009). The modified acrylate
polymer through functional unit has good paper enhancement effect and water proof performance,
therefore it is widely used in the papermaking industry. Acrylate monomer substances have irritant
and sensitization to skin, eyes and respiratory tract, which may cause lung, liver and kidney
damage. It has been reported that long-term exposure to methyl methacrylate in human body can
lead to chronic poisoning, which mainly manifested as comprehensive symptoms of nervous system
damage, toxic encephalopathy and even teratogenesis may occur in a few cases (Gong 2013; Liu
2011; Qiu 2021). During the use of food contact materials, harmful substances will migrate into
the human body through food.

Since 2008, China has put forward requirements on the migration limit of acrylate monomers in
food packaging paper, but there is still lack of research on acrylate monomers in paper packaging
materials. At present, the main methods for the determination of acrylate compounds include gas
chromatography (Hu 2013), gas chromatography-mass spectrometry (Dai 2012), high performance
liquid chromatography (Zuo 2015). Due to the high volatility and low molecular weight of acrylates,
liquid chromatography can eliminate the interference of solvents and other impurities.

In this work, high performance liquid chromatography (HPLC) was used to analyze and detect
four acrylate monomers in food packaging paper. This method is simple, accurate and reliable,
which can provide data reference for the detection of acrylic monomers in plastic food packaging
paper in the future.
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2 EXPERIMENTAL AND METHODS

2.1 Materials and reagents

The standards were acrylic acid-2-hydroxyethyl ester (AAHE), 2-hydroxyethyl-2-methyl-2-acrylate
(HEMA), methacrylate (MAA) and methyl methacrylate (MMA), which were all supplied from Dr.
Ehrenstorfer (Germany). HPLC grade methanol, acetonitrile and isopropyl alcohol were purchased
from Merck (Germany).

2.2 Instruments and equipment

Agilent 1260 HPLC with DAD detector (Agilent); SQP electronic analysis balance (Germany
Sartorius); N-evap-112 Nitrogen Blower (Organomation, USA); Bilon-2000ct ultrasonic cleaner
(Shanghai Bilang Instrument Co., LTD.).

2.3 Methods

Each standard substance of 10 mg was accurately weighed and placed in a 10 mL volumetric flask,
dissolved with methanol and configured to a standard solution of 1000 ppm. The standard working
solution was diluted with methanol with concentrations of 0.1, 1.0, 10.0, 25.0 and 50.0 mg/L. The
sample was cut into small fragments with area smaller than 5 mm x 5 mm. The sample of 1.0 g was
accurately weighed, and ultrasonic extraction in methanol solution was performed at 40°C for 40
min. The supernatant was filtered through 0.22 jum organic system. The analysis was performed on
ZORBAX SB-AQ column (250 mm x 4.6 mm, 5 um) at 40°C. The mobile phase was the mixture
of water and acetonitrile. The detection wavelength was 210 nm, the injection volume was 20 nL,
and the flow rate was 1.0 mL/min. Gradient elution procedure: 0—6.5 min, 20%—-40%B; 6.5-17
min, 40%—65%B; 17-17.2 min, 65%~100%B; 22-22.2 min, 100%—-20%B, then kept for 6 min.

3 RESULTS AND DISCUSSION

3.1 Selection of chromatographic conditions

The effect of chromatographic conditions on the separation of acrylate monomers was investigated.
The target compounds were soluble or slightly soluble in water with certain polarity, therefore
ZORBAX SB-AQ column was selected as the analysis column for the target compound. The
mobile phase system with different polarity for gradient elution was compared, which suggested

HEMA
MMA
AAHE
MAA
A
0 2 4 6 8 10
Time / min

Figure 1. Chromatograms of four acrylate monomers mixed with standard solutions.
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acetonitrile-water system had the best separation effect. Moreover, because of the small ultraviolet
absorption and weak noise of acetonitrile in short wavelengths, the baseline was smooth during
the gradient elution. Hence the best choice was acetonitrile. Under the optimal conditions, the four
acrylate monomers could achieve good separation within 10 min, as shown in Figure 1.

3.2 Selection of extraction fluid

In this paper, the common and efficient ultrasonic extraction method was used to extract acrylate
monomers. Blank food packaging bag samples were selected for standard addition experiments to
explore the extraction effects of the target substances with extraction agents of methanol, acetone,
ethyl acetate and acetonitrile. The results were shown in Figure 2. It was found that the highest
average recovery was obtained with methanol as the extraction agent at the standard level of 0.5
mg/kg. Therefore, methanol was selected as the best extraction agent in this experiment.
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Figure 2. Influence of extraction solvent on recovery of four acrylate monomers.

3.3 Selection of ultrasound time

In order to ensure that four acrylate monomers were extracted adequately, the effects of extraction
time on extraction efficiency were further investigated, the result was shown in Figure 3. The results
showed that the extraction equilibrium time of the four kinds of acrylic monomers was not exactly
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Figure 3.  Effect of ultrasonic time on recovery of four acrylate monomers.
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the same, but the average recovery tended to be stable after 40 min, so the best extraction time was
40 min.

3.4 Selection of ultrasound temperature

Temperature was another important factor affecting extraction efficiency. The influence of ultra-
sonic temperature on the recovery rate was investigated in the range of 20~60°C. The results were
shown in Figure 4. Experimental results showed that with the rise of temperature, the extraction of
4 kinds of acrylic monomers efficiency were improved, but recovery was on the decline with rais-
ing the temperature sequentially, this was because the acrylic esters of volatile matter was strong.
Therefore, the excessive temperature was not conducive to the extraction of target substances, so
the best ultrasonic temperature was set at 40°C.
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Figure 4. Effect of ultrasonic temperature on recovery of four acrylate monomers.

3.5 The evaluation of the detection methods

The standard curves of peak area (y) and sample concentration (x, mg/L) were plotted and linear
regression equations were established. The mixed standard solutions of 4 acrylate monomers were
added to the blank food paper packaging samples at 50.0, 10.0 and 0.1 mg/kg, respectively. The
test was repeated 6 times for each concentration level, and the recovery and precision were calcu-
lated. The detection limits (LODs) of the method was calculated as S/N > 3. The results (Table 1)

Table 1. Method evaluation results of four acrylate compounds.

Standard curve LOD Spiked R RSD

Compounds equation R? (mg/kg) (mg/kg) (%) (%)

AAHE y=36.9x+1.22 0.9993 0.08 0.1 108.1 4.8
10 93.5 3.1
50 95.4 2.7

HEMA y=81.3x+2.54 0.9995 0.03 0.1 91.0 4.0
10 103.9 33
50 100.8 1.4

MA y=61.8x+1.95 0.9993 0.03 0.1 89.2 3.5
10 105.7 2.3
50 98.1 2.1

MMA y=81.5x+2.53 0.9993 0.03 0.1 93.7 4.5
10 94.2 2.4
50 102.6 1.3
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showed that the linear relationship between the concentrations of four acrylate compounds was
good (R? > 0.999) in the range of 0.1-50 mg/kg. The LODs of four acrylate monomers were
0.03-0.08 mg/kg. The recoveries at three spiked levels ranged from 89.2% to 108.1% with relative
standard deviations of 1.3% to 4.8%.

4 CONCLUSION

A method for the detection of four acrylate monomers in food packaging paper was established
through the optimization of chromatographic conditions and pre-treatment conditions. The method
had advantages of simple operation, high extraction efficiency and good accuracy, which could
provide a reference for the analysis and detection of acrylates in food packaging materials in the
future.
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ABSTRACT: As a non-steroidal anti-inflammatory drug, naproxen is widely used worldwide.
According to the previous investigation and statistics, naproxen has been detected in various envi-
ronmental media with a concentration of ppt-ppb level, but its environmental risk should not be
underestimated. Three types of naproxen removal technologies in the water environment, including
physical, chemical and biological technologies, have been reviewed in this paper. Efficient removal
methods have been developed in each type of removal technology, but each type has its defects to
be solved. This paper further discusses the influence of pH on various removal technologies. Many
studies have shown that pH affects naproxen removal in the aqueous phase, and acidic conditions
are more conducive to the effective removal of naproxen.

