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РЕФЕРАТ

Есеп беру 123 бет, 23 сурет, 14 кесте, 41 дереккөз, 4 қосымша
ТРЕКТІ МЕМБРАНАЛАР, МЕМБРАНАЛЫҚ ДИСТИЛЛЯЦИЯ, ОСМОС, БЕТІН ТҮРЛЕНДІРУ, ГИДРОФОБИЗАЦИЯ, СУДЫ ТАЗАЛАУ
Зерттеу объектілері: полиэтилентерефталат негізіндегі тректі мембраналар
Жұмыстың мақсаты - трек мембраналардың алу және бет қабатын бағытталған түрлендіру, олардың химиялық, гидрофильді-гидрофобты қасиеттерін бақылау әдістерін әзірлеу және суды радиоактивті қалдықтардан тазарту үшін мембраналық сүзу процестерінде және суды тұзсыздандыру үшін тікелей осмоста зерттеу.

2020 жылға арналған жұмыс нәтижелері: төмен концентрациялы радиоактивті қалдықтарды мембраналық сүзу процестеріндегі гидрофобталған трек мембраналары зерттелді. Тазарту дәрежесі кондуктометрия және атомдық-эмиссиялық спектроскопия әдісімен бағаланды. Радиоизотопты дезактивация факторлары (60Co, 137Cs және 241Am үшін) гамма-спектроскопия көмегімен бағаланды. Тазарту дәрежесі кеуектің диаметріне және мембраналық айдау жағдайына байланысты екендігі анықталды. Көп жағдайда тазарту дәрежесі 90-нан 100% -ке дейін болды. Жойылуы қиын 137Сs-қа арналған дезактивация коэффициенті 1727-ге жетті. Тікелей осмос әдісімен суды тұщыландыруда пайдалану үшін трек қабықшалары алынды. Мембраналар ДС-60 циклотронына қос сәулелену және өңдеу арқылы алынған. Бұл мембраналар ультрафиолет сәулеленуі кезінде сутегі асқын тотығу арқылы гидрофилденді, тұзды ерітінділердің тікелей осмосы процесінде алынған мембраналардың өнімділігін 28% арттыруға мүмкіндік берді.

Нәтижелерін қолдану аймағы: мембраналық технологиялар, суды тазарту.

Жұмыстың экономикалық тиімділігі мен маңыздылығы: жұмыстың маңыздылығы мембрана сүзу мен осмос кезінде қолдану үшін мембраналарды түрлендіру әдістерін жасауда.

Зерттеу объектісінің дамуы туралы болжамдар: мембраналық сүзу әдісімен құыстықтың тар таралуы бар гидрофобталған трек мембраналарын қолдану суды тұздардан, пестицидтерден және радионуклидтерден тазартудың  жоғары дәрежесіне әкеледі. Сонымен қатар, мембраналардың кеуектілігі төмен болғандықтан, өнімділік мәні төмен болады. Осылайша, сулы орталарды тазартудың дамыған технологиясын қолдану ұсынылады.
РЕФЕРАТ

Отчет 123 с., 23 рис., 14 табл., 41 источн., 4 прил. 

ТРЕКОВЫЕ МЕМБРАНЫ, МЕМБРАННАЯ ДИСТИЛЛЯЦИЯ, ОСМОС, МОДИФИКАЦИЯ ПОВЕРХНОСТИ, ГИДРОФОБИЗАЦИЯ, ОЧИСТКА ВОДЫ
Объекты исследования: трековые мембраны на основе полиэтилентерефталата
Цель: целью работы является разработка методов получения и направленной модификации поверхности трековых мембран для управления их химическими, гидрофильно-гидрофобными свойствами и исследование в процессах мембранной дистилляции для очистки воды от радиоактивных отходов и в прямом осмосе для обессоливания воды.
Результаты работы за 2020 год: исследованы гидрофобизированные трековые мембраны в процессах мембранной дистилляции радиоактивных отходов низких концентраций. Степень очистки оценивали методом кондуктометрии и атомной эмиссионной спектроскопией. Коэффициенты дезактивации радиоизотопов (для 60Co, 137Cs и 241Am) были оценены с помощью гамма-спектроскопии. Было обнаружено, что степени очистки зависят от диаметра пор и условий проведения мембранной дистилляции. В большинстве случаев степень очистки составляла от 90 до 100%. Коэффициент дезактивации для сложно удаляемого 137Cs достиг 1727. Получены трековые мембраны для использования в обессоливании воды методом прямого осмоса. Мембраны получали методом двойного облучения на циклотроне ДЦ-60 и травления. Данные мембраны были гидрофилизированы методом окисления в перекиси водорода под УФ-излучением, что позволило увеличить производительность полученных мембран на 28% в процессе прямого осмоса солевых растворов.
Область применения результатов: мембранные технологии, очистка воды.

Экономическая эффективность и значимость работы: значимость работы заключается в разработке методов модификации мембран для применения в мембранной дистилляции и осмосе.

Прогнозные предположения о развитии объекта исследования: использование гидрофобизированных трековых мембран с узким распределением пор по размерам в мембранной дистилляции приводит к высоким степеням очистки воды от солей, пестицидов и радионуклидов. Вместе с тем, из-за малой пористости таких мембран, значения производительности являются низкими. Таким образом, рекомендуется использование разработанной технологии для тонкой очистки водных сред.
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ПЕРЕЧЕНЬ СОКРАЩЕНИЙ И ОБОЗНАЧЕНИЙ
В настоящем отчете о НИР применяют следующие сокращения и обозначения
	ABAP
	- 2,2'-aзобис (2-метилпропионамидин) дигидрохлорид

	LEP
	- давление проскока жидкости

	АСМ
	- атомносиловая микроскопия

	БФ
	- бензофенон

	ВВР-К
	- водоводяной реактор

	ЖРО
	- жидкие радиоактивные отходы

	ИК-НПВО
	- инфракрасная спектроскопия с использованием приставки нарушенного полного внутреннего отражения

	КУС
	- краевой угол смачивания

	МД
	- мембранная дистилляция

	НЧ
	- наночастицы

	ПАВ
	- поверхностно активное вещество

	ПВП
	- поливинилпирролидон

	ПС
	- полистирол

	ПТФЭ
	- политетрафторэтилен

	ПФДТХС
	- 1H,1H,2H,2H-перфлюрододецилтрихлоросилан

	ПЭТФ
	- полиэтилентерефталат

	ПЭТФ-Si
	- трековые мембраны с иммобилизированными наночастицами кремния

	ПЭТФ-g-Si
	- трековые мембраны с привитыми наночастицами кремния

	ПЭТФ-g-Si-F
	- трековые мембраны с привитыми наночастицами кремния и модифицированные ПФДТХС

	РФЭС
	- рентгеновская фотоэлектронная спектроскопия

	СЭМ
	- сканирующая электронная микроскопия

	ТМ
	- трековая мембрана

	ТЭВС
	- триэтоксивинилсилан

	УФ
	- ультрафиолет

	ЭДА
	- энергодисперсионный анализ


ВВЕДЕНИЕ
В связи с нарастающей проблемой нехватки питьевой воды в  мире, в том числе и в Казахстане, исследования методов по получению и очистке воды становятся крайне актуальными [1]. В результате действия совокупности антропогенных и природных факторов, на сегодняшний день процессам опустынивания в разной степени подвержено более 70% территории РК. На данный момент в Казахстане имеется острый дефицит водных ресурсов как для нужд промышленности и сельского хозяйства, так и для питьевого водоснабжения [2]. 

Основными загрязнителями воды являются нефть и нефтепродукты, ПАВ, пестициды, фенолы, тяжелые металлы, диоксины. Кроме того, остро стоит проблема очистки и концентрирования радионуклидов в жидкостях как природного, так и антропогенного характера (ядерные реакторы и др.). Среди методов очистки воды, особое место занимают мембранные процессы, характеризующиеся низкими энергозатратами, высокой селективностью и эффективностью [3,4].  

Мембранная дистилляция (МД) представляет собой процесс очистки и/или концентрирования жидкостей, основанный на проницаемости мембраны для пара и непроницаемости для жидкости [5]. МД является развивающейся технологией и благодаря своему межотраслевому характеру может быть использована в большом количестве процессов разделения. МД имеет следующие преимущества [3]: селективность разделения, возможность использования нетрадиционных источников энергии, возможность концентрирования растворов нелетучих веществ, экологичность, разделение может выполняться непрерывно, возможность масштабирования. Различают несколько типов исполнения МД: контактная, МД с газовым зазором, МД с жидкостным зазором, вакуумная, МД в газовом потоке, осмотическая. Анализ литературы [3,6,7], посвященной процессу МД, показывает, что большинство исследований направлено на возможность использования метода МД в целях деминерализации и концентрирования солесодержащих растворов, например, с целью опреснения высокоминерализованных и морских вод. Вместе с тем, мало исследован процесс МД для очистки воды от фенолов и пестицидов  а также от радиационных отходов.
Существуют различные типы мембран, применяющиеся для этих целей: изотропные, анизотропные, композитные; плоские, трубчатые, волоконные; плетенные, спеченные или формованные. Большинство работ посвящены изучению волокнистых мембран в процессах МД [8]. Однако  выпускаемые в г. Нур-Султане трековые мембраны (ТМ) также имеют высокий потенциал для использования в МД [9–11].  ТМ характеризуются регулярной геометрией пор с возможностью контроля их количества на единицу площади и рекордно узким распределением пор по размерам [12]. Всё это обеспечивает высокую селективность мембран.
К числу основных характеристик пленочных материалов на основе полиэтилентерефталата (ПЭТФ) следует отнести высокие прочностные и оптические характеристики, малые набухание и усадка, термостабильность, химическую индифферентность по отношению к сопряженным средам. Однако названные параметры не являются универсальными преимуществами для всех применений. Эффективное применение ТМ в мембранной дистилляции (МД) [13] и процессах прямого осмоса [14] требует существенного расширения диапазона их характеристик (поровой структуры, гидрофобности/гидрофильности, создания на поверхности специальных химических групп).  Разработка методов направленного модифицирования ПЭТФ ТМ без изменения химического строения основного вещества, с целью получения заданных физико-химических свойств и эксплуатационных характеристик является важнейшей технологической задачей.  
За 1й год выполнения данного проекта (годовой отчет за 2018 год, инвентарный номер 0218РК00114), были разработаны методы гидрофобизации ТМ на основе ПЭТФ методом фотоинициируемой прививочной полимеризацией стирола, сополимеризацией стирола и триэтоксивинилсилана, а также путем ковалентного связывания фтор-содержащих силанов с поверхностью мембраны. Были достигнуты углы смачивания от 90 до 120°, данные мембраны исследованы в процессах обессоливания воды, получены высокие показатели по  степени очистки, и средние показатели по производительности модифицированных ПЭТФ ТМ. 
За 2й год (годовой отчет за 2019 год, инвентарный номер 0219РК00093) были продолжены поиски методов гифдрофобизации ПЭТФ ТМ путем иммобилизации кремнийорганических наночастиц (НЧ), что позволило не только изменить химию поверхности, но и значительно увеличить шероховатость. Гидрофобизированные мембраны таким способом были протестированы в методе обессоливания воды путем мембранной дистилляции. При этом модифицированные мембраны показали рекордно-высокую эффективность по очистке при концентрации хлорида натрия от 7,5 до 30 г/л.  Производительность достигала значения 15 кг/м2·ч, степень очистки – 99,5%. Также была изучена мембранная дистилляция растворов фенолов и пестицидов с использованием модифицированных трековых мембран.
В продолжение исследований, на 3й год были сформированы цели и задачи исследования в соответствие с календарным планом, представленном в Приложении А.
Целью работы на 2020 год является получение трековых мембран для прямого осмоса путем двойного облучения, травления и окисления,  а также тестирование ранее полученных мембран в мембранной дистилляции растворов жидких радиационных отходов с низкой активностью.

Задачи работы:
- Мембранная дистилляция растворов радионуклидов с использованием усовершенствованных трековых мембран, полученных методом УФ-инициированной прививочной полимеризацией стирола и сополимеризацией стирола с триэтоксивинилсиланом (ТЭВС).

- Получение трековых мембран на основе полиэтилентерефталата путем двойного облучения на ускорителе ДЦ-60 и последующего травления.
- Исследование процесса гидрофилизации трековых мембран методом окисления в перекиси водорода под УФ-излучением. Установление оптимальных условий процесса. Физико-химическая характеризация модифицированных мембран.
- Тестирование модифицированных трековых мембран при очистке воды от солей методом прямого осмоса.
ОСНОВНАЯ ЧАСТЬ
1 Разработка трековых мембран для мембранной дистилляции путем проведения химической модификации полистиролом 
На рисунке 1а изображена линейная зависимость степени прививки от времени облучения при постоянной концентрации мономера – 10% и расстояния от УФ-источника – 7 см. После 120 мин облучения степень прививки достигает 12%. 
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	Рисунок 1 – Зависимость степени прививки от времени облучения (а), расстояния до УФ-источника (б) и концентрация мономера (в) (диаметр пор d≈300нм) 


Как видно из рисунка 1в, увеличение концентрации стирола приводит к повышению степени прививки (до 43% при концентрации стирола 40%).
Для изучения гидрофобных свойств, применялся метод измерения краевого угла смачивания (КУС). Результаты КУС, измеренных с 5 разных мест образцов до и после прививочной полимеризации представлены на рисунке 2 и в таблице 1. Увеличение степени прививки до 43% привело к повышению КУС с 52° до 98° для ПЭТФ ТМ-g-ПС. Стоит отметить, что угол смачивания зависит как от химической природы, так и от шероховатости поверхности [15,16].  По АСМ шероховатость увеличилась с 2,15±0,04 нм до 5,16±1,01 нм после прививки. Анализ ранее опубликованных работах по использованию стирола в качестве гидрофобного агента показывает, что краевой угол смачивания может достигать 94-104° [16,17], а в некоторых случаях и до 161° [15]. Морфологические изменения поверхности мембраны при различном времени прививки и изменения размеров пор были исследованы методом СЭМ. СЭМ микрофотографии поверхности ПЭТФ ТМ в зависимости от времени прививки представлены на рисунке 3. Наблюдается уменьшение диаметра пор с 302±25 нм до 273±21 нм, кроме того, морфологическая структура поверхности модифицированной ПЭТФ ТМ является более гладкой, чем исходная. Уменьшение размера пор происходит за счет образования внутри устьев каналов слоя полистирола (ПС). Данные изменения краевого угла смачивания и размеров пор для модифицированных ПЭТФ ТМ при различных условиях представлены в таблице 1.
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	Рисунок 2 – КУС исходной ПЭТФ ТМ (d≈300 нм) (a), привитой ПЭТФ ТМ в течении 60 мин при концентрации стирола 5% (б), 20% (в) and 40% (d)
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	Рисунок 3 – СЭМ микрофотографии поверхности ПЭТФ ТМ до (а) и после 30 мин (б), 60 мин (в) и 120 мин (г) прививки стирола (концентрация мономера – 40%)