1 INTRODUCTION

As an inhibitor of pepsinogen synthase, naproxen has positive effects on rheumatoid arthritis,
osteoarthritis, ankylosing spondylitis, gout, chronic degenerative diseases of the motor system
(such as joints, muscles, and tendons) and mild and moderate pain such as dysmenorrhea. Due
to its high efficiency and safe pharmacological characteristics, naproxen quickly became the star
product of non-steroidal anti-inflammatory drugs (NSAID) once it was developed and launched
in the 1970s. Together with paracetamol, aspirin, ibuprofen, and diclofenac, naproxen has become
the five pillars of antipyretic and analgesic drugs in the international market, with a very high
popularity rate. Naproxen and ibuprofen together occupy nearly half of the market share of non-
steroidal anti-inflammatory drugs. In 2016, the production volume of naproxen in China was about
500 tons, and the annual export volume was about 100 tons.

With the production and use of naproxen, naproxen has been widely detected in the environment.
The primary sources of naproxen entering the environment are pharmaceutical factory wastewater,
hospital wastewater, and domestic sewage. Most of these three types of wastewater are discharged
into the environment after being treated by sewage treatment plants, and a small part is discharged
directly into the environment without any treatment. Naproxen can be detected in various water
environments such as surface water, groundwater, and seawater. Wang et al. studied the distribution
characteristics of drugs and personal care products in the Pearl River, the Yellow River, the Haihe
River, and the Liaohe River and found that naproxen is one of the PPCPs with a relatively high
detection rate, with a concentration range of 0.1-0.25 pg/L (Wang et al. 2010). Naproxen pollution
has also been reported in groundwater. Teijon et al. (2010) found that the concentration range of
naproxen detected in groundwater in Spain is 0.145-0.263 pg/L. Naproxen has even been detected
in drinking water (Benotti et al. 2009). Although the concentration of naproxen detected in the
environment is at the ppt-ppb level, its environmental risk cannot be ignored. In addition to the
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biological toxicity of the parent body, the biological toxicity of naproxen also includes the biological
toxicity of degradation products and metabolites. Moreover, studies have shown that the degradation
products and metabolites of naproxen are even more biologically toxic (Ma et al. 2014). Studies
have also shown that naproxen not only affects the growth and development of aquatic organisms,
but also significantly increases the risk of heart disease after long-term use (Baigent et al. 2013).

2 REMOVAL TECHNOLOGY OF NAPROXEN

Various physical, chemical, and biological methods for the degradation of naproxen have been
reported. At present, the most widely used treatment technology is the biological method based on
the sewage treatment process. However, the preliminary investigation results show that the removal
efficiency of naproxen in the sewage treatment process is low. Joss et al. (2005) concluded that the
removal rate of naproxen was 50% to 80% through investigation of a number of sewage treatment
plants. After removing the interference factors, the removal efficiency of naproxen by activated
sludge in the beaker experiment was also not ideal (Tang et al. 2014). Some researchers enhanced
biodegradation by domesticating a single dominant flora. Dzionek et al. (2020) introduced Bacillus
thuringiensis B1 into a laboratory-scale drip filter to achieve complete biodegradation of naproxen.
Although this method significantly improves the removal efficiency, the degradation time is too
long. Enzymes are efficient catalysts for biological reactions. In recent years, various extracellular
oxidoreductases have been used to degrade pharmaceutical compounds, among which laccase is the
most representative one. Ingole et al. (2020) used industrial laccase (LT-100) to degrade naproxen.
The degradation rate reached 92% in a degradation time of 5 h under preset experimental conditions.

The principle of the chemical method is to remove naproxen by oxidation with various strong
oxides. One is the traditional strong oxidant, such as permanganate, ferrate, hypochlorite and
so on. The other is active radicals with strong oxidation ability, such as *OH, SO4*~, O,* and
so on. The former is a chemical oxidation method. Yang et al. (2012) showed that the removal
efficiency of naproxen by ferrate was more than 90%, but there were some defects, such as a large
amount of oxidant and a great influence on the treatment effect by water quality. The latter is an
advanced oxidation technology. The activation of such active oxidation substances is mainly through
light, electricity, ultrasound and homogeneous/heterogeneous catalysts. The most widely studied
methods for the removal of naproxen are photocatalytic oxidation technology and Fenton oxidation
technology. Studies have shown that these two types of technologies have the problems of low light
source utilization, narrow pH application range, secondary pollution, etc. At present, heterogeneous
advanced oxidation technology based on persulfate activation is more popular. Asmar et al. (2021)
activated peroxodisulfate with iron-based metal-organic framework MIL-88-A, and the degradation
rate of naproxen could reach 70% after reaction at room temperature for 2 h. Bai et al. (2020) used
CuFe, 0y to activate permonosulfate to degrade naproxen, and the removal efficiency of naproxen
could reach 92.3% after 60 minutes of reaction.

Physical methods mainly include the adsorption method and membrane separation method. The
principle of adsorption is to transfer pollutants from the water phase to the adsorption material.
Membrane separation is a process of intercepting, adsorbing, and concentrating pollutants in an
aqueous phase. Although the physical method can effectively remove naproxen, it does not com-
pletely degrade it into harmless substances. The subsequent treatment of adsorption materials and
membrane materials is still a difficult problem, and it is difficult to popularize the application due
to the high cost (Meloza et al. 2020).

3 INFLUENCE OF PH

3.1 Biotechnology

There are two main mechanisms for the degradation of target compounds in activated sludge:
adsorption and enzymatic degradation. The adsorption of target pollutants by activated sludge
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mainly depends on the hydrophobicity of the target and the electrostatic interaction between the
target and activated sludge. The pH changes the removal effect of activated sludge on the target
compounds by interfering with the electrostatic reaction between the target substances and the
activated sludge. Our research group has set up a group of experiments to verify the effect of pH on
the adsorption of naproxen by activated sludge. In the experiment, bezafibrate was selected as the
reference compound of naproxen. The log K, values of naproxen and bezafibrate were 3.18 and
4.25, respectively, indicating that bezafibrate was easier to be adsorbed by activated sludge than
naproxen. Since the pKa values of naproxen and bezafibrate were 4.15 and 3.6, respectively, both
would undergo hydrolysis reaction and exist in aqueous solution as anions under the experimental
conditions of pH (6.9 £0.1). Bezafibrate dissociates more obviously than naproxen. Therefore,
bezafibrate has greater electrostatic repulsion with negatively charged microorganisms in the acti-
vated sludge and a stronger obstacle to adsorption. The final comprehensive reflection is that the
adsorption and removal effect of naproxen by activated sludge is better than that of bezafibrate
(see Table 1). It can be concluded that the electrostatic reaction is an important and non-negligible
determinant of the adsorption of naproxen by activated sludge, and it can be further determined
that pH will affect the absorption of naproxen by activated sludge.

Table 1. Removal ratio (%) of pharmaceuticals in batch sorption experiments.

Co (ng/L) 10 50 100 150 200
Removal Naproxen 26.04 17.77 14.96 15.47 14.8
ratio (%) Bezafibrate 16.43 14.43 14.8 13.55 8.79

Based on the above research results, our research group further studied the effect of pH on
the biodegradation of naproxen by activated sludge. A group of SBR reactors was designed. Two
control activated sludge systems (N-SBR and A-SBR) were set up by changing the influent pH
value (pH =74 0.2 and pH = 3.5 4 0.2). The influence of pH value on activated sludge system
is mainly through affecting the life activities of microorganisms, including causing the change of
cell membrane charge, thus affecting the absorption of nutrients by microorganisms; affecting the
activity of enzymes in the metabolic process; changing the availability of substances in the growth

N-SBR === A-SBR
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Figure 1. The variety of the efficient removal of naproxen in acidic and nature sequencing batch reactor.