На рисунке 4 изображены СЭМ микрофотографии бокового скола ПЭТФ ТМ до и после модификации. Как видно из рисунка 4, после прививки происходит формирование привитого слоя полистирола и изменение морфологии стенок пор. 
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	Рисунок 4 – Микрофотографии СЭМ поперечного сечения ПЭТФ ТМ до (а) и после прививки (б) (степень прививки 40%) 


Таблица 1 – Значения краевого угла смачивания и размера пор для модифицированных ПЭТФ ТМ при различных условиях 
	№ образца
	Время прививки, мин
	Концентрация мономера,% 
	Степень прививки,%
	КУС, °

±5°
	Эффективный диаметр пор, нм
	Диаметр пор (СЭМ), нм
	LEP, MПа


	1
	0
	-
	-
	52
	300±5
	302±25
	-

	2
	15
	10
	1
	63
	289±4
	293±17
	0.02

	3
	30
	10
	3
	65
	275±6
	280±15
	0.02

	4
	60
	10
	9
	67
	272±6
	277±22
	0.03

	5
	120
	10
	12
	67
	270±5
	273±21
	0.03

	6
	60
	5
	9
	65
	275±5
	281±25
	0.02

	7
	60
	20
	16
	83
	265±6
	270±22
	0.09

	8
	60
	40
	43
	91
	261±4
	268±21
	0.14

	9
	60
	40
	40
	99
	215±6
	220±15
	0.34

	11
	60
	40
	38
	104
	131±3
	135±15
	0.39


Таким образом, оптимальными условиями для модификации ПЭТФ ТМ путем УФ-прививочной полимеризации стирола являются: время прививки – 60 мин, расстояние до УФ-источника – 7 см, концентрация мономера – 40%. 
Химические изменения на поверхности ПЭТФ ТМ до и после прививки были изучены методом ИК-спектроскопии. На рисунке 5 изображены ИК-спектры исходной ПЭТФ ТМ, состоящие из пиков поглощения при 2972 см-1 (ароматический C-H), 2910 см-1 (алифатический C-H), 1715 см-1 (группа C=O), 1471 см-1 (деф.CH2), 1410 см-1(деф. кольца CH), 1341 см-1 (CH2), 1238 см-1 (валентное колебание C(=O)-O), 1018 см-1 (деф. кольца ССС), 970 см-1 (валентное колебание O-CH2), 847 см-1 (валентное колебание кольца C-C) [10,18]. 
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	Рисунок 5 – ИК-спектры поверхности ПЭТФ ТМ до и после модификации в диапазоне от 2000 до 400 см-1


Прививочная полимеризация ПС привела к появлению в ИК спектрах новых пиков, характерных для ПС при 1580, 1450 (деф.CH2), 700 (деф.CH2), 530 см-1 (аром. C-H), 1480 см-1 (аром. C=C) [19]. Наибольшие характеристические изменения в спектре после прививки наблюдались при 700 см-1. Для количественной оценки значения спектроскопических индексов A700/A1410 были рассчитаны на основе площади пика (A), при этом было зафиксировано постепенное увеличение площади пика при 700 см-1 с повышением времени прививки (15 мин – 1,9, 120 мин – 2,81).  РФЭС анализ показал, что после прививки ПС на поверхность ПЭТФ ТМ, содержание углерода увеличилось с 72% до 76% после 60 мин прививки, и до 77% после 120 мин, в то время как количество кислорода снизилось с 28% до 23% после 120 мин прививки.
1.2 Мембранная дистилляция солевых растворов  
Принципиальная схема лабораторной установки мембраной дистилляции показана на рисунке 6. ЖРО нагревают в емкости, пользуясь колбонагревателем на 2 л. Жидкость прокачивается перистальтическим насосом через мембранную ячейку и возвращается обратно в емкость. Вода второго контура прокачивается аналогичным перистальтическим насосом, но с меньшим числом оборотов, через теплообменник установленным в криостате,  через ячейку, и поступает в емкость, которая установлена на аналитических весах. Для измерения температур устанавливаются датчики измерения температур.  При этом перемещение вещества через мембрану в данном процессе осуществляется в три стадии: испарение жидкости с более горячей стороны, перенос пара через поры мембраны и конденсация паров с холодной стороны. Вода, которая накапливалась в специальной емкости с холодной стороны, периодически подвергается контролю на наличие в ней солей и радионуклидов. С использованием данной установки были протестированы ПЭТФ ТМ модифицированные прививочной полимеризацией стирола при ранее найденных оптимальных условиях [13]. Модификация приводит к увеличению краевого угла смачивания до 104 °
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Рисунок 6 - Принципиальная схема лабораторной установки мембранной дистилляции

Гидрофобные ПЭТФ ТМ с различными размерами пор: 135, 220 и 268 нм, были использованы в мембранной дистилляции прямого контакта с точным контролем температуры. Было изучено влияние разности температур между стороной концентрата и пермеата, диаметра пор мембран и концентрации соли на производительность и степень очистки. Результаты отображены на рисунках 7,8. Было найдено, что производительность увеличилась с 155 г/м2·ч до 286 г/м2·ч при повышении температуры с 50 до 70°С (рисунок 7б). Это можно объяснить уравнением Антуана [20]: 
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Давление пара экспоненциально увеличивается с ростом температуры, что в свою очередь, приводит к увеличению движущей силы. Кроме того, при высокой температуре, вязкость концентрата уменьшается [21], что также приводит к увеличению производительности. На рисунке 7а представлено влияние концентрации соли NaCl на производительность в процессе МД. Концентрация соли влияет на давление паров раствора концентрата. Результаты показывают, что происходит линейное уменьшение производительности при повышении концентрации соли. Например, для мембраны с диаметром пор 268 нм производительность снизилась с 285 до 219 г/м2·ч (23,16%) с повышением концентрации соли с 7,5 до 30 г/л. Это происходит из-за увеличения парциального давления, вязкости концентрата и уменьшения активности воды в высококонцентрированном растворе, которая может привести к улучшению сопротивления тепло- и массопереноса [5,22]. Эта зависимость также была обнаружена авторами [23,24]. 
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	Рисунок 7 – Изменение  производительности МД  при различных диаметрах пор ПЭТФ ТМ-g-ПС (концентрация стирола – 40% в течении 60 мин) при температуре 70°C (а) и различной температуры (б) 


Степень очистки воды была оценена по электропроводимости. На рисунке 8 изображены графики зависимости электропроводности в процессе МД при различных концентрациях NaCl. Было обнаружено, что для мембран с диаметром пор 135 и 220 нм происходит незначительное увеличение электропроводности, в то время как для мембран с диаметром 268 нм наблюдается резкое повышение электропроводимости. 
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	Рисунок 8 – Электропроводимость в процессе МД с использованием гидрофобизированных ПЭТФ ТМ с различными диаметрами пор в растворе NaCl с концентрацией 7.5 г/л (a), 15 г/л (б) и 30 г/л (в) при постоянной температуре 70°С 


Таким образом, степень очистки соли сильно зависит от диаметра пор мембраны. Увеличение диаметра пор с 135 до 268 нм привело к существенному понижению степени очистки соли с 99,5 до 85,2%. Вероятно, это связано с недостаточной гидрофобностью ПЭТФ ТМ (LEP 0.14 MПa и краевой угол смачивания – 91°) [3], что может привести к просачиванию соленой воды через мембрану. Данный эффект был исследован ЭДА анализом и описан в нашей предыдущей работе [10]. 
1.3 Тестирование трековых мембран модифицированных прививочной полимеризации стирола в мембранной дистилляции растворов радионуклидов
Жидкие радиоактивные отходы (ЖРО) низкой активности были получены со второго контура исследовательского реактора ВВР-К (г.Алматы, Институт ядерной физики). Изотопный состав ЖРО был исследован гамма-спектроскопическим анализом с использованием полупроводникового гамма-спектрометра Canberra GM 1520. Результаты исследования представлены в Таблице 2.
Таблица 2 – Результаты гамма-спеткрометрического анализа пробы воды. Ошибка измерения не более 17%
	Образец
	Co-60,

Бк/кг
	Co-57,

Бк/кг
	Cs-137,

Бк/кг
	Sb-125,

Бк/кг
	Sb-124,

Бк/кг
	Se-75,

Бк/кг

	ЖРО
	83
	60
	1500
	90
	900
	20


Дозиметрические исследования, проведенные на приборе МКС-ФТ1117М №15217, показали мощность дозы гамма-излучения при h=0.1 м – 0,17 мкЗв/ч, h=1 м – 0,17 мкЗв/ч. 

ЖРО концентрировали методом МД. Эффективность очистки контролировали метод атомной эмиссионной спектроскопией на приборе OPTIMA-8000 в спектральном диапазоне 165-900 нм с разрешением < 0,009 нм при 200 нм для анализа основных ионов в ЖРО, таких как Na, Mg, K, Fe, Ca, Al, Sb, Sr, Mo, Cs. Гамма-спектрометр Canberra GM1520 с Ge полупроводниковым детектором в диапазоне энергий 25-3000 кэВ был использован для контроля активности некоторых радиоизотопов: 60Co 137Cs и 241Am. В эксперименте использовали мембраны с различными диаметрами пор (135, 220 и 268 нм). Коэффициент дезактивации (D) оценивали по уравнению [25]:
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где af  это специфичная активность исходного раствора и ap специфическая активность раствора пермиата. Первоначально эффективность очистки оценивали по изменению электропроводности. Данный метод может быть использован для оценки общих солей. Результаты представлены на рисунке 9а, которые коррелируют с ранее полученными результатами по очистке NaCl (см. отчет 2019 года). На рисунке 9б показано увеличение среднего потока воды с 198,5 г/м2ч для мембраны с диаметром пор 135 нм до 980 г/м2ч для мембраны с диаметром пор 268 нм.
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	Рисунок 9 – Изменение электропроводимости (a) и производительности (б) во время МД с использованием гидрофобизированных ПЭТФ ТМ-g-ПС с различными диаметрами пор для раствора ЖРО (T=70 0C)



Результаты элементного анализа представлены в таблице 3. Для сравнения также были протестированы коммерческие нановолоконные мембраны на основе политетрафторэтилена (ПТФЭ).
Таблица 3 – Химический состав растворов ЖРО и пермиата после процесса МД (ПЭТФ TМ-g-ПС)
	Элемент
	Исходная концентрация, µг/л
	Концентрация в пермиате (ПЭТФ TМ-g-ПС, d=268 нм), µг/л
	Концентрация в пермиате (ПЭТФ TМ-g-ПС, d=220 нм), µг/л
	Концентрация в пермиате (ПЭТФ TМ-g-ПС, d=135 нм), µг/л
	Концентрация в пермиате (ПТФЭ нановолоконные мембраны d-220 нм), µг/л

	Cs (σ=±26%)
	304
	1,45
	0,33
	<0,05
	34,3

	Mo (σ=±15%)
	458
	1,11
	<0,3
	<0,3
	76,0

	Sr (σ=±15%)
	136
	<0,5
	<0,5
	<0,5
	11,1

	Sb (σ=±15%)
	46,3
	<0,3
	<0,3
	<0,3
	8,96

	Al (σ=±16%)
	660
	<3
	<3
	<3
	<30

	Ca (σ=±16%)
	1780
	55,3
	52
	44
	208

	Fe (σ=±10%)
	383
	<0,6
	<0,6
	<0,6
	<6

	K (σ=±15%)
	249 200
	377
	414
	150
	7476

	Mg (σ=±15%)
	1046
	2,52
	4
	2
	<10

	Na (σ=±15%)
	4 710 000
	13 200
	3200
	540
	601


Согласно Таблице 3 все степени очистки составляли более 90%, большинство значений близки к 100%. Для сравнения использовали коммерчески доступные ПТФЭ-нановолоконные мембраны с диаметром пор 220 нм. Представленные данные показали, что модифицированные ПЭТФ ТМ обладают преимуществами по сравнению с волокнистыми мембранами из ПТФЭ по степени очистки.
Изменение коэффициентов дезактивации радиоизотопов представлены в таблице 4. ПЭТФ TM-g-ПС с диаметром пор 220 нм показал коэффициент дезактивации для 60Co 85,4, для 137Cs - 1727,3 и для 241Am - 4,9. А при использовании коммерческих ПТФЭ мембран, коэффициент дезактивации для 60Co составляет 10,1, для 137Cs - 438,8 и для 241Am 2,04. Таким образом, использование TM с узким распределением пор по размерам позволяет добиться лучшей очистки от радиоактивных отходов.
Таблица  4 – Радиоизотопный состав раствора исходного раствора и пермеата после процесса МД (ПЭТФ TМ-g-ПС)
	Радиоизотоп
	Активность исходного раствора (Бк/кг)
	Активность пермиата  (ПЭТФ ТМ-g-ПС, d=220 нм) (Бк/кг)
	Коэффициент дезактивации (D)
	Активность пермиата (ПТФЭ нановолоконные мембраны d=220 нм)
	Коэффициент дезактивации D

	60Co
	85,4±6,1
	<1,0
	85
	16,5±1,1
	10

	137Cs
	1900±27
	<1,1
	1727
	4,33
	439

	241Am
	<2,2
	<0,45
	5
	<0,49
	2


Разработанный метод гидрофобизации представлен также в ПРИЛОЖЕНИИ Г. 
2 Гидрофобизация ПЭТФ трековых мембран прививочной сополимеризацией стирола и триэтоксивинилсилана
С целью придания гидрофобных свойств поверхности ПЭТФ ТМ, была проведена УФ-инициированная прививочная полимеризация двух мономеров, таких как стирол и триэтоксивинилсилан. В качестве растворителя был использован хлороформ, который является прозрачным в УФ-диапазоне и хорошо растворяет мономеры. На рисунке 10 изображены зависимости различных параметров на степень прививки таких как концентрация мономеров (10-30%), соотношение мономеров (50:50; 10:90; 90:10; 30:70; 70:30) и время прививки. 
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	Рисунок 10 – Зависимость степени прививки стирола и ТЭВС на поверхность ПЭТФ ТМ при различной концентрации мономеров (а), соотношения мономеров (б) и времени прививки (в) 


По сравнении с ТЭВС, стирол имеет большую тенденцию к полимеризации [26], поэтому как видно из рисунка 10б, увеличение концентрации стирола напрямую ведет к повышению степени прививки, тогда как увеличение концентрации ТЭВС, приводит наоборот к понижению степени прививки. На рисунке 10а показана зависимость степени прививки от концентрации мономеров. Видно, что увеличение концентрации с 10 до 20% приводит к существенному увеличению степени прививки, в то время как дальнейшее увеличение концентрации незначительно повышает степень прививки. Поэтому, увеличение концентрации выше 20% является не эффективным. На рисунке 10в изображена зависимость степени прививки от времени облучения. После 60 мин степень прививки составляет 12,8%, а после 120 мин – 14,5%. Увеличение времени прививки приводит к незначительному увеличению степени прививки, поэтому оптимальным временем прививки можно считать 1ч. 
Для оценки гидрофобных свойств полученных мембран был использован метод измерения КУС (таблица 5). По данным приведенным в таблице 5, можно сделать вывод, что КУС зависит от степени прививки, концентрации мономеров и от их соотношения. 