32



environment and toxicity of harmful substances. The experimental results are shown in Figure 1.
The removal effect of the A-SBR system on naproxen is better than that of the N-SBR system. At
pH =3.54 0.2, naproxen mainly exists in molecular form, and at pH =7 & 0.2, naproxen mainly
exists in anion form. Naproxen is easier to absorb by activated sludge and further absorbed and
utilized by microorganisms under acidic conditions than neutral conditions. Compared with the
N-SBR system, the A-SBR system has an abiotic limiting factor pH, which can promote the growth
of beneficial microorganisms and inhibit the growth of miscellaneous bacteria to a greater extent.
Therefore, setting the operating conditions of the activated sludge system to be acidic is beneficial
to the effective removal of naproxen.

3.2 Chemical technology

Advanced oxidation technology (SRAOPs) based on SO4°~ is leading chemical technology. The
active substance SO4°*~ is mainly produced by activating persulfate. Persulfate includes perox-
ymonosulfate (PMS) and peroxydisulfate (PS). The activation methods mainly include thermal
activation, alkali activation, ultraviolet (UV) activation, and metal activation.

Thermal activated PS technology is a widely studied and mature method mainly used to remediate
in-situ organic pollution of groundwater and soil. The breaking of the O-O bond in the S,05%~
molecule can generate SO4°~. In the activation process, the temperature is the main influencing
factor, but it is not that the higher the activation temperature, the better the degradation effect of the
oxidation system on pollutants. The reaction proceeds slowly at 30°C and can occur very rapidly
at 90°C. Superoxide free radicals (O3 ™) and hydroxyl free radicals (*OH) can be generated at the
same time under alkaline conditions. The reaction process is shown in Equation (1 and 2):

S04~ + OH™ — SO,% +°OH (1)
$,05>" 4 2H,0 25 380,%" + S0,° 4 0,° + 4H* )

Therefore, changing the concentration of SO4*~ in the solution by controlling the pH can affect
the efficiency of PS degradation of target pollutants.

UV activation is to radiate persulfate by UV light. In the UV/PS system, the O-O bond of PS
is homogenously cleaved under UV irradiation (248-254 nm) to form two free SO4°~. Catalysis
by UV light is a green and environment-friendly method. Therefore, the generation of SO4*~
is environmentally friendly, has high production efficiency, and is independent of the pH in the
solution. In the UV/PMS system, PMS undergoes photolysis at 253.7 nm, and *OH and SO,°*~ are
generated through the cleavage of oxygen bonds. Studies have shown that in the pH range of 810,
the generation rate of *OH and SO4°~ through the photolysis of PMS photolysis increases with the
increase of the pH value (Guan et al. 2011).

Many transition metal ions, especially divalent metal ions commonly found in soil and ground-
water, can act as electron donors to catalyze the decomposition of persulfate through a single
electron transfer reaction to generate SO4°~:

820827 + Mn+ —— M(n+1)+ + SO427 + SO4.7 (3)
HSO5™ + M™ —— M®*D+ L OH™ 4 SO,*~ 4)
HSOs™ + M"™ —— M®*+D+ 1* OH + SO,°~ %)

When the solution is neutral or alkaline, transition metal ions are prone to hydrolysis and pre-
cipitation. Therefore, this type of oxidation system needs to be carried out under acidic conditions.
Given the shortcomings, the improved heterogeneous M, Oy/persulfate system has become a new
research focus, which effectively broadens the pH range for persulfate activation by transition metal
ions (Wu et al. 2011).

Zero-valent iron (ZVI)/persulfate is also a heterogeneous oxidation system. Its activation process
is a heterogeneous activation process in which the electrons of Fe® are transferred to persulfate ions.
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Dong et al. (2020) studied the effect of solution pH on the degradation of naproxen by the ZVI/PS
system. The experimental results showed that the increase of solution pH would significantly reduce
the removal effect of the ZVI/PS oxidation system on naproxen. The influence of pH in the system
is mainly in three aspects: @ acidic conditions are conducive to the production of Fe?*; @ Aunder
neutral and alkaline conditions, SO4*~ will be converted to *OH (see equation 1), reducing the
oxidation capacity of the ZVI/PS oxidation system; ® When the pH value is higher than the pKa
value of naproxen, the deprotonated form of naproxen increases. Studies have shown that the
reaction rate of the deprotonated form of naproxen with SO4*~ and *OH is lower than that of
naproxen (Wang et al. 2018).

3.3 Physical technology

A variety of materials have been developed to adsorb naproxen, and a large amount of data indicates
that the influence of pH on adsorption efficiency cannot be ignored. Ozcan et al. (2020) used syn-
thesized activated carbon embedded alginate beads to adsorb naproxen in water. The experimental
pH range was set at 3.0-11.0. The study showed that its adsorption capacity dropped sharply with
the increase of pH value. Melgoza et al. (2020) studied the ability of non-viable Rhizopus oryzae
biomass to absorb naproxen in both dry and wet conditions. The experimental results showed that
the adsorption of naproxen by wet biomass increased with the increase of pH value, while dry
biomass showed the same trend only in the range of pH > 6. Since the surface of dry biomass is
positively charged under acidic conditions, the electrostatic reaction helps dry biomass to show
the maximum adsorption capacity of naproxen under the condition of pH 4.7. Karami et al. (2020)
used an aluminum-based metal-organic framework to adsorb naproxen, and the adsorption capacity
decreased with the increase of pH value in the pH range of 2—8. Kurczewska et al. (2020) used
hybridized kaolin and polyaminoamine dendrimer to remove naproxen from water. Since the amine
group is protonated under acidic conditions and the adsorbent is positively charged, so in the pH
range of 3 to 6, the adsorption capacity increases with the increase of pH value. When the pH
value increases, the adsorbent is negatively charged, electrostatic repulsion occurs with negatively
charged naproxen, and the adsorption capacity decreases. In summary, the pH dependence of the
adsorption of naproxen in the aqueous phase by adsorbents can be rationalized by the electrostatic
interaction mechanism.

Table 2. Influence of pH on the adsorption of naproxen by polyethersulfone filter membrane.

2MHCI (uL) 0 10 30 60 100 150
Chaproxen Before 100.7 93.1 96.4 94.7 95.8 93.1
(ng/L) After 75.5 233 24.0 21.2 19.0 225

Our research group has set up a group of experiments to study the influence of pH on the
adsorption of naproxen by polyethersulfone filter membrane (see Table 2). The experimental results
show that an acidic environment can greatly change the adsorption performance of polyethersulfone
filter membrane for naproxen, but there is no linear relationship between the two. The concentration
of naproxen in the aqueous solution added with HCI decreased significantly after passing through
the polyethersulfone filter membrane, but the adsorption capacity of naproxen by polyethersulfone
filter membrane did not increase with the increase of HCI concentration in the aqueous solution.

The pH value of the subsequent experiment was set to 3.5, and the static and dynamic experiments
of naproxen adsorption by polyethersulfone filter membrane were further carried out. The results of
the static adsorption test showed that the polyethersulfone filter membrane could adsorb naproxen
only under acidic conditions. The adsorption performance was the most significant in the initial
stage of the experiment, and the adsorption equilibrium can be reached after 7 hours. In the dynamic
adsorption test, the removal efficiency of naproxen by the polyethersulfone filter membrane was
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Figure 2. Concentration changes of naproxen in static (a) and dynamic (b) experiments of the adsorption of
naproxen by the polyethersulfone filter membrane.

as high as 85.3% for the first filtration of the naproxen aqueous solution. After ten times of
filtration, the polyethersulfone filter membrane is saturated and no longer has the adsorption
capacity for naproxen. The preliminary experimental results of our research group show that acidic
conditions are conducive to the adsorption of naproxen by the polyethersulfone filter membrane.
The adsorption principle needs to be analyzed through further experiments.