Наряду с этим, диаметр пор мембран значительно влияет на КУС и LEP. С увеличением диаметра пор с 142 до 287 нм, величина капиллярного эффекта превышает силу поверхностного натяжения капли воды. Также подтверждается снижение LEP с увеличением диаметра пор. Однако, для использования мембран в МД значение LEP должно быть >2.5 бар. Использование мембраны с диаметром пор 287 нм может привести к проскоку жидкости. Поэтому, исходя из приведенных выше результатов, оптимальными условиями для УФ-прививочной полимеризации ПЭТФ ТМ с диаметром пор 150-250 нм, при котором достигается максимальное значение краевого угла смачивания без изменения поровой структуры мембраны являются: концентрация мономеров – 20% при их соотношении 50:50 и время прививки – 60 мин. Литературный обзор ранее опубликованных работ по использованию стирола и триэтоксивинилсилана в качестве гидрофобного агента показывает, что краевой угол смачивания может достигать 94-104° [16,17], а в некоторых случаях до 156° [27] и 161° [15]. Определение размеров пор и изучение морфологии поверхности мембраны после модификации подтверждалась СЭМ. В таблице 5 отображены изменения диаметра пор в ходе модификации.
Таблица 5 – Краевой угол смачивания и размеры пор ПЭТФ ТМ, полученные при различных условиях прививки 
	№ образца
	Соотношение мономеров
	Концентрация мономеров, %
	КУС, º
	Диаметр пор (СЭМ), нм
	Эффективный размер пор, нм
	Давление проскока жидкости (LEP), MПa
	Степень прививки, %

	1
	ПЭТФ ТМ
	-
	54
	220±20
	208±6
	-
	-

	2
	Стирол_ТЭВС (50:50)
	20
	99
	206±21
	200±6
	0.34
	13

	3
	Стирол_ТЭВС (50:50)
	10
	88
	210±24
	203±7
	0.15
	10

	4
	Стирол_ТЭВС (10:90)
	20
	89
	200±20
	195±7
	0.13
	8

	5
	Стирол_ТЭВС (90:10)
	20
	82
	211±21
	203±7
	0.13
	15

	6
	Стирол_ТЭВС (70:30)
	20
	85
	200±21
	193±7
	0.14
	8

	7
	Стирол_ТЭВС (30:70)
	20
	80
	208±23
	200±7
	0.04
	14

	8
	Стирол_ТЭВС (50:50)*
	20
	87
	287±25
	283±6
	0.13
	14

	9
	Стирол_ТЭВС (50:50)**
	20
	92
	242±27
	235±6
	0.25
	13

	10
	Стирол_ТЭВС (50:50)***
	20
	99
	142±12
	131±6
	0.39
	12


Анализ СЭМ показывает незначительное сужение диаметра пор с изменением степени прививки. Таким образом, прививочная полимеризация проходит с сохранением поровой структуры мембран.  Исходя из данных таблицы 5 видно, что мембраны с высокой степенью прививки не достигают максимального значения КУС, вероятно, это связано с различным химическим составом поверхности мембран при различном соотношении мономеров. Для изучения химического состава поверхности ПЭТФ ТМ были использованы ИК- и РФЭС. Анализ РФЭС спектров показывают изменения в химическом составе верхнего слоя поверхности (~10 нм) мембраны до и после прививочной сополимеризации стирола и ТЭВС (при концентрации мономеров 20% и диаметре пор 200 нм). Общий спектр исходной мембраны состоит из кислорода и углерода, в то время как, прививка стирола и ТЭВС приводит к появлению новых пиков, соответствующих Si. Кроме того, были обнаружены пики низкой интенсивности при 199 эВ и 398 эВ, соответствующие Cl и N, которые возникли в результате загрязнения мембраны. Прививочная полимеризация стирола и ТЭВС привела к снижению содержания углерода и кислорода, а также к увеличению кремния до 11.2%. Спектры Si2p высокого разрешения состоят из 3 пиков: при 102,9 эВ (Si-O-Si) с высокой интенсивностью, при 104,1 эВ (Si-OH) и 104,7 эВ (Si-O-C) с низкой интесивностью, что характерно для силановых соединений [28].  ИК-спектроскопия была проведена для подтверждения прививочной полимеризации, а также обнаружения колебаний химических групп ТЭВС и ПС в модифицированных ПЭТФ ТМ. ИК-спектры исходной и модифицированной ПЭТФ ТМ показаны на рисунке 11. Наличие привитого ТЭВС подтверждается колебаниями Si-O-Si и Si-C при 1180-1110, 761 cm-1, соответственно. Кроме того, был обнаружен пик с низкой интенсивностью при 3300-3600 см-1, соответствующей OH-группе, которые возникают в результате гидролиза Si-OC2H5. Полученные результаты ИК-спектроскопии соотносятся с результатам РФЭС анализа. 
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Рисунок 11 – ИК-спектр 1 – исходной ПЭТФ ТМ, 2 – ПЭТФ ТМ-g-ПС-ТЭВС (50:50), 3 – исходного ТЭВС, 4 – исходного стирола 
Для изучения стабильности гидрофобной поверхности, мембраны выдерживали в воде при температуре 85°C с 1 ч до 48 ч. Однако, каких-либо существенных изменений не было зафиксировано. Это свидетельствует о стабильности гидрофобного слоя ПЭТФ ТМ. 
2.1 Тестирование трековых мембран модифицированных сопрививочной полимеризации стирола и триэтоксивинилсилана в мембранной дистилляции растворов радионуклидов
ПЭТФ ТМ модифицированные прививочной сополимеризацеий стирола и триэтоксивинилсилана при оптимальных условиях, найденные ранее [9]: концентрация стирола 20%, соотношение ТЭВС/Стирол= 50:50 в хлороформе, время УФ-облучения 60 мин были использованы для МД ЖРО. Таким образом были гидрофобизированы ПЭТФ ТМ с различными диаметрами пор 142, 206, 242 и 287 нм. Модификация приводит к увеличению краевого угла смачивания до 99°. Мембранная дистилляция растворов ЖРО была выполнена в режиме прямого контакта с контролем температуры. Первоначально общую степень очистки оценивали по изменению электропроводимости, так как основными компонентами ЖРО являются Na и K, изменение концентрации которых отражается в изменении электропроводимости. Результаты изменения электропроводимости в процессе МД представлены на рисунке 12а. Мембраны с диаметрами пор 142, 206 и 242 нм показали незначительные изменения проводимости при МД, тогда как использование мембран с диаметром пор 287 нм приводит к значительному увеличению проводимости с 214 до 2238 мкСм/см.  Степени очистки для гидрофобизированных ПЭТФ ТМ с диаметром пор 142, 206 и 242 нм составляют 99,2%, 96,8% и 86,9% соответственно. На рисунке 12б показано увеличение среднего значения производительности с 810 г/м2ч для мембраны с диаметром пор 142 нм до 1584 г/м2ч для мембраны с диаметром пор 242 нм. Следует отметить, что согласно результатам проводимости, высокий поток мембран с размерами пор 287 нм обусловлен смачиванием каналов.
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	Рисунок 12 – Изменение электропроводимости (a) и производительности (б) во время МД с использованием гидрофобизированных ПЭТФ ТМ (ТЭВС/Стирол) диаметрами пор 


Согласно Таблице 6 степени очистки для отдельных элементов составляли более 94%, а большинство из них было близко к 100%. Для сравнения использовали коммерчески доступные мембраны на основе ПТФЭ с диаметром пор 220 нм.  Следует отметить, что в большинстве случаев полученные данные активности радионуклидов были ниже предела обнаружения. Снижение коэффициента дезактивации при увеличении диаметра пор связано с уменьшением LEP и КУС. Результаты по изменению коэффициентов дезактивации радиоизотопов представлены в таблице 7.  ПЭТФ ТМ-g-ПС-ТЭВС с диаметрами пор 142 и 242 нм показали коэффициент дезактивации для 60Co> 85,4, для 137Cs> 1900 и 42, для 241Am из 5 и > 7 соответственно. Коэффициент дезактивации при использовании коммерческих ПТФЭ мембран для  60Co составляет 10, для 137Cs - 439 и для 241Am> 2. Таким образом, использование ТМ с узким распределением пор по размерам позволяет добиться лучшей очистки ЖРО от радиоактивных отходов.
Таблица 6 – Химический состав растворов ЖРО и пермиата после процесса МД (ПЭТФ TМ-g-ПС)
	Элемент
	Исходная концентрация, µг/л
	Концентрация в пермиате (ПЭТФ TМ-g-ПС-ТЭВС, d=242 нм), µг/л (степень очистки, %)
	Концентрация в пермиате (ПЭТФ TМ-g-ПС-ТЭВС, d=206 нм), µг/л (степень очистки, %)
	Концентрация в пермиате (ПЭТФ TМ-g-ПС-ТЭВС, d=142 нм), µг/л (степень очистки, %)
	Концентрация в пермиате (ПТФЭ нановолоконные мембраны d-220 нм), µг/л
(степень очистки, %)

	Cs (σ=±26%)
	304
	7,13 (97,7%)
	1,18 (99,6%)
	0,34 (99,9%)
	34,3 (88,7%)

	Mo (σ=±15%)
	458
	4,14 (99,1%)
	<0,3 (99,9%)
	<0,3 (99,9%)
	76,0 (83,4%)

	Sr (σ=±15%)
	136
	<0,5 (99,6%)
	<0,5 (99,6%)
	<0,5 (99,6%)
	11,1 (91,8%)

	Sb (σ=±15%)
	46,3
	0,68 (98,5%)
	<0,3 (99,4%)
	<0,3 (99,4%)
	8,96 (80,6%)

	Al (σ=±16%)
	660
	<12 (98,1%)
	<3 (99,5%)
	<3 (99,5%)
	<30 (95,4%)

	Ca (σ=±16%)
	1780
	96,1 (94,6%)
	84,2 (95,2%)
	18,6 (99,0%)
	208  (88,3%)

	Fe (σ=±10%)
	383
	<2,4(99,4%)
	<0,6 (99,8%)
	<0,6 (99,8%)
	<6 (98,4%)

	K (σ=±15%)
	249 200
	1523 (99,4%)
	236 (99,9%)
	54,6 (99,9%)
	7476 (97%)

	Mg (σ=±15%)
	1046
	<4 (99,6%)
	2,36 (99,8%)
	<1 (99,9%)
	<10 (99,0%)

	Na (σ=±15%)
	4 710 000
	103 (99,9%)
	17,6 (99,9%)
	1,87 (99,9%)
	601 (99,0%)


Таблица  7 – Радиоизотопный состав раствора исходного раствора и пермеата после процесса МД (ПЭТФ ТМ-g-ПС-ТЭВС)
	Радиоизотоп
	Активность исходного раствора (Бк/кг)
	Активность пермиата  (ПЭТФ ТМ-g-ПС-ТЭВС, d=142 нм) (Бк/кг)
	Коэффициент дезактивации (D)
	Активность пермиата  (ПЭТФ ТМ-g-ПС-ТЭВС, d=242 нм) (Бк/кг)
	Коэффициент дезактивации (D)
	Активность пермиата (ПТФЭ нановолоконные мембраны d=220 нм)
	Коэффициент дезактивации (D)

	60Co
	85,4±6,1
	<1,0
	>85
	<1,0
	>85
	16,5±1,1
	10

	137Cs
	1900±27
	<1,0
	>1900
	45,8±1,8
	42
	4,33
	439

	241Am
	<2,2
	<0,41
	5
	<0,32
	>7
	<0,49
	>2


3 Химическая модификация трековых мембран наночастицами на основе кремния и их модификация
Наночастицы кремния (Si НЧ) с винильными группами были синтезированы золь-гель методом [29]. Для получения НЧ с небольшими диаметрами использовали ПАВ. 0,03г ПАВ (лаурил сульфат натрия) растворяли в 30 мл деионизированной воде. Затем добавили 3 мл триэтоксивинилсилана при интенсивном перемешивании в течение часа. Затем, 3 мл водного раствора аммиака было добавлено с помощью капельной воронки, продолжая перемешивание. Для нейтрализации раствора использовали уксусную кислоту. После завершения реакции частицы были отделены из смеси центрифугированием (6000 об/мин) и высушены. НЧ кремния диспергировали в этаноле. Полученный раствор НЧ кремния в этаноле в дальнейшем использовали для модификации трековых ПЭТФ мембран. На рисунке 13 представлены СЭМ микрофотографии поверхности ПЭТФ ТМ покрытые НЧ кремния с добавлением лаурилсульфата натрия при следующих концентрациях: 0,0005М, 0,0008М, 0,0015М, 0,002М, 0,003М и 0,006М. 
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	Рисунок 13 – Микрофотографии СЭМ исходной ПЭТФ ТМ и ПЭТФ ТМ-Si НЧ при различной концентрации ПАВ 