4 CONCLUSION

Naproxen has entered the environment through a variety of ways from its development, production,
and use. In recent years, new trace pollutants have attracted the attention of researchers and society
around the world, and research work on naproxen has also been carried out. Naproxen has been
detected in various water environments, and its concentration ranges from ng/L to ug/L. Due to
the superposition effect of the biological toxicity of its parent body, degradation products, and
metabolites in the environment, naproxen brings risks to aquatic organisms and human health.
Physical, chemical, and biological removal technologies have been extensively developed to reduce
and control naproxen in water environments. PH affects the removal of naproxen by microorganisms
by affecting the life activities of microorganisms and changing the existing form of naproxen.
Chemical technology mainly affects the removal efficiency by controlling the concentration of
active oxidizing substances in the solution. In physical technology, the mechanism of pH influence
mainly relies on electrostatic interaction.
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ABSTRACT: Tribological properties of biodiesel carbon soot particles (BCSPs) as soybean oil
additives were examined utilizing a ball-on-disk reciprocating tribometer. The findings revealed that
by adding BCSPs to soybean oil, the lubrication performance can be significantly enhanced. The
0.025 wt% BCSPs simultaneously reduce the friction and wear by 29.0% and 25.4%, respectively,
at 10 N for 30 min. The formation of carbon tribofilm containing BCSPs and the rolling bearing
effect dominates the lubrication mechanism of soybean oil with BCSPs.

1 INTRODUCTION

The concerns of environmental pollution and ecological damage produced by conventional
petroleum-based lubricants have attracted more and more attention as people’s knowledge of envi-
ronmental protection grows and countries around the world pay more attention to the ecological
environment (Alves et al. 2013; Syahir 2017). The development of green lubricating oil that meets
environmental protection requirements is a pressing issue in today’s society. Vegetable oil has
received a lot of attention as a potential replacement for conventional petroleum-based lubricants
because of its low cost, wide availability, renewable nature, nontoxicity, and biodegradability
(Almasi et al. 2021).

Solid lubrication materials have excellent lubrication and reduction wear performance. One
of the most effective methods to reduce friction and wear under boundary lubrication is to add
solid lubrication substances to lubricating oil (Meng et al. 2015; Singh et al. 2020). Carbon-
based lubricating materials are a common solid lubricant that has been widely employed in the
lubrication of vegetable oil. Zhang et al. analyzed the tribological performance of vegetable oil
utilizing chemically modified graphene additives and observed that graphene nanoparticles greatly
improved the tribocapability of the oil (Zhang et al. 2018). Wang et al. investigated the properties
of rapeseed oil containing carbon nanotubes and carbon nanotubes decorated with uniform copper
nanoparticles and stated that the two kinds of nanoparticles with 0.2% weight fraction remarkably
improve the friction reduction and antiwear performance of the oil (Wang et al. 2018). Several
studies revealed that low content of soot used as lubricant additives featured good tribological
properties in the water, liquid paraffin, and PAO4 oil respectively (Guo et al. 2015; Li et al. 2019).
However, the application of soot in vegetable oil is rarely reported. As a result, the current research
is devoted to examining the tribological performances of soybean oil with biodiesel carbon soot
particles (BCSPs) added under a ball-on-disk reciprocating friction state.
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2 EXPERIMENT

2.1 Materials

Soybean oil was procured from China Oil & Food Stuffs Corporation. The BCSPs employed in this
research were collected utilizing a self-made soot trap (Li et al. 2019). Boride high molecular weight
polyisobutylene succinimide, obtained from Guangzhou Hedao Chemical Co., Ltd, was utilized as
a dispersant to solve the agglomeration of soot in soybean oil. The following is the procedure for
the preparation of soybean oil with various BCSPs’ contents: first, boride high molecular weight
polyisobutylene succinimide was added into soybean oil and the prepared oil samples were stirred
magnetically for 1 h. Second, BCSPs were dispersed in the soybean oil containing 2 wt% dispersants
with 1 h of magnetic stirring, followed by 30 min of ultrasonic oscillation. The dispersant component
in soybean oil was 2% by weight. The BCSPs content in soybean oil containing 2 wt% dispersant
included 0.0125, 0.025, 0.05, 0.1, 0.2, and 0.4 wt%.

2.2 Characterization and triological tests

A ball-on-disk reciprocating tribometer was used in conducting the tribotest (CFT, ZKKH, China).
Figure 1 depicts a schematic of tribotests. In the tribotests, the friction pair was chosen to be
the GCr15 steel ball and the 304 austenitic stainless steel disk. The morphology of BCSPs was
measured with field-emission transmission electron microscopy (FETEM, JEM-2100F, JEOL). On
the tribometer, the friction coefficient of the testing process was automatically recorded. Three-
dimensional laser scanning microscopy (VK-X100, Keyence) was used to evaluate the optical
micrographs, worn surface profiles, and wear area of the disk scars. The chemical compositions of
the worn scars were probed by micro-Raman spectroscopy (DXR2, ThermoFisher).

Sliding

.,m.dl

Upper ball

Soybean oil + BCSPs

Lower disk

/

Figure 1. Schematic of tribo-tests.

3 RESULTS AND DISCUSSION

3.1 Characterization of biodiesel carbon soot particles

Soot is a small size carbonaceous material (Hu et al. 2013). Figure 2 illustrates the FETEM image
of BCSPs. The BCSPs aggregate together to create chain-like structure agglomerates and their
sizes were 30-40 nm as shown in Figure 2(a). Figure 2(b) demonstrates that the internal structure of
BCSPs has a graphite-like structure, while also possessing an amorphous phase. Moreover, BCSPs
have a spherical shape. Thus, BCSPs have the potential to be a solid lubricant in line with the
rolling bearing lubrication mechanism.
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Figure 2. FETEM image of BCSPs.

3.2 Tribological properties

Figure 3 displays the impact of BCSPs’ contents on average friction coefficient and wear volume
under a load of 10 N with a reciprocating speed of 50 mm/s over 30 min. The average friction
coefficient dropped with increasing BCSPs’ concentration of up to 0.025 wt% and then increased
and stabilized afterward, as shown in Figure 3(a). The alteration in the average friction coefficient
(in Figure 3(b)) is similar with the fluctuation in the trend of wear volume. The average friction
coefficients and wear volume are 0.218 and 4.16 x 107 um?, respectively, when BCSPs are added
at 0.025 wt%, which are a reduction of 29.0% and 25.4%, respectively, when compared to the
soybean oil. Hence, the suitability of BCSPs’ content in soybean oil is 0.025 wt% under the chosen
test conditions. This reveals that soybean oil with the right amount of BCSPs exhibited good
performance in friction reduction and antiwear.

Wear volume / (10 um')

L

0.0125 0025 005 0.l 0.2 04
Addition Cancentration {wi.%) Addition Conceniration (wi %)
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Figure 3. Effect of content of BCSPs on (a) average friction coefficient and (b) wear volume (load: 10 N;
reciprocating speed: 50 mm/s; testing time: 30 min).

Figure 4 shows variations of average friction coefficient and wear volume under the different
loads under the BCSPs content of 0.025 wt% with a reciprocating speed of 50 mm/s over 30 min.
Figure 4 indicates that when BCSPs are added to soybean oil, the average friction coefficient and
wear volume reduces at 10, 20, 30, and 40 N. Soybean oil has a rather high friction coefficient
with an average value of 0.184 with a load of 40 N. When adding BCSPs at 0.025 wt%, the
average friction coefficient is 0.165, which is a reduction of 10.3% compared with the soybean oil.
Furthermore, under a load of 40 N, the wear volume of soybean oil with BCSPs was decreased by
24.5% (from 2.78 x 10% wm? of soybean oil to 2.10 x 10® wm? of soybean oil with BCSPs). Thus,
when compared with the soybean oil, soybean oil containing BCSPs offered improved antifriction
and antiwear characteristics at different loads.
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Figure 4. Variations of (a) average friction coefficient and (b) wear volume under the different loads (BCSPs
content: 0.025 wt%; reciprocating speed: 50 mm/s; testing time: 30 min).

Figure 5 shows variations of average friction coefficient and wear volume under the different
reciprocating speeds under a load of 10 N with a BCSPs’ content of 0.025 wt% over 30 min. When
comparing soybean oil containing BCSPs to soybean oil alone, the average friction coefficient and
wear volume were reduced. Hence, we can conclude that BCSPs are effective in enhancing the
tribological performance of soybean oil.
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Figure 5. Variations of (a) average friction coefficient and (b) wear volume under the different reciprocating
speeds (load: 10 N; BCSPs content: 0.025 wt%; testing time: 30 min).

3.3 Tribological mechanism

Figure 6 shows the optical micrographs and worn surface profiles of disks lubricated with various
oil samples under a load of 10 N with a reciprocating speed of 50 mm/s over 30 min. Wear scars
lubricated with soybean oil seemed to be wider and deeper than those lubricated with soybean oil
containing 0.025 wt% BCSPs. For soybean oil, the wear area was 10946.35 jum?. When compared to
soybean oil, the wear area lubricated with soybean oil containing 0.025 wt% BCSPs (8550.39 um?)
was notably reduced. The results were in line with the previous wear volume findings. The above
results also prove that BCSPs enhanced the lubrication capacity of soybean oil.

Figure 7 presents Raman mapping of the worn scars on the disks lubricated with diverse oil
samples. When BCSPs were introduced to the soybean oil, the Raman signals of D peak and G
peak of worn scars were considerably improved and the distribution area was enlarged, according
to Raman maps and spectra on the disk scars. This is due to the formation of more carbon tribofilm
forming on the worn surface during friction, which protects the contact surfaces of friction pairs.
The corresponding tribological mechanisms are presented below, based on the aforementioned
characteristics and analysis. Soybean oil with BCSPs contains spherical particles that have rolling
impacts on rubbing surfaces and are better at improving lubrication performance than soybean
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Figure 6. The optical micrographs and worn surface profiles of disks scars lubricated with different oil
samples at 10 N and 50 mm/s for 30 min. (a) Soybean oil; (b) soybean oil containing 0.025 wt% BCSPs.

without BCSPs (Zhao et al. 2021). Furthermore, BCSPs could be absorbed on the worn surface
during the friction process and participate in the tribofilm. The tribofilm played a crucial role in
minimizing friction and preventing wear.
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Figure 7. Raman mapping of the worn scars on the disks lubricated by (a) soybean oil; (b) soybean oil
containing 0.025 wt% BCSPs.

4 CONCLUSIONS

The impact of BCSPs as soybean oil additives on reducing friction and wear was examined. In
contrast to soybean oil, the soybean oil containing BCSPs demonstrated better friction-reducing
and antiwear properties. Under a load of 10 N, the BCSPs have the optimum anti-friction and
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anti-wear effect at the content of 0.025 wt%, with a friction coefficient reduction of 29.0% and
wear volume of 25.4%, respectively. The superior lubricating performance of soybean oil containing
BCSPs is directly connected to the more carbon tribofilm that was produced on the friction surface
and BCSPs acted as rolling bearing during the friction process.
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ABSTRACT: In this paper, the bactericidal properties of three kinds of monomers of oxidizing
bactericide NaClO and non-oxidizing bactericide geramine and isothiazolinones were studied. By
means of compounding the oxidizing and non oxidizing bactericide monomers with different ster-
ilization mechanisms, the mixture of 10 mg/L isothiazolinones and 1 mg/L NaClO was finally
screened out. The circulating water bactericide formula has the characteristics of significant effi-
ciency, stability and durability. The bactericidal performance of the compound bactericide was
evaluated from three aspects: dosage, pH application range and environmental temperature. The
results showed that the compound bactericide had the advantages of small dosage, wide application
range and suitable for different temperatures, which met the requirements of industrial circulating
water.

1 INTRODUCTION

Chlorine is a commonly used monomer bactericide at home and abroad, but the by-products of
chlorine will cause serious damage to human beings and the environment, and its application
will be more and more limited (Zhang et al. 2014). With the deepening of research, more and
more oxidizing and non oxidizing fungicides have been applied and promoted, such as NaClO,
geramine, isothiazolinone and other monomers have been applied in industrial circulating water
(Jia 2006; Ma & Tang; 2016; Zhao 2013). However, these bactericide monomers can’t meet the
normal requirements of industrial circulating water design within the range of commonly used
dosage. Moreover, the long-term use of the same bactericide will make the bacteria resistant,
resulting in the increase of the number of bacteria in the water, the deterioration of water quality,
the accumulation of slime, and the corrosion caused by microorganisms (Huang et al. 2018; Qiang
& Zhang 2003; Sun et al. 2016; Wang et al. 2015). In order to give full play to the best performance
of each monomer, it is necessary to carry out the experimental research on the compounding of
bactericide monomers to obtain the compound formula with synergistic effect, which will not cause
waste, but also meet the design specifications of industrial circulating water, and has become one
of the important topics of today’s research.

2 EXPERIMENTAL SECTION

2.1 Test instruments and reagents

Super clean worktable was purchased from Suzhou purification equipment Co. Ltd.; High-pressure
steam sterilization pot was supplied by Zhejiang Xinfeng Medical Equipment Co. Ltd.

*Corresponding Author: hnsnys163@163.cm
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2.2 Bactericide

Oxidizing bactericide: NaClO, mass fraction 12%; Non oxidizing fungicides: isothiazolinone,
mass fraction 14%; geramine, mass fraction 45%. They were all purchased from Henan Qing-
shuiyuan factory. Compound bactericide: the oxidizing bactericide and non oxidizing bactericide
were compounded according to different volumes.

2.3 Experimental methods

The water sample used was the cooling water of central air conditioning system provided by a hotel
in Zhengzhou, and the supplementary water was tap water. The water quality was shown in Table 1.

Table 1. Quality of supplementary water and cooling water.

Test index Supplementary water Cooling water
pH 7.04 8.99

Total hardness (mmol/L) 2.71 6.61

Ca?t (mg/L) 64.57 100.70

Cl (mg/L) 18.10 281.34

Total alkalinity (mg/L) 216.20 270.25
Conductivity (us/cm) 809.60 1733.00
Heterotrophic bacteria (cfu/mL) 1.00x10°
Phenolphthalein alkalinity nothing exist

Firstly, the experimental articles were thoroughly sterilized, and then the prepared bactericide
solution was added into the sterilized triangular flask containing 200 mL cooling water according
to the mass concentration of 100 mg/L. Then, the triangular flask was put into the 29° incubator,
and samples were taken at 0 h, 24 h, 72 h and 168 h, respectively. The samples were cultured in the
29° incubator for 72 h, and the average number of colonies was taken. The bactericidal rate was
calculated by the change of the number of bacteria in the water sample before and after sterilization
(Sun et al. 2012).

3 RESULTS AND DISCUSSION

3.1 Evaluation on germicidal efficacy of single fungicide

Aiming at the three monomers of oxidizing bactericide NaClO, non oxidizing bactericide geramine
and isothiazolinone, the bactericidal test was carried out by using GB/T 22595-2008 “evaluation
method for energy efficiency of biocides heterotrophic bacteria”, and their germicidal efficacy was
compared and analyzed (GB/T 22595-2008).

3.1.1 Germicidal efficacy of NaClIO.
The plate counting results of NaClO monomer fungicide were shown in Table 2.

Table 2. Germicidal efficacy of fungicides with different NaClO dosage.

Test time mg/L 1.0 mg/L 2.5 mg/L 5.0 mg/L

Oh 1.1 x 10° 1.1 x 106 1.1 x 106 1.1 x 106

24h 2.3 x 107 33x10° 2.1 x 104 2.5 x 102

72h 1.5 x 107 52 % 10° 9.1 x10* 9.1 x10*

168h 1.2 x 108 7.4 % 107 2.8 x 10° 1.2 x10°
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It can be seen from Table 2 that within a certain time range, the number of heterotrophic bacteria
in water samples increased with the increase of time. It is because bacteria and algae were rapidly
reproducing. When the bactericidal effect of the bactericide was less than or equal to 1.0 mg/L, the
bactericidal effect was not ideal, and the duration of the efficacy was short. When the concentration
of NaClO was more than 2.5 mg/L, the bactericidal effect increased significantly, at the same time,
the bacterial concentration decreased by three orders of magnitude.

Colony characteristics: after the plate test, it is found that there are two obvious colonies in CBD
water, one is snowflake like colony, the other is round colony. It can be seen from Figure 1 that
there are two obvious bacterial colonies in CBD water. After NaClO treatment, there are still two
kinds of colonies on the plate.