Микрофотографии СЭМ показывают, что чем выше концентрация ПАВ, тем меньше размер НЧ. В тоже время, при концентрации ПАВ 0,0005 M, 0,0008 M, 0,0015M и 0,002 M, можно обнаружить образование крупных частиц наряду с мелкими, то есть наблюдается большая дисперсия НЧ по размерам. При концентрации 0,003М средний размер НЧ составил 40±4 нм, а увеличение концентрации до 0,006 M привело к образованию НЧ со средним размером 23±3 нм. Также видно, что при этой концентрации морфология поверхности мембраны изменилась незначительно. Зависимость значения КУС ПЭТФ ТМ от концентрации ПАВ показана в таблице 8. С увеличением концентрации ПАВ происходит снижение значения КУС. Это может быть связано с менее шероховатой морфологией поверхности гидрофобизированного ПЭТФ ТМ. Также, снижение КУС может быть связано с тем, что ПАВ остается на поверхности НЧ. Таким образом, оптимальной концентрацией ПАВ является 0,003М. Полученные НЧ были иммобилизованы на поверхности ПЭТФ ТМ. На рисунке 14 изображена схема гидрофобизации ПЭТФ ТМ. 
Таблица 8 – Значения КУС ПЭТФ ТМ-Si, полученные при различной концентрации ПАВ 
	Концентрация ПАВ, M
	КУС, °

	0,0005
	117±6

	0,0008
	114±6

	0,0015
	109±4

	0,002
	98±5

	0,003
	98±5

	0,006
	71±5
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	Рисунок 14 – Схема гидрофобизации ПЭТФ ТМ 


Перед иммобилизацией НЧ, термоинициатор ABAP был присоединен к поверхности посредством реакции с карбоксильными группами ПЭТФ ТМ [30]. Затем, через мембрану пропускали спиртовый раствор этанола, содержащий синтезированные Si НЧ (40 нм). Si НЧ были привиты к поверхности ПЭТФ ТМ посредством реакции винильных групп Si НЧ и радикальных центров, образованных в результате термического разложения ABAP. Ковалентное связывание Si НЧ на поверхность ПЭТФ ТМ предотвратит вымывание НЧ в процессе эксплуатации. Далее, для повышения гидрофобных свойств ПЭТФ ТМ, образец погружали в раствор ПФДТХС. В ходе эксперимента было изучено влияние концентрации ПФДТХС и времени реакции на краевой угол смачивания, результаты представлены на рисунке 15. Оптимальными условиями при которых  достигается максимальное значение КУС являются: концентрация ПФДТХС  – 20 мМ при времени реакции – 24 ч. 
	[image: image35.emf]0 5 10 15 20

80

100

120

140

160

Концентрация ПФДТС , мМ 

Краевой угол смачивания,

0

Время - 24 ч

a

0 10 20 30 40 50

80

100

120

140

160

Время, ч

Краевой угол смачивания,

0

[ПФДТС] =20 мM 

б



	Рисунок 15 – Значения краевого угла смачивания ПЭТФ-Si-F при различной концентрации ПФДТС и времени реакции 


В ходе эксперимента использовали мембраны с различными диаметрами пор: 247, 300, 350 и 410 нм. Каждая стадия химической модификации контролировалась методами газопроницаемости, LEP, КУС, ИК- и рентгеновской фотоэлектронной спектроскопией. Значения некоторых параметров представлены в таблице 9. Измерения КУС проводили на 3 разных положений для каждого образца ПЭТФ ТМ, результаты представлены на рисунке 16.
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	Рисунок 16 – Краевой угол смачивания исходной ПЭТФ (d≈247 нм) (a), ПЭТФ-Si(б) и ПЭТФ-Si-F (в)




Таблица 9 – Значения краевого угла смачивания и размеров пор для привитых/фторированных ПЭТФ ТМ на различных стадиях модификации 
	Образец
	Краевой угол смачивания, °
	Эффективный диаметр пор, нм
	LEPэкс, бар
	LEP модель GP-CFD, бар

	Исходная ПЭТФ ТМ
	49±5
	247±5
	-
	-

	ПЭТФ-ABAP
	54±6
	247±4
	-
	-

	ПЭТФ-Si
	98±5
	167±6
	3,2
	3,4

	ПЭТФ-Si-F 
	143±6
	152±6
	>4,3
	9,7

	ПЭТФ-Si-F (с исходным диаметром пор 300 нм)
	135±6
	201±5
	>4,3
	6,4

	ПЭТФ-Si-F (с исходным диаметром 350 нм)
	132±5
	263±5
	4,1
	4,3

	ПЭТФ-Si-F (с исходным диаметром 410 нм)
	125±5
	315±6
	3,5
	3,4


Повышение степени прививки привело к увеличению КУС с 49° (для исходной ПЭТФ) до 143° (для ПЭТФ-Si-F). Известно, что КУС зависит от химической природы и шероховатости поверхности [15,16]. Используемый метод позволяет изменять оба параметра. Анализ предыдущих опубликованных работ по использованию НЧ кремния для гидрофобизации мембран показал, что краевой угол смачивания ПВДФ и микропиллярных мембран может быть увеличен до 150-160° [31,32] и до 150° [33].
LEP был оценен экспериментально и с использованием модели GP-CFD, разработанный Chamani и соавторами [34]. Было найдено, что между экспериментальными данными и моделью GP-CFD наблюдается хорошая корреляция. Установка для экспериментального подсчета LEP не позволяет повысить давление более 4,3 бар, следовательно, для некоторых образцов LEP превышало максимальное значение. Исходя из данных КУС и LEP, мембраны могут быть использованы в МД в соответствии с рекомендациями [3]. Также следует учесть, что использование мембран с диаметром пор более 400 нм при плотности пор 1·108 пор/см2 нецелесообразно, так как они приводят к перекрыванию пор и снижению прочности [35]. Поэтому ТМ с большими диаметрами пор не могут быть использованы в МД 
Стабильность гидрофобного слоя исследовали, выдерживая гидрофобные ПЭТФ ТМ в воде при 75°C, что сопоставимо с условиями МД. На рисунке 17 изображены изменения КУС при увеличении времени выдерживания в воде. Происходит постепенное снижение КУС, но изменений в LEP не было обнаружено. 
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	Рисунок 17 – Изменения краевого угла смачивания PET-Si-F мембраны после выдерживания в воде при 75 °C


Изменения в химической структуре в процессе модификации были изучены методом ИК-спектроскопии с приставкой НПВО. На рисунке 18 представлены основные полосы поглощения как исходной, так и модифицированной ПЭТФ ТМ. К исходной ПЭТФ ТМ относятся полосы поглощения при 2970 см-1(бензольное кольцо C-H), 2912 см-1 (алифатический C-H), 1713 см-1 (группа C=O), 1615, 1470, 1430, 1409 см-1 (ароматические колебания углеродного скелета), 1340 см-1 (O-CH), 1238 см-1 (колебания связей эфирных групп C(O)-O), 970 см-1 (O-CH2) [10,18]. После модификации с ABAP значительных изменений в ИК-спектрах не наблюдалось. После иммобилизации НЧ кремния на поверхность ПЭТФ ТМ появились новые характеристические пики при 1080 и 1132 см-1 (колебания Si-O-Si связей) и 1602 см-1 (колебание C=C связи) [36]. На рисунке 18б видно, что после прививки НЧ кремния на поверхность ПЭТФ ТМ пик при 1602 см-1 уменьшился. Это указывает на реакцию C=C связи в процессе прививочной полимеризации. Для количественной оценки значения индексов соотношения полос I1602/I1410 были рассчитаны на основе соответствующей интенсивности пика (I). Индекс соотношения полос для ПЭТФ-Si составляет 2,88, а для ПЭТФ-g-Si – 1,43. Наличие на поверхности ПФТДС (ПЭТФ-g-Si-F) была доказана появлением новых пиков при 1150 и 1204 см-1, относящихся к CF2и CF3 [31].
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Рисунок 18 – ИК спектры ПЭТФ ТМ при различных стадиях модификации в диапазоне длин волн с 1800-400 см-1 (a), с 1560 до 1640 см-1 (б) и с 1350 до 940 см-1(в)
3.1 Мембранная дистилляция солевых растворов
Мембранную дистилляцию проводили с использованием модифицированных ПЭТФ-Si-F с различными диаметрами пор в очистке воды от хлорида натрия. На рисунке 19а изображена зависимость производительности пермеата от диаметра пор мембраны. 
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	Рисунок 19 - Производительность (а) и электропроводимость (б) в процессе МД с использованием гидрофобизированной ПЭТФ-Si-F с различными диаметрами (концентрация NaCl – 30 г/л, температура 70°C)


Как видно из рисунка 19а, среднее значение производительности мембран с диаметрами пор 201, 263 и 315 нм составило 2,2; 6,5; и 15 кг/м2·ч. Увеличение производительности пермеата напрямую связано с увеличением пористости мембраны. Степень очистки соли оценивали путем измерения электропроводимости на стороне пермеата (рисунок 19б). Известно, что электропроводимость чувствительна к малейшим изменениями концентрации соли [37,38]. В ходе процесса МД, наблюдали небольшое увеличение проводимости со временем для мембран с диаметром пор 201 и 263 нм, и значительное повышение проводимости для мембран с диаметром 315 нм. Было установлено, что степень очистки соли составила 99%, 98% и 93% для диаметров пор 201, 263 и 315 нм соответственно. Также, в процессе МД была исследована исходная немодифицированная ПЭТФ ТМ, однако степень очистки соли, была близка к нулю. Вероятно, вместо МД происходит фильтрация, так как исходные ПЭТФ являются недостаточно гидрофобными для использования  в МД.
На рисунке 20а изображены СЭМ микрофотографии поверхности ПЭТФ-Si-F мембран после МД без дополнительной промывки. На поверхности гидрофобной мембраны можно заметить загрязнения, которые легко удаляются путем промывки ее в теплой воде в течении 8 часов, при этом НЧ кремния оставались на поверхности. Краевой угол смачивания мембран снизился с 132° до 127°.
Полученные результаты показывают возможность использования НЧ кремния для гидрофобизации ПЭТФ ТМ и применения их в очистке воде в процессе МД. По сравнению с ранее полученными результатами по гидрофобизации ПЭТФ ТМ [10,11,39], данный метод позволяет достичь более высокой производительности при высокой степени очистки.
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	Рисунок 20 – Микрофотографии СЭМ поверхности ПЭТФ-Si-F после МД (а) и после промывки в теплой воде (б) 


4  Тестирование гидрофобных модифицированных ПЭТФ трековых мембран при очистке воды от фенолов и пестицидов
Трековые мембраны,  модифицированные различными способами были протестированы при очистке воды от фенолов и пестицидов. МД проводили в режиме прямого контакта на лабораторной установке. Характеристики МД модифицированных мембран оценивали с использованием раствора фенола с концентрациями 0,5; 1,0; 2 г/л. С использованием данной установки были протестированы ТМ, модифицированные  по результатам проведенных работ прошлого года: триэтоксивинилсиланом (ПЭТФ ТМ-g-ТЭВС), стиролом (ПЭТФ ТМ-g-ПС), а также ковалентным связыванием тетрахлорперфторооктилсилана в о-ксилоле (ПЭТФ ТМ-ТХПФОС). Во всех случаях использовали мембраны со среднем  диаметром пор 200 нм
Определение массовой концентрации общих фенолов флуориметрическим методом количественно проводили на анализаторе жидкости «Флюорат-02». Отобранные пробы в процессе мембранной дистилляции объемом 50 мл разводили до концентрации 1мг/дм3 и измеряли согласно методике ПНД Ф 14.1:2:4.182-02 «Методика измерений массовой концентрации фенолов». Измерение проводили не менее 3 раз в режиме «Измерение» и находили среднее арифметическое. Результаты измерений представлены в таблице 10. Как видно, из таблицы 10, с увеличением концентрации исходного раствора фенола, происходит увеличение концентрации в отобранных пробах. Применение МД с использованием ТМ для очистки от фенолов является не эффективным.
Таблица 10 – Изменение концентрации фенолов в процессе МД с использованием ПЭТФ ТМ, модифицированных различными способами
	Тип модификации мембран
	ПЭТФ ТМ-g-ТЭВС
	ПЭТФ ТМ-g-Стирол
	ПЭТФ ТМ-ТХПФОС

	Конц. фенола в загрязненной части МД, г/л
	0,5
	1
	2
	0,5
	1
	2
	0,5
	1
	2

	Исх.
	3,03
	3,65
	7,155
	0,283
	0,76
	0,463
	0,79
	5,49
	5,595

	3ч
	6,3
	7,8516
	16,835
	0,327
	1,0175
	19
	4,03
	10,17
	12,1

	5ч
	8,514
	8,704
	21,24
	0,856
	2,5375
	25,8
	4,815
	11,5
	18,825


Таким же образом была исследована МД растворов пестицидов. В качестве пестицида был выбран широко используемый реагент карбендазим. Концентрацию пестицида определяли фотометрически после построения калибровочной кривой по методике [40]. Результаты расчетов сведены в таблицу 11. 

Таблица 11 – Изменение концентрации карбендазима в процессе МД с использованием ПЭТФ ТМ, модифицированных различными способами
	Тип модификации мембран
	ПЭТФ ТМ-g-ТЭВС
	ПЭТФ ТМ-g-Стирол
	ПЭТФ ТМ-ТХПФОС

	Конц. карбендазима в загрязненной части МД, мг/л
	5
	10
	20
	5
	10
	20
	5
	10
	20

	Исх.
	-
	-
	-
	-
	-
	-
	-
	-
	-

	3ч
	0,04
	0,04
	0,05
	0,01
	0,02
	0,05
	0,02
	0,02
	0,05

	5ч
	0,06
	0,06
	0,09
	0,02
	0,03
	0,07
	0,07
	0,01
	0,07


Графики по производительности представлены в годовом отчете за 2019 год инв.№ 0219РК00093.