Figure 1. Heterotrophic flora.

3.1.2  Germicidal efficacy of geramine.
The plate counting results of geramine monomer fungicide were shown in Table 3.

Table 3. Germicidal efficacy of fungicides with different geramine dosage.

Test time mg/L 10 mg/L 50 mg/L
Oh 1.1 x 100 1.1 x 10° 1.1 x10°
24h 2.3 x 107 2.1 x 106 2.0 x 102
72h 1.5% 107 2.1 x 100 1.0 x 10°
168h 1.2x 108 1.6 x 100 4.6x10°
S5
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It can be seen from Table 3 that the bactericidal effect of geramine was not very obvious at the
dosage of 10 mg/L. When the dosage reached 50 mg/L, the sterilization rate reached 100% in 24
h. However, After 72 h, the number of heterotrophic bacteria in the water became 103 cfu/ mL,
which exceeded the requirements of industrial circulating water design specifications and would
cause serious corrosion to the pipeline (GB/T 50050-2017).

Colony characteristics: two kinds of colonies were still observed on the plate after killing by
geramine.

3.1.3  Germicidal efficacy of isothiazolinone
The plate counting results of isothiazolinone monomer fungicide were shown in Table 4.

Table 4. Germicidal efficacy of fungicides with different isothiazolinone dosage.

Test time mg/L 5 mg/L 10 mg/L
0Oh 1.1 x 106 1.1 x 10° 1.1 x 106
24h 2.3 %107 3.3 x 10* 2.1 x 102
72h 1.5% 107 7.2 x 10° 92 x 104
168h 1.2 x 108 8.4 x 10° 14 % 10°

It can be seen from Table 4 that when the dosage of isothiazolinone was 5 mg/mL, it could not
meet the requirements of industrial circulating water design specification. When the dosage reached
10 mg/mL, it could meet the requirements of industrial circulating water design specification within
168h (one week). The reason that the germicidal efficacy first increases and then decreases may be
that with the increase of time, the properties of isothiazolinone are consumed, and the remaining
concentration of the drug gradually decreases. At the same time, heterotrophic bacteria are also
splitting and reproducing. With the increase of time, heterotrophic bacteria splitting and reproducing
are dominant, making the bacterial concentration increase.

Colony characteristics: after the killing effect of isothiazolinone, only round colonies were
observed on the plate.

3.1.4 Evaluation on germicidal efficacy of single fungicide

When NaClO is added at Img/L, its germicidal efficacy and lasting efficacy are poor.
When NaClO > 2.5mg/L, its germicidal efficacy increased obviously, its bacterial concentration
decreased by three orders of magnitude, and its efficacy duration increased. When the addition
amount of geramine is 50mg/mL, the sterilization rate is almost 100% in 24h, but the efficacy
continues to be low. However, when the time lasts for 72h, the number of heterotrophic bacteria in
water becomes 105cfu/mL, which exceeds the requirements of industrial circulating water design
specifications; Isothiazolinone has good germicidal efficacy, quick action and high germicidal rate.
When the dosage of isothiazolinone is 10mg/mL, it can be reduced by four orders of magnitude
within 24h, and it can meet the requirements of industrial circulating water design code within
168h hours (one week). Therefore, it is an important direction of experimental research to com-
pound monomer fungicides and exert their synergistic effect to meet the requirements of industrial
circulating water design specifications.

3.2 Analysis of compound effect of two monomer fungicides

3.2.1 Combination of NaCIlO and geramine with fungicide
The count results of microbicide plate mixed with NaClO and geramine were shown in Table 5.
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Table 5. Germicidal efficacy of the mixture of geramine and NaClO.

Geramine NaClO
Number (mg/L) (mg/L) Oh 24h 72h 168h
Blank 0 0 1.1 x 10° 2.3 x 107 1.5 x 107 1.2x 108
1# 10 5 1.1 x 10° 42 x 10* 3.0 x 10° 46 x 10
24 33 1 1.1 x 10° 1.0 x 102 1.0 x 10° 4.0x% 10
3t 33 5 1.1 x 10° 1.0 x 10 64 x 10% 29 x 10

The germicidal efficacy did not change significantly and showed no synergistic effect after the
combination of geramine and NaClO.

Colony characteristics: the existence of two bacteria genera can still be observed after the action
of the compound bactericide of NaClO and geramine.

3.2.2  Combination of NaClO and isothiazolinone with fungicide
The count results of microbicide plate mixed with NaClO and isothiazolinone were shown in Table 6.

Table 6. Germicidal efficacy of the mixture of isothiazolinone and NaClO.

Isothiazolinone NaClO
Number (mg/L) (mg/L) Oh 24h 72h 168h
Blank 0 0 1.1 x 106 2.3 x 107 1.5 x 107 1.2x 108
1# 10 1 1.1 x 10° 0 0 0
24 10 0.5 1.1 x 10° 1.9 x 103 2.6 x 102 1.0 x 10°
3# 5 1 1.1 x 106 9.6 x 102 7.1 x 10° 1.2 x 100
44 5 0.5 1.1 x 10° 1.5x 103 8.1x10° 2.5x 100

It can be seen from Table 6 that when the addition ratio of isothiazolinone is fixed at 10 mg/L,
the germicidal efficacy increases with the increase of NaClO addition. The optimum ratio is isoth-
iazolinone 10 mg/L and NaClO 1 mg/L. The bactericide has high bactericidal effect and obvious
synergistic effect.

Colony characteristics: only round bacteria were observed on the plate, which indicated that
isothiazolinone and NaClO had a good inhibitory effect on the bacteria with snowflake colony
characteristics.

3.2.3  Selection of composite fungicide

The bactericidal effect of geramine combined with NaClO was not obvious and showed no syner-
gistic effect, and the two kinds of bacteria still existed after bactericidal effect. When the mixture of
isothiazolinone and NaClO was 10 mg/L and 1mg/L respectively, the bactericidal effect was very
good, and the bactericidal effect was significantly higher than that when the mixture was added
with the same isothiazolinone and NaClO alone, showing a synergistic effect, and only a round
genus was observed after the bactericidal effect, indicating that it had a better inhibitory effect on
the snowflake like genus. Therefore, the mixture of isothiazolinone and NaClO at the ratio of 10
mg/L and 1 mg/L was selected as the fungicide formulation for optimization.

3.3 Effect evaluation of compound bactericide

3.3.1 Effect of compound bactericide addition on germicidal efficacy
The germicidal efficacy of fungicide was evaluated under different dosage, and the results are
shown in Table 7.
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Table 7. The bactericidal effect of compound bactericide under different dosage.

Dosage Sterilization
(mg/L) Oh 24h 72h 168h rate (168h)
0 1.01 x 106 2.8 x 107 2.2 %107 6.2 x 100

50 1.01 x 106 20 1.5% 103 5.1x10% 91.8(%)

75 1.01 x 10° 20 10 10 99.9(%)
100 1.01 x 10° 0 0 0 100(%)

It can be concluded from Table 7 that when the dosage of compound bactericide and algaecide
changes from 0 to 100 mg/L, there is little difference in the effect within 24 h, but with the extension
of time, when the dosage of compound bactericide is 50 mg/L, the bactericidal effect begins to
get better, and the bacterial concentration is controlled below 103cfu/mL. When the amount of
compound bactericide was 75 mg/L, the bactericidal effect could last 168h, and after 168h (7D),
the bactericidal rate still maintained 99.9%. When the amount of compound bactericide was 100
mg/L, the bactericide still had high bactericidal effect after 168 h.

When the dosage of bactericide was 75~100 mg/L in 7D, the heterotrophic bacteria in cool-
ing water could be controlled in the range of 10° cfu/mL, which meets the industrial design
specifications.

3.3.2  Evaluation of germicidal efficacy of compound fungicides under different pH conditions
The bactericidal effect of NaClO in water mainly comes from its hydrolysis to HCIO in water,
and the degree of hydrolysis is greatly affected by the pH of water body. The pH of water body is
different in different environmental occasions, some are acidic and some are alkaline. Therefore,
the bactericidal effect of composite bactericide in different pH conditions was investigated.

The experimental parameters were as follows: when the dosage of bactericide was 100 mg/L,
the sample was taken at different time points, and the dilution method and coating plate method
were the same as before.

Table 8. The bactericidal effects of compound fungicides at different pH.

pH Oh 24h 72h 168h

3.05 5.65 x 107 2.85 x 102 4.60 x 103 6.01 x 103
4.10 5.65 x 107 5.65 x 103 1.90 x 10* 8.05 x 103
5.03 5.65 x 107 2.76 x 103 2.00 x 103 3.20 x 103
6.20 6.80 x 10° 1.58 x 103 3.00 x 10* 2.02 x 10*
7.02 6.80 x 10° 452 x 103 7.21 x 103 1.52 x 10*
7.97 6.80 x 10° 1.67 x 103 2.13 x 103 —

8.90 2.1x10° 0 0 0

The results showed that the compound bactericide had high germicidal efficacy when pH was
in the range of 3-9, and the concentration of heterotrophic bacteria could be controlled within 10°
cfu/mL within 168 h.

3.3.3  Germicidal efficacy of compound fungicides at different seasonal temperatures

Due to the great influence of temperature on the propagation of heterotrophic bacteria, the actual
application effect under different seasonal conditions was investigated. The results of heterotrophic
bacteria in the central air conditioning cooling water system of international hotels under different
seasonal temperatures are shown in Table 9.
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Table 9. The bactericidal effect under different ambient temperature.

August Temperature October Temperature
Date (cfu/mL) (§®) (cfu/mL) °C)
2D 1530 334 1260 23.1
5D 4000 35.0 2200 25.2
7D 10000 352 4180 23.6

It can be seen from Table 9 that when the ambient temperature is high (about 33°C), the het-
erotrophic bacteria propagate rapidly, and the concentration of heterotrophic bacteria increases
rapidly after adding bactericide for 7D. When the ambient temperature is low (about 23°C), the
heterotrophic bacteria propagate slowly, and the number of heterotrophic bacteria is still low after
adding bactericide for 7D. However, in any case, the concentration of heterotrophic bacteria in the
system can be well controlled below 10° cfu/mL.

4 CONCLUSIONS

(1) When the ratio of isothiazolinone and NaClO was 10:1, the bactericidal effect was significant
and had synergistic performance. The killing rate was 100% between 24 h and 168 h, and it
had a good inhibitory effect on the genus with snowflake like colony characteristics.

(2) When the amount of compound bactericide was 75-100 mg/L, the bactericidal rate remained
above 99.9% within 7D, and the heterotrophic bacteria in the cooling water was always
controlled within the range of 10° cfu/mL.

(3) The bactericide is suitable for circulating water with different pH and temperature, and has the
advantages of high bactericidal efficiency, long action time and wide application range.
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ABSTRACT: Eutrophication is a common water environmental problem in receiving water bod-
ies. In the case of changing hydrodynamic conditions, excessive input of nutrients may lead to
serious eutrophication of water bodies. To solve the problem of eutrophication, a lot of relevant
water environment models were generally adopted to simulate the situation in the study area. Based
on the EFDC model, this paper takes Hongze Lake as the typical research area. Under the hydro-
logical conditions of a typical hydrological year, the temporal and spatial variation of nitrogen and
phosphorus in Hongze Lake under the dual influence of natural inflow and the South-to-North
Water Diversion Project was studied to provide a reference for the scientific management and
water quality restoration and improvement. Results show that under the influence of natural inflow
and water transfer in the Hongze Lake section of the eastern route of the South-to-North Water
Diversion in the study area of Hongze Lake, nitrogen and phosphorus have become the main pol-
lutants in Hongze Lake. The seasonal variation of TN concentration was obvious, the highest in
spring, followed by summer, and decreased once in autumn and winter. The spatial and temporal
distribution characteristics of TP concentration are obvious, and the lake area is generally higher
in summer, followed by spring and autumn, and slightly lower in winter.

1 INTRODUCTION

Environmental models are an essential tool for water pollution prevention and water environment
management, as well as an important basis for environmental management decisions. Scholars in
the field of environmental models have conducted in-depth research on model evaluation methods
and review frameworks and pointed out that environmental regulatory model evaluation must also
balance model accuracy with model reproducibility, transparency, and usefulness for current regu-
latory decisions (Holmes et al. 2009). The “Guidelines for Model Quality Assurance” formulated
by the US Environmental Protection Agency (EPA) proposed the basic indicators of model evalu-
ation and the basic framework of model evaluation and provided guidelines for model evaluation
work (Washington 2002). However, there is no evaluation system based on specific application
scenarios and no quantitative evaluation method.

Based on the complexity and uncertainty of water quality models in terms of mechanism, appli-
cation, and performance, evaluating water quality models is still an extremely complex task (Xu et
al. 2017). The water quality model has the advantages of less investment, short operation period,
high efficiency, and strong flexibility, and plays an important role in the research of water body
eutrophication simulation, evaluation, and prediction (Kong et al. 2021). The common water qual-
ity models include QUAL2K, EFDC, HSPE, MIKE, CE-QUAL-W2, WASP, Delft3D, etc (Babamiri
et al. 2021; Li et al. 2021; Mishra et al. 2009 , Xu et al. 2017).
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Eutrophication is the most common and serious water environment problem in today’s lakes and
reservoirs. China has now become one of the countries with the most serious lake and reservoir
pollution and algal blooms in the world (Farnaz et al. 2019; Ma et al. 2020; Yahyaee et al. 2021;
Wangetal. 2019). At present, most lakes are already eutrophic and mesotrophic lakes. The existence
of eutrophication in lakes has seriously hindered the utilization of these water bodies as resources,
resulting in heavy environmental and economic losses. Hongze Lake is the first lake for regulation
and storage in the east route of the South-to-North Water Diversion Project. However, Hongze
Lake is affected by the water transfer from the Yangtze River and the incoming water from the Huai
River. The water quality of Hongze Lake is poor, and the eutrophication problem is more serious.
Nitrogen and phosphorus have become the main pollutants of Hongze Lake (Yao et al. 2022). This
paper takes the EFDC model as an example to simulate the eutrophication of Hongze Lake.

2 DATA AND METHODS

2.1 Introduction to the EFDC Model

The full name of the EFDC model is the environmental fluid dynamics code, originally developed
by Dr. John M. Hamrick in 1988 at the Virginia Institute of Marine Science (VIMS) and the School
of Marine Sciences at the College of William and Mary. The EFDC model includes 1D, 2D, and
3D modules such as hydrodynamics, sediment transport, material transport, water quality dynamic
changes, submerged plants, and sedimentary diagenesis. The eutrophication and water quality
module is the main module of EFDC, including 22 water quality variables that are widely used
in water bodies such as rivers, reservoirs, lakes, wetlands, estuaries, coasts, and coasts, and the
application areas focus on environmental assessment, program decision-making and total allocation
(Hamrick 1996; Sun et al. 2021). The model adopts the Mellor-Yamada 2.5-order turbulent closed-
form equation, and 1D to 3D calculations can be performed as required.

2.2 Overview of Hongze Lake research area

Hongze Lake (N33'06'~33'40’, E118'10'~118'52") located in Huai’an City, Jiangsu Province, is
the fourth largest freshwater lake in China. The Hongze Lake Basin has a subtropical monsoon
climate, with an average temperature of 14.9°C for many years and an average annual rainfall of
913.3mm, concentrated from April to September. Hongze Lake receives the incoming water from
the Huaihe River Basin and has the function of regulating and storing the floods of the Huaihe
River. As flood storage and benefit lake, the dead water level of Hongze Lake is 11.5m, the normal
water level is 12.5m, and the warning water level is 13.5m. The area of the lake’s control basin
is 189,000 km2. The Huaihe River is the largest river entering the lake, and the average annual
water inflow into the lake is more than 70% of the total water inflow into the lake. The flood gates
mainly include Sanhe Gate, Erhe Gate, and Gaoliangjian Gate, with designed flood discharges of
12000 m3/s, 3000 m3/s, and 800m?>/s respectively.