5 Получение трековых мембран для очистки воды методом прямого осмоса
5.1 Получение и модификация трековых мембран для прямого осмоса. Физико-химическая характеризация модифицированных мембран
Трековые мембраны для прямого осмоса были получены следующим образом: ПЭТФ полимерная пленка облучалась в два этапа, с одной стороны ионами Хе общей энергией 40 МэВ с плотность облучения 107 ионов/см2 и пробегом ионов 10 мкм (пористый слой). Полученная мембрана травилась в растворе щелочи. Далее, с другой стороны облучение произведено ионами Ne общей энергией 4 МэВ с плотность облучения 109 ионов/см2 и пробег ионов 2-3 мкм.  Затем проводили УФ-сенсибилизацию классическим способом и второе травление в 2,2 М растворе гидроксида натрия при различном времени, контролируя диаметр «пористого донышка» методом газопроницаемости. Образование пор размером 25 нм были обнаружены только при времени травления 240 с, диаметры пор 80 нм при времени травления 560 с, что является неожиданным, так как при травлении обычных облученных ПЭТФ пленок, травление при 560 с приводит к образованию пор диаметром больше 1 мкм.  Травленные мембраны были изучены методом СЭМ. 

Результаты среднего диаметра каналов по газопроницаемости и СЭМ сведены в таблицу 12.

Таблица 12 – Диаметр каналов мембран измеренный методом газопроницаемостью и СЭМ при различном времени травления

	Время травления, с
	Эффективный диаметр пор по газопроницаемости, нм
	Диаметр по СЭМ «пористое донышко», (основание конуса) нм
	Диаметр по СЭМ «колодцы», мкм
	Диаметр вершины конуса «пористого донышка»

 (по проводимости), нм

	10
	-
	20
	2,01
	0,8

	20
	-
	17
	2,01
	1,4

	30
	-
	35
	2,02
	2,1

	40
	-
	50
	2,20
	2,8

	60
	-
	73
	2,20
	3,1

	80
	-
	100
	2,32
	5,6

	100
	-
	130
	2,33
	8,5

	160
	-
	278
	2,46
	-

	240
	25
	293
	2,85
	-

	560
	80
	429
	-
	-


Как видно из данных, результаты  по газопроницаемости и по СЭМ снимкам не согласуются. Это говорит об образовании конусный пор, вероятно вызванных слабой сенсибилизацией поверхности пленки колодцев. Для уменьшения конусности, сенсибилизация образцов была проведена широкими лампами OSRAM под углом 90°. Такая сенсибилизация позволила снизить конусность и получить мембраны со сквозными порами по газопроницаемости уже после 150 с травления.

Для измерения размера кончика конуса, который не может быть измерен ни СЭМ ни газопроницаемостю, был применен метод измерения по электропроводности. Проводимость оценивали при помощи гальваностата- потенциостата PalmSens EmStat3+ с использованием электрода сравнения Ag/AgCl с концентрацией KCl 1 M.  Диаметр конуса в пористом донышке оценивали по формуле:
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где l-толщина слоя мембраны, I-сила тока, ε-удельная проводимость раствора, U- напряжение, dосн – диаметр основания конуса (по СЭМ) ,n – плотность пор.
Снимок бокового скола полученной мембраны представлен на рисунке 21. 
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	Рисунок 21 – СЭМ изображение скола ПЭТФ трековых мембран для прямого осмоса с плотность пор 108 пор/см2 и 3D модель геометрии пор мембраны




Далее с целью повышения гидрофильных свойств мембран и увеличения производительности прямого осмоса, проводили окисление мембран экологически чистым и технологически легко осуществимым методом в перекиси водорода под УФ-облучением при помощи ламп OSRAM Ultra Vitalux E27 (UVA: 315-400 Нм, 13,6 Вт; UVB: 280-315 нм, 3.0 В).

Образцы трековых мембран (5×7,5 см2) окисляли в растворе Н2О2 с  концентрацией 300 мМ, при рН=3 (HCl). Окисление проводили в течение 
15-180 мин, расстояние от образца до УФ-лампы варьировали от 5 до 15 см в трех параллельных экспериментах. После окисления образцы промывали деионизированной водой два раза, сушили на воздухе при комнатной температуре в течение 5 ч. 
Эффективность процесса контролировали по изменению краевого угла смачивания (КУС) а также по изменению концентрации карбоксильных групп, измеренных по методике [41]. Механические свойства мембран были оценены методом измерения прочности на разрыв. Результаты изменения КУС, концентрации карбоксильных групп и прочности на разрыв представлены в таблице 13.   При этом исходной мембраной была выбрана мембрана с временем травления 40 с.
Таблица 13 – Изменение КУС и концентрации карбоксильных групп поверхности мембран в зависимости от времени окисления и расстояния от образца до УФ-источника
	№ обр.
	Расстояние до УФ-источника ,см
	Время облучения, мин
	КУС,о
	[COOH], мкМ/г
	Прочность на разрыв, МПа

	1
	-
	0
	65
	3,4
	>0,7

	2
	7
	15
	62
	5,4
	>0,7

	3
	7
	30
	61
	7,2
	0,23

	4
	7
	60
	60
	10,5
	0,11

	5
	7
	90
	59
	19,4
	0,04

	6
	10
	15
	61
	8,3
	>0,7

	7
	10
	30
	61
	8,6
	0,47

	8
	10
	60
	58
	10,7
	0,39

	9
	10
	90
	57
	22
	0,11

	10
	15
	15
	60
	4,4
	>0,7

	11
	15
	30
	60
	4,6
	0,23

	12
	15
	60
	57
	4,8
	0,17

	13
	15
	90
	62
	7,5
	0,10

	14
	15
	120
	45
	14,8
	0,04

	15
	15
	180
	44
	39,6
	0,04


Как видно из представленных данных, оптимальными условиями являются расстояние до УФ-лампы  - 10 см, время окисления 60 минут с каждой стороны. При этих условиях происходит максимальная гидрофилизация пленки, что видно из изменения КУС и концентрации карбоксильных групп вместе с сохранением прочностных характеристик.
Окисленные образцы были исследованы методом СЭМ. Изменение размера каналов в зависимости от времени окисления представлены в таблице 14.
Таблица 14 – Изменение диаметра пор в зависимости от времени окисления
	Время окисления, мин
	Диаметр по СЭМ «пористое донышко», нм
	Диаметр по СЭМ «колодцы», мкм

	исходная
	50  (±4)
	2,0

	15
	60 (±3)
	2,1

	30
	59 (±2)
	2, 0

	60
	67 (±7)
	2,1

	90
	68 (±5)
	2,2


Изменения химического состава поверхности были оценены при помощи ИК-спектроскопии. Основные полосы поглощения: 3432 см-1 (О-Н), 2972 см-1 (ароматические С-Н), 2910 см-1 (алифатические C-H), 1715 см-1 (С=О группа), 1615, 1470, 1430, 1409 см-1 (ароматические колебания углеродного скелета), валентные колебания C(О)-О связей эфирных групп (1238 см-1), 980 см-1 (О-CH2) [10,18]. Главное отличие между спектрами облученной, травленной и окисленной ПЭТФ ТМ связано с отношением полос поглощения при 1715 см-1 (υ C=О), что хорошо видно из рисунка 22.
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	Рисунок 22 - ИК спектры окисленных трековых мембран для прямого осмоса 


Количественные оценки значения спектроскопических индексов A1715/ A1410 были рассчитаны на основе площади пика (A), результаты представлены в таблице 8. Наблюдается последовательное увеличение площади пика при 1715 см-1 с увеличением времени окисления от 3,50 в течение 15 мин до 5,22 для образца ПЭТФ ТМ, окисленного в течение 90 мин.

5.2 Тестирование модифицированных трековых мембран при очистке воды от солей методом прямого осмоса
Для оценки производительности ТМ в режиме прямого осмоса в зависимости от диаметров треков и геометрии каналов были выбраны следующие мембраны на основе ПЭТФ с геометрией «большой колодец  - пористое донышко» - 1,2Е+06/1,0Е+09, толщиной 20 мкм, с различными диаметрами треков, а также до и после окисления при найденных ранее оптимальных условиях. Для изучения производительности полученных мембран в процессах прямого осмоса применялись 10 mM NaCl (фильтруемый раствор) и 1-4 M NaCl (раствор вытяжка). Скорость потоков контролировали при помощи перестальтических насосов. Теоретическое осмотическое давление было рассчитано по уравнению Вант-Холфа, используя концентрацию соли в начале эксперимента: 
На рисунке 23а представлены диаграммы изменения потока воды в процессе прямого осмоса в зависимости от времени травления.  Наблюдается увеличение производительности с увеличением времени травления, что естественно связано с увеличением размера пор мембран.
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	Рисунок 23 - Производительность прямого осмоса ПЭТФ ТМ для мембран с различным временем травления (а), концентрации (б) после окисления (в)


На рисунке 23б представлена зависимость производительности мембран от концентрации вытяжки. Также наблюдается увеличение производительности с увеличением разности концентраций растворов, что объясняется увеличением парциального давления
Также было исследовано влияние окисления при оптимальных условиях на скорость потока жидкости. Наблюдается увеличение производительности прямого осмоса на 28 %. Окисление приводит  к увеличению гидрофильных свойств мембран, что в свою очередь приводит к увеличению производительности (Рисунок 23в). Следует отметить, что для всех мембран степень очистки, оцененная  по электропроводимости, составила около 100%.
ЗАКЛЮЧЕНИЕ

За первый год выполнения проекта получены следующие результаты:

- В результате выполненной работы, были изучены процессы фотоинициированнной прививочной полимеризации стирола и сополимеризациии стирола с триэтоксивинилсиланом  на ПЭТФ ТМ.  В результате были определены оптимальные условия, приводящие к гидрофобизации трековых мембран с сохранением поровой структуры. При этом контактный угол смачивания увеличился до 96°, что является приемлемым для  использования в мембранной дистилляции. 

- С целью повышения гидрофобных свойств поверхности трековых мембран, также была осуществлена модификация мембран путем ковалентного связывания дихлородиметилсилана, определены оптимальные  условия процессов. В ходе эксперимента были изучены различные факторы, влияющие на эффективность гидрофобизации: растворитель, концентрация раствора и время удержания образца в растворе. Исследования показали, что предварительное окисление приводит к повышению краевого угла смачивания до 102°. Полученные результаты могут найти применение в очистке сточных и радиоактивных вод методом мембранной дистилляции. Полученные мембраны были охарактеризованы методами ИК-спектроскопии, СЭМ, газо- и водопроницаемости, определением КУС, ЭДС.

- Гидрофобизированные мембраны были протестированы в методе обессоливания воды путем мембранной дистилляции. При этом модифицированные мембраны показали высокую эффективность по очистке и производительности.  Производительность достигала значения 15 кг/м2·ч, степень очистки – 99%. 

На основе исследованных реакций разработаны технологически удобные методы гидрофобизации ПЭТФ ТМ методами прививочной полимеризации гидрофобных мономеров и ковалентного связывания хлорсиланов с поверхностью. Результаты могут быть использованы в обессоливании воды методом мембранной дистилляции. 

За второй год выполнения проекта получены следующие результаты:

- В результате выполненной работы, были изучены особенности синтеза наночастиц кремния из триэтоксивинилсилана. Получены наночастицы с концевыми двойными связями для закрепления на поверхности трековых мембран в диапазоне размеров от 50 до 900 нм.

- Наночастицы кремния были закреплены на поверхности трековых мембран при помощи фотоинициируемой прививочной полимеризацией в водной среде, найдены оптимальные условия процесса, приводящие к гидрофобизации мембран, краевой угол смачивания достиг 121°.

- Трековые мембраны с иммобилизированными наночастицами кремния были модифицированы 1H,1H,2H,2H-перфлюрододецилтрихлоросиланом, угол смачивания достиг значения 135°.

- Полученные мембраны были охарактеризованы методами ИК-спектроскопии, сканирующей электронной микроскопии, газо- и водопроницаемости, определением краевого угла смачивания, энергодисперсионным анализом, а также рентгеновской фотоэлеткронной спектроскопией.

- Гидрофобизированные мембраны были протестированы в методе обессоливания воды путем мембранной дистилляции. При этом модифицированные мембраны показали высокую эффективность по очистке при концентрации хлорида натрия от 7,5 до 30 г/л.  Производительность достигала значения 1,5 кг/м2·ч, степень очистки – 99,5%. 
- Мембранная дистилляция растворов пестицидов с использованием трековых мембран модифицированных триэтоксивинилсиланом, стиролом и тетрахлорперфторооктилсиланом показала максимальную производительность 1,5 кг/м2ч, степень очистки 99,7% (при концентрации пестицида карбендазима в воде 5 мг/л). Очистка воды от фенолов является не эффективной. 

На основе проведенных исследований, разработаны методы гидрофобизации ПЭТФ ТМ путем иммобилизации наночастиц кремния и их модификации. Результаты могут быть использованы в обессоливании воды методом мембранной дистилляции. 
За третий год выполнения проекта получены следующие результаты:

- Гидрофобизированные ПЭТФ ТМ (полученные путем прививочной полимеризацией стирола и сополимеризацией стирола и триэтоксивинилсилана)  были изучены в процессах мембранной дистилляции радиоактивных отходов низких концентраций (вода второго контура исследовательского ядерного реактора ВВР-К). В большинстве случаев степень очистки составляла от 90 до 100%, измеренная по электропроводности и атомно-эмиссионной спектроскопии. ПЭТФ TM-g-ПС с диаметром пор 220 нм показал коэффициент дезактивации для 60Co 85,4, для 137Cs 1727,3 и для 241Am 4,9.  ПЭТФ ТМ-g-ПС-ТЭВС с диаметрами пор 142 и 242 нм показали коэффициент дезактивации для 60Co> 85,4, для 137Cs> 1900 и 42, для 241Am из 5 и > 7 соответственно. В то время при использовании коммерческих ПТФЭ мембран, коэффициент дезактивации для 60Co составляет 10,1, для 137Cs - 438,8 и для 241Am 2,04. Таким образом, использование TM с узким распределением пор по размерам позволяет добиться лучшей очистки от радиоактивных отходов.
- Получены трековые мембраны для использования в обессоливании воды методом прямого осмоса. Мембраны получали методом двойного облучения на циклотроне ДЦ-60 и травления. В результате чего были получены мембраны с широкими «колодцами» диаметром 2-3 мкм и толщиной 14-16 мкм с пористым донышком толщиной 2-3 мкм и конусными каналами с диаметром конуса 0,8-8,5 нм.  Мембраны изучены методами газопроницаемости, СЭМ, электропроводности, ИК-спектроскопией.

- Мембраны для прямого осмоса были гидрофилизированы методом окисления в перекиси водорода под УФ-излучением. Что позволило снизить КУС с 65° до 58°  и увеличить концентрацию карбоксильных групп с 3,4 мкМ/г до 10,7 мкМ/г. Полученные мембраны были исследованы в прямом осмосе растворов NaCl различной концентрации. Производительность составила от 35 до 116 мл/м2ч. Разработанный метод окисления позволил увеличить производительность таких мембран до 162 мл/м2ч (на 28%).

Таким образом, ПЭТФ ТМ были гидрофобизированы различными способами: фотоинициируемой прививочной полимеризацией стирола и триэтоксивинилсилана, модификацией фторсодержащими и другими силанами, а также нанесением кремниевых наночастиц. Использование гидрофобизированных трековых мембран с узким распределением пор по размерам в мембранной дистилляции приводит к высоким степеням очистки воды от солей, пестицидов и радионуклидов. Вместе с тем, из-за малой пористости таких мембран, значения производительности являются низкими. Таким образом, рекомендуется использование разработанной технологии для тонкой очистки водных сред.

Поставленные в научно-исследовательской работе задачи выполнены полностью. В рамках выполнения научных задач проекта за 2018-2020 года была подготовлена и защищена 1 магистерская диссертация, 2 дипломные работы, ведется завершение 1 докторской диссертации.  Опубликовано 5 статей в изданиях с высоким импакт фактором, входящих в базу данных Scopus и Web of science, 1 статья в рецензируемом отечественном журнале, получен 1 патент на полезную модель, работа представлена на  4х международных конференциях. Научный уровень представленной НИР соответствует международным стандартам исследований, проводимых в данной области. Высокий научно-технологический уровень достигнут использованием обширной теоретической базы данных литературных источников, а также привлечением современных инструментальных методов исследования. Научно-технический уровень полученных результатов подтверждает список опубликованных работ, представленный в приложении Б. Оттиски опубликованных работ представлены в приложении В.
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1. PecnyGamKkancikoe rocy apcTBeHHOe NpeANpHsATHE. HA UpaBe X035 CTBEHHOr0
penennst «Eppasuiickuii  BAUMOHAJBHBIH  YHHBEPCHTET — HMEHH JLH.I'ymuieBa»
Munucrepersa ofpasopanust u naykn Pecnry6mukn Kasaxcram»

1.1 Io npuopurery: PamuosartbHOe HCIONB30BAHNE NPHPOIHBIX, B TOM yHCsie BOAHBIX
PEcypCOB, Te0NOTHs, NepepaboTKa, HOBbIE MATEPHANL H TEXHONOTHIL, GesomacHele H3AEMUS U
KOHCTPYKITHH

1.2 ITo moanpuopuTeTy: ITOTMMEPHbIE MATEPHAIIBI CO CTICIHATEHBIMHA cBolfcTBAMH

1.3 Io Teme npoexra: AP05132110 «ITomyuenne TPEKOBBIX MeMOpaH ¢ 3aJaHHBIMH
CcBOCTBAMM JUIsl MeMOPAHHON JUCTHIUISALMA H NPAMOro 0CMoca»

1.4 O6mas cymma npoexra: 30 200 000 (Tpruare MAITHOHOB ABECTH THICSY) TEHIE, B
TOM 4HCIle ¢ pa3OHUBKOM 10 TOAAM, U BBIIOTHCHHA paboT COrIACHO MYHKTY 3:

- Ha 2018 rox - B cymme 10 000 000 (ecsTh MAUTHOHOB) TSHI'e;

-1a 2019 rox - B cymme 10 090 000 (zecsTs MHJUTHOHOB ACBAHOCTO TBICSIY) TEHIe;

-1a 2020 rox - B cymme 10 110 000 (zecsite MAJIIHOHOB CTO ACCATH TBHICSY) TEHTE,

i

2. XapaKTepHCTHKA HAYIHO-TEXHHUECKOH NPOAYKUHH 1O KBAAH(PHKANHOHHBIM
npmmmam M 3KOHOMHYECKHE NoKa3aTe/

y 2.1 Hampasaenmme  paGorsr:  IIpHKIajHble  HCCICAOBAHMA PaspaoTtka
YCOBEPIIEHCTBOBAHHBIX TPEKOBBIX MeMOPaH Uil MeMGpaHHOM THCTHILIAIME H IPSAMOT0 0CMOCa.
Briepssie Gy1yT IOMyueHEl MOMHQHIMPOBAHHEIE TPEKOBLIS memGpans Ha ocrose [I9T® myTem
NPEBHBOYHON TOMHMEPU3ALUH KPEMEHHEBLIX MOHOMCPOB, CTHPONA s 3hQeKTHBHOrO
MPUMEHEHNHsS B OYMCTKE BOJEI OT PAsTHYHBIX sarpssumTenelf B IpoleccaX MeMOpaHHOH
JMCTHIUISILAA ¥ TIPSIMOTO 0CMOCa.

2.2 O6acTh npuMenenns: MemOpanibie TEXHOIOTHH, XHMHA TOTHMEPOB, 9KOJIOTHS.

2.3 Koneunslii pe3yabTar:

- 3a 2018 rox: bByayr DONydYeHBl TPEKOBBIS MeMOpaHbl Ha ~ OCHOBE
nonmotwnentepedTanara ¢ THAPoOCHOH  HOBEPXHOCTEIO MeToZIaM#  TIPHBHBOYHOK
HOMAMEPH3AUMY TOMHCTHPONA ¥ KpeiiMHHii-OPraHieCKiX MOHOMCPOB. Byzer nposezieHa
OLEHKA CBOMCTB (DH3MKO-XMMHUYECKHMH METOJAMH M HCHEBITAHMUS YCOBEPIICHCTBOBAHHEIX
TPEKOBEIX MeMOpaH B MeMOPaHHOH AMCTHILIALHH. Byner omyGrmukoBana 1 cTaThd B XKypHATE,
mrzexcHpyemMoM B Web of Science nii Scopus, 1 myGimuKauus B pelEH3UPYEMEX 3apy0eKHBIX
Hay9HBIX WM3/aHUsIX ¢ HEHYICBBIM HMHaKT-tbaKTOpDM, 10/laHa 3as1BKa Ha MaTeHT.

- 3a 2019 ro;: ByayT INOJY4EHB! YCOBEPUICHCTBOBAHHBIC rupooGHble TPEKOBBIE
MeMOpaHbl IIyTeM HAHECCHHs HAHOYACTHI KPeMHMUI HA TOBEPXHOCTh. ByAyT NpOBEACHBI
WCHBITAHUS MOZM(DHIMPOBAHHBIX TPEKOBBIX memOpa B MeMOpaHHOH MHCTHIUIAIMH TIPH
OYMCTKH BOZBI OT COJeH, (peHona, MecTHUUAO0B. Byner ony6ukoBana 1 cTaThs B XKypHAIE,
uagexcupyeMoMm B Web of Science wim Scopus, | nyGmukamus B PCLEH3MPYEMBIX
OTEYeCTBEHHBIX Hay4YHBIX W3JaHUAX C HEHYIEBBIM umnax'r-tbax'ropom.

- 3a 2020 rox: Byzer uccienosana OYMCTKA pacTBOPOB PaIHOHYKINAOB METOLOM
MeMOpaHHOH JMCTIULLHEE C HCIOJL30BAHAEM YCOBEPIUEHCTBOBAHHBIX TPEKOBBIX MemOpaH.
Byzer paspaGoTana TEXHOIOTHS MOy HECHILA 1 MozHbHKAIEH TPEKOBEX MeMOPaH JUIs NPsMOro
ocmoca, Bymer omyGmukosana 1 crarbs B XKypHAie, nnzexcupyemom B Web of Science miu
Scopus.
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2.6 Hcnoan3oBaHue nay-mo-TexHuqecKoi’l IPOXYKUHH OCyuIecTBIsACTCS:
VcmonauTenem i 3aKa3qiKoM COrIacHo saxonozarensersy PK.

2.7 Bu HCHOJIb30OBAHHS Pe3yIbTaTa payamoil u (1) ﬂayqﬂo-rexmmecxoﬁ
nesirebHOCTH:  TEXHOTOIHA (MeTOZIMKa) MOJUGUKALIHI TpexoBsIX MemOpaH Ha OCHOBE
onEsTHIeHTEpedTANATa U PHMCHCHILA B MemOparHoH IMCTHUIAN H IPIMOTO ocMoca.

3. HaumenoBaHue padoT, CPOKH UX peaATH3ALHA H Pe3yaLTATHL

Hawnveroanue padoT 1o
Z[oroBopy ¥ OCHOBHBIE 3Talbl
€ro BBIMOJIHCHUA

CpoK BBIMOJIHEHHS OxupaeMblif pesyssTarT

OHYAHHE

- -

PaspaboTKa TPEKOBbIX
MemGpan st MeMOpaHHOH
JMCTHIALAA TyTeM
nposenemm XI’IMH"ISCKOFI
MOAM(UKALMH TOTUCTHPOIOM
M KpeMHH}i-0praHuecKIMHA
conoaMMepaMu

Snpaps | Miions 2018 Byayt pa3pd6oTaHsl TPEKOBHIE MeMOpaHbl
2018 rona JuTst MeMOPaHHOM MCTHLTLIY TyTeM
roma npoBeeHHs XMMHYECKOH MonMHKALIH
MONWCTHPOJIOM B KpeMHHUIi-
OpraHHHeCKUMH COMOTAMEPaMH,

ByzeT npoeeeHa Xumuyeckad
MOZMUKALLIAA TPEKOBBIX memGpaH
CHIAHOM M IIOJIUCTHPONIOM

DU3NKO-XMMHYECKas Fusaps | Jo 1 HosiGpst
XapaKTepu3alus 2018 2018 ropa
MoAr(pHUIHPOBAHHBIX memOpaH | rona

ByzieT npoBe/era r3HKO-XHMHYECKAT
XapaxTepu3alis MOAH(HLIMPOBAHHBIX
memEpaH.

ByJeT MpoBe/eHa OLCHKA CBOMCTB
MOZM(UIHPOBAHHBIX memOpaH
COBpEMEHHBIMH (PU3MKO-XUMHUECKAMH
METOLAMH

Hrone
2018
roaa

Tlo 1 HosGps | Byaer npoBencHo TECTHPOBAHHE

2018 rona | ruapodoBHBEIX MOAMGULMPOBAHHBIX
19T TM 1pH OUHCTKE BOXBI OT *
XJIOpHZIA HATPUA. Y

ByAyT NpOBe/IeHEI IEPBUTIHbIS MCTIBITAHHS
yCOBEpIIEHCTBOBAHHBIX MemOpaH B
Tpotecce MeMOpaHHOH MCTWUTALIMK NPH
OYHCTKE BOJBI OT COJIA. Y CTAHOBICHBL
OCHOBHBIE NApAMETPEI NPOLEcea: CTereHs
OYHUCTKH K HPOH3BOWBHOCTB.
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Xumuueckas — momuukauus | Supaps | Mrows 2019 | Byaer npoBefieHa XuMHyecKas
TPEKOBBIX membpan | 2019 roga MoaudHKaLKS TPEeKOBBIX MeMOpaH
HAHOYaCTHLAMH HA OCHOBE | roia HAHOYACTHLIAMH Ha OCHOBE KPEMHHS H HX
KpeMHHS W MX MOAudHKaLHMA MoauUKauma.
ByayT nonyueHs! TpeKOBbie MeMOpaHs! ¢
HAHOYACTHLIAMH KPEMHUS W NPOBEACHA KX
MoAM(HKALKS KPEMHUH 1
TOpconepKALIMMH COEMHEHHAMK
DU3HKO-XUMHYECKas Susapy | Jo 1 Hos6ps | Byner nposenena (u3uko-xuMuyeckas
XapakTepHsaLms 2019 2019 roga | XapakTepusauus MOAH(DHUAPOBAHHBIX
Moau(HLMPOBaHHBIX MeMOpaH | rona MeMOpaH ¢ HAHOYACTHLIAMH Ha OCHOBE
C HaHO4YacCTHLAMH Ha OCHOBE KPEMHHA.
KPEMHHs
Tectuposanue ruapodobubix | Hions Jlo 1 Hosa6ps | Byaet npoBeeHO TeCTHPOBaHNHE
mozuduumposannsix [IOT® | 2019 2019 roga | ruapodoGHEIX MOAM(HIMPOBAHHBIX
TM nip# O4HCTKE BOABI OT rozia TI3T® TM npu OYHCTKE BOABI OT
XJIOPHAA HATPHA XJIOpH/Ia HATPHA.
ByzyT npoBeieHbI MEPBHYHBIC UCTIBITAHNS
YCOBEPIUEHCTBOBAHHBIX MEMOpPaH B
npouecce MeMOPaHHOM JUCTUILIALMH TIPH
OUYMCTKE BOJIbI OT COMU
Tectuposanne ruapodoGusix | SAusaps | [lo 1 HoaGps | ByneT npoBeaeHo TeCTHPOBAHHE
moauduumposanneix  TIOT® (2019 2019 roga | ruapodoGHEIX MOAHDULIMPOBAHHEIX
TM npu ouMCTKE BOABI OT |roaa TI3T® TM npu O4HCTKE BOABI OT
(heHOIOB, MECTHLMAOB M Jp. (HeHONOB, MECTHLMAOB U AP.
3arps3HUTeNeH METOAOM 3arpsisHUTENeH MeTONIOM MeMOpaHHOH
MEMGpﬂHHOﬁ AUACTUITAUMH AUCTUTALMH.
Byner ony6nukoBana 1 cratbs
B PELIEH3UPYEMOM
3apy0eKHOM Hay4HOM
W3[aHHH, HHIEKCHPYEMOro B
6aze nanHbx Web of Science
W1 SCopus ¢ HEHYJIEBBIM
MUMMaKT-(pakTopoM H 1
ny6aMKaLKs B PELIEH3UPYEMBIX
OTE4ECTBEHHBIX HAYYHBIX H3AAHHIX C
HeHyneBbIM nmMnakT-gakropom. Byaer.
110/1aHa 3a4BKA Ha NaTeHT.
MemBpaHHas AUCTHIIALKS Slusaps | Wions 2020 | Byner uccieaoBas npouece MeMGpaHHOM
PACTBOPOB palHOHYKIHA0B ¢ | 2020 roga JMCTHUISALMH PacTBOPOB PaIHOHYKITHIOB
HCITOJIb30BAHUEM roga C HCMOJB30BAHHEM
YCOBEPIICHCTBOBAHHBIX ycosepueHcTeoBanHbX [I9TO TM.
[IBT® T™M Byner ucceosana CTENeHb OYHCTKH
BOJIbI OT PANUOHYKJIHIOB C
HCIONb30BAHHEM YCOBEPIICHCTBOBAHHBIX
memGpaH B npolecce MeMGpaHHOR
JIHCTHIUIALIAH.
[Nonyuenue TPEKOBBIX Supaps | Viions 2020 | By/yT noJiydeHEl TPEKOBBIE MeMOpaHbl,
MeMOpaH, MPUroAHbIX Uls 2020 roga [PUrOHbIE U OYUCTKU BOAI METOLOM
OYHCTKH BOAbI METOJIOM roza npsiMOro ocMoca, myTemM I(BOﬁHOl‘O