In addition to the functions of regulating and storing floods and promoting irrigation, Hongze
Lake is also the first lake for regulating and storing the east route of the South-to-North Water
Diversion Project. The South-to-North Water Diversion Project is a major national strategic project
to build the overall pattern of water resources allocation of “four horizontal and three vertical,
north-south allocation, and east-west mutual aid”. The completion of the first phase of the East
Route Project has played an important role in alleviating the contradiction between the supply and
demand of water resources in the water supply area, ensuring economic and social development,
and improving the ecological environment. The designed water transfer time of the first phase of the
East Route of the South-to-North Water Diversion Project is from October to May of the following
year. The designed water transfer scale of the Yangtze River to the Hongze Lake section of the first
phase project is 500 m*/s pumping the Yangtze River and 450 m’/s entering Hongze Lake. Two
lines of water delivery are designed, one way is pumped through Huai’an Station into the Northern
Jiangsu Irrigation Canal, and then 300m?/s is pumped from Huaiyin Station into Hongze Lake; the
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other way is westward through Jinbao Channel and Sanhe, and 150 m3/s is pumped from Hongze
Station s into Hongze Lake. The designed water transfer scale of the Hongze Lake to Luoma Lake
section of the first phase of the east line is 350 m3/s out of Hongze Lake and 275 m?/s into Luoma
Lake. The Luonan Middle Canal and Xuhong River are used for water transfer, and Hongze Lake
is used for storage.

3 APPLICATION OF EFDC MODEL IN STUDY AREA

3.1 Basic data collection and mesh

The terrain, water quality, water quantity, meteorology, and other related data of Hongze Lake
were collected for simulation. Inflow and outflow water quality data were collected including Xuyi
Station, Hongze Station, Huaishu River, Huaihe Bridge Station, Jiangba Town Station, Laoshan
Township Station, and Gaoliangjian Station, Chenghe Township Middle Station, etc. The topo-
graphic information such as the elevation of Hongze Lake was obtained to determine the simulated
area of about 1324.7 km?. According to the topographic boundary of the lake area, this model
adopts a rectangular grid for simulation calculation. Considering the size of the calculation area
and the calculation workload, the selected grid resolution is 516 x 509 m, with a total of 5038 grid
cells. The elevation of the lake bottom is 10.18 m, and the topography after interpolation is shown
in Figure 1.

Bottom Elev (m) ]
T.256 [Time 0.000] 12.711

Figure 1. Model grid and bottom elevation of Hongze Lake.

3.2 Boundary conditions

The boundary conditions for the discharge of Hongze Lake include the inflow of the Huaihe River
system, the water diversion from the South-to-North Water Diversion, and the outflow of Hongze
Lake. Due to the limited data, no data on the water volume of other rivers entering the lake except
the Huai River was collected. However, the inflow of the mainstream of the Huai River far exceeds
that of other rivers entering the lake, so the model simplifies the inflow of the Huai River system
as the inflow of the Huai River.

According to the measured water level of Jiangba in Hongze Lake on January 1, 2018, the
initial calculated water level of Hongze Lake is set to 13.3m. According to the water temperature
measured by the measuring station in the lake, the average water temperature is taken as the initial
water temperature, and the initial water temperature is set to 6.6°C. The model run cycle is 1 year
from January 1, 2018, to December 31, 2018. There are 11 simulated water quality variables. The
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initial value of water quality in the lake is obtained by the weighted average of the data of each
water quality monitoring site in the lake, as shown in Table 1.

Table 1. Initial values of water quality variables in Hongze Lake.

Number Water Quality State Variables Symbol Unit Initial Value
1 Dissolved Organic Phosphorus DOP mg/L 0.037

2 Total Phosphate PO4 mg/L 0.070

3 Dissolved Organic Nitrogen DON mg/L 0.35

4 Ammonia Nitrogen NH4 mg/L 0.27

5 Nitrate Nitrogen NO2+NO3 mg/L 1.00

6 Chemical Oxygen Demand COD mg/L 16.1

7 Dissolved Oxygen DO mg/L 11.0

3.3 Calibration and verification

Before applying EFDC to build an environmental fluid dynamics model based on the study area, the
calculation parameters of the model need to be adjusted appropriately to meet the model simulation
accuracy requirements. The model was calibrated and verified by using the water temperature and
water quality data of each measuring point in the Hongze Lake area from January 1, 2018, to
December 31, 2018. The calibration results of the main parameters of the water quality module are
shown in Table 2.

Table 2. Calibration results of main parameters of water quality module.

Parameter Definition Symbol Rating Value  Unit Group
Maximum Nitrification Rate rNitM 0.07 1/d Nitration
Reoxygenation Rate Constant KRO 1 — DO
Decay Rate of COD KCD 0.041 1/d COD
Extinction Coefficient of KeTSS 0.052 m*]/(g-m%) Illumination
Suspended Particles
Chlorophyll Extinction Coefficient KeChl 0.031 m~/(g:m™3)
COD Decay Oxygen KHCOD 1.5 g/L
Semisaturation Constant
Denitrification Semi-saturation Constant KHDNN 0.1 g/m3 Ks
Attenuation Temperature KTCOD  0.041 — Temperature
Rate Constant of COD
Temperature Regulation KTR 1.05 —
Constant of Reoxygenation rate
Flux constant of Phosphorus CBFRP 0.000827 g/m?/d Sediment Release
Release From Sediment
SOD Temperature Coefficient SODTC 1.065 m/d

According to the purpose of this research, combined with the collected measured data, the water
level, temperature, DO, TP, TN, etc. are mainly selected for verification. From the simulation
results, the simulated value is relatively close to the measured value and is within the acceptable
range. The water level verification of Zehu Lake is shown in Figure 2. The simulated water level
is in good agreement with the measured value. The average error and average absolute error of
Jiangba water level in Hongze Lake are —0.081 m and 0.17 m, respectively. The average error is
small, and the average absolute error is less than 0.2 m.
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Model water level validation results
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Figure 3. Spatial-temporal distribution of TN and TP in Hongze Lake.

4 CONCLUSION
Based on the results and discussions presented above, the conclusions are obtained as below:

(1) Based on the EFDC model results show that the dissolved oxygen and water temperature
simulation results are good, and the simulation of total nitrogen and total phosphorus has
certain errors but can reflect the basic trend. It also shows the temporal and spatial distribution
of total nitrogen, total phosphorus, and temperature and oxygen in Hongze Lake. The water
quality of Hongze Lake is mainly affected by the Yangtze River diversion and Huaihe River
inflow. Nitrogen and phosphorus are the main pollutants of Hongze Lake.

(2) The seasonal variation of TN concentration in Hongze Lake is obvious (Figure 3). Except for
the location near the lake entry and exit, the four seasons concentration values in the lake
area are spring>summer>autumn>winter, and the spatial distribution characteristics of water
bodies in different seasons are also different. In the spring lake area, the TN concentration
in the eastern lake area is slightly higher than that in the northern lake area and the western
lake area. The distribution of TN concentration in the reservoir area in summer and autumn is
relatively uniform, and the concentration difference between different areas in winter is more
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obvious. The TN concentration in most areas of the northern lake area and the western lake
area is higher than 2.0 mg/L, while the eastern lake areas were all lower than 2.0 mg/L.

(3) The spatial and temporal distribution characteristics of TP concentration in Hongze Lake were
obvious (Figure 3). The lake area is generally higher in summer, followed by spring and
autumn, and slightly lower in winter. The variation range in spring was 0.07-0.16 mg/L; the
TP concentration in summer was the highest in the whole year, and the variation range was
0.06-0.15 mg/L, with an average value of 0.09 mg/L. The TP concentration in autumn
was between 0.05-0.26 mg/L; and the overall concentration in winter was not high, the
concentration ranged from 0.01 to 0.58 mg/L; with an average of 0.021 mg/L.
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ABSTRACT: Based on the distributions and compositions of various biomarkers within different
crude oils from the Huizhou Sag, it can be classified into coal-derived and lacus