MPAMOrO 0CMOCa, TyTeM
ZBOHHOro 06/IyueHus H

06y4eHHs H OXHOCTOPOHHEro
TpaeseHus. Byser nposeaeHa
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ARTICLE INFO ABSTRACT

Keywords:

The work concerns the purification of saline solutions and concentration of low-level liquid radioactive wastes
Low-level liquid radioactive waste (LLLRW) produced from nuclear research reactor (WWR-K) by membrane distillation in direct contact config-
Desalination

uration (DCMD) using track-etched membranes (TeMs). Poly(ethylene terephthalate (PET) TeMs were hydro-
phobized by UV-induced grafting of styrene. Modification of PET TeMs (pore sizes from 135 to 268 nm) at
optimal conditions led to increasing of contact angle to 104°. Hydrophobic PET TeMs were investigated by XPS,
FTIR, SEM, liquid entry pressure (LEP) and goniometric. Prepared membranes were tested in DCMD of saline
solutions and LLLRW. The effect of membrane pore diameter, temperature, concentration on fluxes and rejection
degree was studied. Salt rejection was evaluated by conductimetry and atomic emission method (for Cs, Mo, Sr,
Sb, Al Ca, Fe, K, Mg and Na). Decontamination factors of radioisotopes (for ®’Co, *’Cs, and >*'Am) were
evaluated by gamma-ray spectroscopy. Salt rejection and decontamination factors were found to depend on pore
diameter and conditions of DCMD. In most cases the degree of rejection was between 90 and 100%.

Hydrophobic modification
Track-etched membranes
Membrane distillation
Styrene grafting

Decontamination factor of **’Cs reached to 1727.

1. Introduction

Wastewater treatment and desalination are very important con-
sidering the problem of shortage of drinking water in the world is ex-
pected to increase in subsequent 20 years [1]. Therefore the search for
effective water purification method has always been an urgent task.
Among water pollutants, the most important ones are oil products,
surfactants, pesticides, phenols, heavy metals, etc. On the other side,
development of nuclear power plants [2], tragedy of Fukushima Daiichi
[3], and the environmental problems of the former nuclear test sites
including those in Kazakhstan (Semipalatinsk nuclear test site) [4] led
to the fact that treatment and concentration of liquid low-level radio-
active wastes (LLLRW) have received attention all over the world [5].
LLLRW because of their large volumes and low levels radioactive ma-
terials should be concentrated and then solidified with cement, glass,
asphalt or bitumen [6]. Among the methods of water purification and

LLLRW concentration a special role is played by membrane processes
characterized by high selectivity, efficiency and low energy consump-
tion [7,8]. The most commonly used membrane technologies for water
treatment are reverse and forward osmosis, nano-, ultra, and micro-
filtration and membrane distillation (MD) [9]. Over the last decade, the
interest to develop and improve MD has increased due to its high rates
of rejection for non-volatile components, high separation and decon-
tamination factors, low working pressure, less sensitivity to fouling and
feed salinity and low feed temperature requirements [9-12]. To date,
purifying water by MD from salt [13-17], dyes [18], heavy metal ions
[2,3], radioactive wastes [6,19] have been studied. Moreover, MD
started to be used for desalination plants already under operation by
some companies [20]. MD process could be categorized into four types
of configurations, the most studied type despite some limitations [9,21]
is DCMD due to its simplicity and availability. Poly(vinylidene
fluoride), polypropylene and poly(tetrafluoroethylene) are considered
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the most acceptable materials for use in membrane distillation [22-26],
at the same time, the major drawbacks of these polymers are possible
fouling, insufficient water fluxes and high cost [9]. Thus, the task of
finding new types of membranes and materials with good hydrophobic
properties and high degrees of purification is relevant. To overcome
these negative properties of used membranes, researchers try to en-
hance membrane stability by methods of plasma and laser treatment,
coating and graft polymerization of hydrophobic compounds [27-30].
Another way is testing of new types of membranes suitable for MD.
Hollow fiber membranes [25,31-33] are the most studied in MD. On
the other hand regular geometry of the pores with the ability to control
their amount per unit area and excellent distribution of pore sizes to-
gether with low thickness and tortuosity of track-etched membranes
(TeMs) can be considered as new materials for MD applications. Their
unique properties can lead to enhancement of selectivity and efficiency
of MD process and make them suitable for potential application in MD.
TeMs can be used in processes of precision ultrafiltration and micro-
filtration of liquids and gas scrubbing; in the system of analytical con-
trol of substances; food, pharmaceutical and chemical industries; mi-
croelectronics; synthesis of nanostructures [34-38]. Moreover, in our
recent works [39,40] and Gancarz’s et al. work [41] TeMs were started
to be tested in MD [40,41]. To expand the research and to reduce the
cost of surface modification, in this work we present the results of
styrene graft polymerization on PET TeMs and test them in MD of saline
and LLLRW solutions.

2. Experimental part

2.1. Preparation of the membranes and their modification

84Kr'S* jons with an en-

TeMs were prepared by irradiation with
ergy of 1.75 MeV/nucleon and ion fluence of 4.310” ion/cm? 12 pm
thick PET films using the DC-60 accelerator in Astana branch of Nuclear
Physics Institute. Then membranes with certain pore diameters were
obtained by means of photosensitization for 30 min from each side and
chemical treatment in 2.2M NaOH at 85°C for certain periods.
Prepared membranes were dried and kept between paper sheets under
ambient conditions before use.

The preparation of hydrophobic PET TeMs was carried out by UV-
induced graft polymerization of styrene, since styrene is one of the most
accessible and widely used hydrophobic monomer. The photo-initiated
grafting of styrene was performed on PET TeMs samples with sizes of
10cm x 15cm. The samples were washed in an ultrasonic bath for
10 min (in water). Benzophenone (BP) was used as an initiator of graft
polymerization. The membranes were soaked in 5% N,N-di-
methylformamide solution of BP for 24 h then removed, dried, quickly
washed in ethanol (to remove excess BP) and placed in a solution of
styrene in carbon tetrachloride with concentration of 5-40%. CCl, was
chosen as solvent since it is transparent in UV-vis region, it can dissolve
the monomer and this solvent has low chain transfer constant [45-47].
Irradiation was carried out under UV lamp OSRAM Ultra Vitalux E27
(UVA: 315-400 nm, 13.6 W; UVB: 280-315 nm, 3.0 W) for 15-120 min.
Finally the samples were washed in CCly, dried at 50 °C and weighed to
determine the degree of grafting.

2.2. Membrane characterization

Agilent Cary 600 Series FTIR Spectrometer with ATR accessory was
used to record FTIR spectra to study different chemical groups appeared
after modification. Scan range: 400-4000 cm ™, resolution 4.0 cm ™.
Spectral analysis was conducted by using Agilent Resolution Pro. X-ray
photoelectron spectra were recorded on a Thermo Scientific K-Alpha
spectrometer in the Ural Center for Shared Use “Modern
Nanotechnology” Yekaterinburg, Russia. The pressure in the analysis
chamber was maintained at 2-10 ~° Pa or lower. Processing of the data
was carried out by Avantage software. Scanning electron microscope

Separation and Purification Technology 227 (2019) 115694

JEOL JSM-7500F, and atomic force microscope Smart SPM-1000 AIST-
NT (with tip radius not exceeding 10 nm) were used for pore diameters
evaluation and characterization of morphology after PET TeMs mod-
ification. The gas flow rate was measured at a pressure drop of 20 kPa.
Gas permeability test was used to estimate effective pore sizes of the
membranes [42]. Contact angle (CA) was measured from five different
positions of the sample using Digital Microscope 1000 X magnification
using static drop method at room temperature. Liquid Entry Pressure
(LEP) was determined by using deionized water flow measurements
according to recommendations described in [43,44]. A circular sample
with the radius of 1.25 cm was clenched inside the sealed chamber, and
a test was run with air at gradually increasing pressure.

2.3. Membrane distillation

DCMD rig used for the tests is described and presented in our pre-
vious work [40]. The permeate flux was measured by weighing. Saline
solution of 7.5-30 g/L NaCl as well as LLLRW samples obtained from
WWR-K research nuclear reactor (Almaty, Kazakhstan) were tested. The
degree of salt rejection was calculated by the change in conductivity
that was measured using Hanna Instruments HI2030-01. OPTIMA-8000
ICP-Optical Emission Spectroscopy (the spectral range is 165-900 nm
with resolution of < 0.009nm at 200 nm) was used to estimate ele-
mental content of solutions before and after MD. Gamma-ray spectro-
scopy Canberra GM1520 with semiconductor Ge detector and the en-
ergy range (25-3000) keV was used to estimate activity of some
radioisotopes on the example of ®°Co, '*’Cs, and 2*!Am.

3. Results and discussion
3.1. Preparation of hydrophobic membrane

Fig. 1a shows linear relationship of grafting degree with time at
constant concentration of monomer 10% and distance from UV-source
(7 cm). Grafting degree reaches 12% after 120 min of grafting.

Increase in the concentration of styrene leads to an increase in the
degree of grafting to 43% at 40% styrene concentration as it is shown in
Fig. 1c.

Hydrophobic properties were evaluated by the method of CA mea-
surements. The results of contact angle (CA) measurements from 5
different positions for each samples of PET TeMs before and after graft
polymerization are presented in Fig. 2 and Table 1. Increasing of
grafting degree led to increasing CA from 52 for untreated PET TeMs to
98° for PET TeMs-g-PS with a degree of grafting of 43%. Contact angle
depends on both chemical natural and roughness of the surface [48,49].

From the AFM images (Fig. 3), roughness increased from
215 + 0.04nm to 5.16 = 1.0lnm with grafting. Thus, hydro-
phobicity of the membrane is almost totally due to grafting of hydro-
phobic polystyrene. Analysis of previously published works on using
styrene as hydrophobic agent shows us that contact angle of different
materials can be increased up to 94-104° [49,50] and in some cases to
161° (on tunable nanostructures polystyrene) [48].

The membrane surface morphological changes taking place with the
variation in the time of grafting was monitored in order to investigate
the coating uniformity and changes that can occur in pore diameter.
SEM images of surface of PET TeMs depending on grafting time are
presented in Fig. 4. Decrease in the pore diameter from 302 + 25nm
to 273 * 21 nm is observed, moreover, morphological structure of the
surface is much smoother than unmodified surface. Decreasing of pore
size is due to formation of PS layer inside the pores. Data on contact
angle measurements and pore sizes for grafted PET TeMs at various
conditions are presented in Table 1.

SEM images of cross-sections of PET TeMs (Fig. 5) before and after
grafting show the formation of grafted layer of PS and change in the
morphology of pore walls. This is additional confirmation of grafting of
polystyrene along the pore walls.
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Fig. 1. Grafting degree depends on irradiation time (a), distance to UV-source (b) and monomer concentration (c) (pore diameter d = 300 nm).
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Fig. 2. CA for initial PET TeMs (d = 300 nm) (a), grafted PET TeMs during 60 min and styrene concentration of 5% (b), 20% (c) and 40% (d).
Table 1
Contact angle values and pore sizes for grafted PET TeMs at various conditions.
No. sample  Time of grafting, Concentration of monomer,  Grafting degree,  Contact angle, * Effective pore size,  Pore size (from SEM analysis), LEP, MPa
min % % *5° nm nm
1 o - - 52 300 £ 5 302 + 25 -
2 15 10 1 63 289 * 4 293 + 17 0.02
3 30 10 3 65 275 % 6 280 = 15 0.02
4 60 10 9 67 272+ 6 277 % 22 003
5 120 10 12 67 270 % 5 273 = 21 0.03
6 60 5 9 65 275 %5 281 = 25 0.02
7 60 20 16 83 265 % 6 270 = 22 0.09
8 60 40 43 91 261 + 4 268 + 21 0.14
9 60 40 40 [ 215+ 6 220 + 15 034
1 60 40 38 104 131 %3 135 % 15 039

* PET TeMs with initial pore size of 250 nm.
** PET TeMs with initial pore size of 150 nm.
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()

Fig. 3. AFM pictures of initial PET TeMs (a and b) and PET TeMs-g-PS (40% monomer concentration, time of irradiation — 1 h).

Thus, according to the above given results, the optimal conditions
for the modification of PET TeMs by UV-induced graft polymerization
of styrene leading to maximum hydrophobization of membranes with
preservation of the pore structure are: grafting time: 60 min, distance to
the UV source: 7 cm, monomer concentration: 40%.

FTIR-ATR spectroscopy was used to evaluate chemical changes in
PET TeMs surface before and after grafting. Typical FTIR-ATR spectrum
of initial PET TeMs (Fig. 6) consist of main absorption peaks at
2972cm ™! (aromatic C-H), 2910 cm ™! (aliphatic C—H), 1715cm ™"
(C=0), 1471cm™! (CH, bending), 1410 em™! (ring CH in plane
bending), 1341cm™! (CH, wagging), 1238cm™' (C(=0)-0
stretching), 1018cm™' (ring CCC bending), 970cm™' (O—CH,
strerching), 847 cm ™! (ring CC stretching). Wavenumbers and assign-
ments of the spectra are in good agreement with previously published
works [40,51].

Graft polymerization of polystyrene (40% concentration at different
time) led to appearance of new peaks in FTIR spectra characteristic of
polystyrene: 1580, 1450 (CH,-deformation), 700 (CH,-rocking mode),
530 cm ! (CH-aromatic), 1480 em ™! (C=C aromatic) [52]. The most
characteristic changes in the spectrum after grafting as a function of
time were observed for the peak at 700 em ™' (Fig. 7). For a quantitative
assessment, the values of the Ajoo/A1410 spectroscopic indexes were
calculated on the basis of peak area (A), results are presented in
Table 2. We observed consistent increase in peak area at 700 cm ™' with
increasing graft time from 1.9 for 15min of grafting to 2.81 for the
sample of PET TeMs-g-Styrene grafted for 120 min.

‘We employed XPS analysis for further investigation of the surfaces
of PET TeMs before and after grafting of styrene (at constant monomer

(b)

(d)

concentration 40%, pore diameter 268 nm). Elemental composition
determined by XPS was summarized in Table 3. By grafting PS onto PET
TeMs, we found that the relative atomic percent of carbon increased
from 72% to 76% after grafting for 60 min and to 77% after grafting for
120 min, while the amount of oxygen decreased from 28% to 23% after
grafting for 120 min. The high-resolution Cls (Fig. 8) and O1ls (Fig. 9)
spectra were analyzed for further studying the properties of the grafted
surfaces. The Cls peaks are attributed to C—C/C—H at 284.7 eV, C—0/
C—OH at 286.4 eV, and O at 288.8 eV. The O1s peaks are attributed
to C—0 (531.7V) and C=O0 (533.2 eV). Moreover, - shake up sa-
tellite peaks were observed in both Cls (at 291.2eV) and Ols (at
538.7 eV) XPS spectra. The results of XPS spectra are consistent with
previously published works [53-55]. Styrene grafting led to increasing
C content in survey spectra and C—C/C—H content in high-resolution
C1s spectra from 66.1 to 69.4% after grafting for 60 min and to 69.9%
after grafting for 120 min. At the same time we observed decreasing of
oxygen-content groups from the surface. It is due to atomic ratio in
polystyrene molecule. Ols spectra shows us that adsorption of benzo-
phenone led to increasing of C=0 bond from 42.5 to 45.1%, further
grafting of PS lead to return C—0/C=0 ratio to value for initial PET
TeMs, it is due to reaction of adsorbed benzophenone with polymer
surface and monomers under UV-irradiation with formation of benzo-
phenone ketyl radical and benzopinacol [56].

3.2. Desalination by membrane distillation

Membrane distillation of hydrophobic PET TeMs prepared at op-
timal conditions (40% styrene in CCl, 60min UV-irradiation,
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b

Fig. 4. SEM images of the surfaces of PET TeMs before (a) and after 30 min (b), 60 min (c) and 120 min grafting of PS (monomer concentration 40%).

Fig. 5. SEM images of cross-section view of PET TeMs before () and after (b) grafting (grafting degree 40%).
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Fig. 6. FTIR spectra of PET TeMs (sample #8) before and after grafting in the
range from 2000 to 400 cm ™!

L = 7 cm) with different pore sizes of 135, 220 and 268 nm, was per-
formed in direct contact mode with temperature control near the
membrane surface. The experimental rig have been described in our
previously published work [40]. The effect of temperature difference
between feed and permeate side, effect of membrane pore diameter and
NaCl concentration on water flux and rejection rate were studied and
results are presented in Figs. 10 and 11. It was found that water flux
increased from 155 g/m® h to 286 g/m” h with increase of temperature
difference from 50 to 70 °C between feed and permeate side (Fig. 10b).
It can be explained by Antoine equation [5]:

3816.44

PY(T) = ex [23.1964 -
(D)=iep 4613 - T

The vapor pressure will exponentially increase with temperature in-
crease, which in turn will lead to increase in driving force. Moreover, at
higher temperature, viscosity of feed solution decrease [57] that would
also led to increasing of water flux.

Fig. 10a shows effect of salt concentration on average water flux.
Salt concentration influences the feed solution vapor pressure. Results
show a linear decreasing of water flux with increasing of salt
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Fig. 7. FTIR spectra before and after grafting (from 800 to 600 cm™?).

Table 2

Area under the peak at 700cm ™" calculated
from normalized spectra at 1410cm™' of
grafted PET TeMs with styrene at different time.

1

Irradiation time Azoo
15 min 1.90
30 min 213
60 min 2.69
120 min 2.81

concentration in all membranes with different diameters. For instance,
for membrane with a pore diameter of 268 nm, water flux decreased
from 285 to 219 g/m> h (23.16%) with increasing salt concentration
from 7.5 to 30 g/L. This can be explained by increasing partial pressure
and viscosity of feed solution and decreasing of water activity at highly
concentrated solution, that would led to improvement of mass and heat
transfer resistance [9,58]. This dependence was also observed by dif-
ferent authors [5,59].

Degree of salt rejection (R) was evaluated by measurements of
electrical conductivity of permeate side for 5h of MD operation
(Fig. 11) by using equation:

R={1-5]x 100%
Co

@

where C, is the concentration of salt at feed side (g/L), C;, concentra-
tion of salt at permeate side (g/L). We observe slight increase in con-
ductivity with time for membranes with pore diameter of 135 and
220 nm and significant increase for membranes with pore diameter of
268 nm. Degree of rejection is highly dependent of pore diameter. In-
creasing of pore diameter from 135 to 268 nm led to dramatic decrease
of salt rejection from 99.5 to 85.2%. It is due to not sufficient degree of

Table 3
XPS surface composition of the samples.
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hydrophobicity (LEP 0.14 MPa and CA is 91°) [7], that can led to salt
breakthrough through the membrane. This effect investigated by EDX
analysis was also observed in our previously published work [40].

3.3. Membrane distillation of low-level liquid radioactive wastes (LLLRW)

LLRW was obtained from Research Nuclear Reactor WWR-K
(Almaty, Kazakhstan). Atomic emission method was used to analyze
main ions such as Na, Mg, K, Fe, Ca, Al, Sb, Sr, Mo, Cs of LLRW
(Table 4) and Gamma Ray Spectrometer was used to control activity of
some radioisotopes: °°Co, 1*’Cs and 2*!Am before and after treatment
(Table 5).

In DCMD experiment, hydrophobic PET TeMs with different pore
diameters (the same as in the previous experiment) were used to
evaluate water fluxes and decontamination factor (D) efficiency of
LLLRW as a function of pore diameter. Decontamination factor (D) was
evaluated by equation [40]:
p=%

a, @
where a; is specific activities of the feed and a, is specific activities of
the permeate solution.

Removal efficiency of the species was primarily evaluated by elec-
trical conductivity measurements, which can be also used for overall
efficiency of DCMD for metal ions rejections. Results are presented in
Fig. 12a, that are correlated with previously obtained results on NaCl
rejection. Fig. 12b shows increasing average water fluxes from 198.5 g/
m? h for the membrane with 135 nm pore diameter to 980 g/m? h for
the membrane with 268 nm pore diameter.

According to Table 4, all degrees of rejection were more than 90%,
most of them being close to 100%. For comparison, commercially
available PTFE hollow fiber membrane with pore diameter of 220 nm
was used. The presented data showed that modified PET TeMs have
advantages in comparison with PTFE hollow fiber membranes. Results
on decontamination factors of radioisotopes are presented in Table 5.
PET TeMs-g-PS with pore diameter of 220 nm showed decontamination
factor for ®°Co of 85.4, for ¥Cs of 1727.3 and for >*'Am of 4.9. While
decontamination factor for ®°Co is 10.1, for '*’Cs is 438.8 and for
24 Am 2.04 using standard PTFE membrane. Thus, the use of TeMs with
a narrow pores size distribution allows us to achieve better purification
from radioactive wastes.

4. Conclusions

This work considered an effective and simple method of PET TeMs
hydrophobization with styrene (at optimal conditions of 40% styrene,
60 min of grafting) and subsequently using them in desalination and
purification of low-level liquid radioactive wastes. Track-etched mem-
branes showed great decontamination factors and salt rejections (close
to 100%) in comparison with commercially available PTFE hollow fiber
membrane. Increasing of pore diameter from 135 to 268 nm led to in-
creasing of water fluxes together with decrease of salt rejection. DCMD
was controlled by gravimetric and conductometric analysis. Purified
solutions were studied by gamma-ray spectroscopy and atomic emission
method before and after treatment. Decontamination factors of '*’Cs,

Sample Atomic concentration, % High resolution Cy, moieties, % High resolution Oy, moieties, %
c o C—C/C-H —COH/C-0-C c=0 c-0 c=0
PET TeMs 71.89 28.11 66.1 19.8 141 57.5 425
PET TeMs-benzophenon 72.01 27.99 66.3 19.2 145 54.9 45.1
PET TeMs -g-Styrene 60 min 76.18 23.82 69.4 186 120 55.4 446
PET TeMs -g-Styrene 120 min 77.04 22.96 69.9 183 11.8 57.1 42,9
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Table 4

Chemical composition of the waste solution and the effluent after DCMD process.

Separation and Purification Technology 227 (2019) 115694

Element Concentration in the  Concentration in the permeate  Concentration in the permeate Concentration in the permeate  Concentration in the permeate
feed, pg/L (PET TeMs-g-PS, d = 268nm), (PET TeMs-g-PS, d = 220nm), (PET TeMs-g-PS, d = 135nm), (PTFE hollow fiber membrane d-
ng/L ng/L ug/L 220 nm), pg/L
Cs (0 = +26%) 304 145 033 <0.05 343
Mo (0 = 458 111 <03 <03 76.0
+15%)
Sr(o=+15%) 136 <05 <05 <05 111
Sb(o = =15%) 46.3 <03 <03 <03 8.96
Al(o = +16%) 660 <3 <3 <3 <30
Ca(o = = 16%) 1780 55.3 52 44 208
Fe(o = +10%) 383 <06 <06 <06 <6
K (0= *15%) 249 200 377 414 150 7476
Mg (o 1046 252 4 2 <10
+15%)
Na(o = +15%) 4710000 13 200 3200 540 601
Table 5

Radioisotope composition of feed waste solution and permeate solution after DCMD process.

Radioisotope  Activity of the feed  Activity of the permeate (PET Decontamination factor ~ Concentration in the permeate (PTFE Decontamination factor D
(Ba/kg) TeMs-g-PS, d = 220nm) (Ba/kg) (D) hollow fiber membrane d = 220 nm)
*°Co 85.4 * 6.1 <1.0 85 165 + 1.1 10
rcs 1900 = 27 <11 1727 433 439
24Am <22 <045 5 <049 2
1404 « 135nm 815%, @
.
g 120 220 nm
@B 4 268 nm
=.100 a
>
S 80 «
B
3 60 .
5 98.5%
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Fig. 12. Electrical conductivity (a) and MD water flux (b) during continuous DCMD tests using hydrophobized PET TeMs with different pores for radioactive waste
solution (T = 70 °C).

which is hardly removable from the processed waste by most of the
known methods, reached to 1727.
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ARTICLE INFO ABSTRACT

In this paper, we present the results of liquid low-level radioactive wastes (LLLRW) treatment by direct contact
membrane distillation (DCMD) using polyethylene terephthalate (PET) track-etched membranes (TeMs). PET
TeMs were modified by styrene and triethoxyvinylsilane (TEVS) using UV-induced grafting. Modification led to
increase in the contact angle to 99° of PET TeMs (pore size from 150 to 300 nm). Hydrophobic PET TeMs were
investigated by X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), go-
niometric analysis, gas permeability test, liquid entry presser (LEP) analysis and scanning electron microscope
(SEM). Prepared membranes were tested in treatment of LLLRW by DCMD. The influence of pore size on water
flux and rejection degree was studied. Rejection degree was evaluated by conductometry and atomic emission
methods. Decontamination factors (evaluated by gamma-ray spectroscopy) for ®°Co, '¥’Cs, and **’Am were
found to be 85, 1900 and 5 respectively. In most cases degree of rejection of Cs, Mo, Sr, Sb, Al, Ca, Fe, K, Mg and
Na ions were more than 90% and close to 100%. The use of TeMs with a narrow pores size distribution and
without tortuous channels allowed us to achieve better purification from radioactive wastes in comparison with

Keywords:
Track-etched membranes
Hydrophobization

Membrane distillation

Styrene

Liquid radioactive waste treatment

hollow-fiber membranes.

1. Introduction

Development in nuclear power generation (Jia et al., 2018), tragedy
of Fukushima Daiichi accident (Jia et al., 2017b), and the environ-
mental problems of former nuclear test sites including those in Ka-
zakhstan (Semipalatinsk nuclear test site) (Evseeva et al., 2012) led to
the fact that treatment and concentration of liquid low-level radioactive
wastes (LLLRW) have received increasing attention all over the world
(Liu and Wang, 2013). Because of their large volumes and low levels of
radioactive materials, LLLRW should be concentrated and then solidi-
fied with cement, glass, asphalt or bitumen (Zakrzewska-Trznadel,
2013). In recent years, membrane methods for separating liquid mix-
tures have been intensively developed with promising results to resolve
a wide range of scientific and environmental problems. One such pro-
cess is membrane distillation (MD), a method of separating and

* Corresponding author. L.N.Gumilyov Eurasian National University, Satpaev str.,

concentrating aqueous solutions of substances (Gonzélez et al., 2017;
Wang and Chung, 2015). The advantages of MD are low energy con-
sumption, low operating temperature, and not requirement of over-
pressure. The main drawback of this process is the short lifetime of the
membranes due to gradual surface fouling and poor performance
(Tijing et al., 2014; Wang and Chung, 2015). Despite this, MD is widely
used for the desalination of seawater and groundwater (Hubadillah
et al., 2018; Ruiz-Aguirre et al., 2018; Zhao et al., 2017), wastewater
and natural water treatment to remove heavy metals (Attia et al., 2017;
Naidu et al., 2017; Quist-Jensen et al., 2017), radionuclides and pes-
ticides (Jia et al., 2018, 2017a; 2017¢).

The membranes used for the MD process should fulfill the following
requirements: hydrophobicity, high porosity, water impermeability,
chemical and mechanical stability, uniform pore size distribution
(Alkhudhiri et al., 2012; El-Bourawi et al., 2006). Hydrophobicity of the
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Fig. 1. The degree of simultaneous grafting of styrene and TEVS to the surface of PET TeMs with (a) various concentration, (b) monomer ratios and (c) time.

Table 1

Contact angle and pore sizes of PET TeMs obtained under various grafting conditions (total monomer concentration and monomer ratios at 1 h of grafting).

No sample  Monomer ratio Concentration of monomer, Contact angle, Pore size (SEM Effective pore size, Liquid Entry Pressure  Grafting degree,
% : analysis), nm nm (LEP), MPa %
1 PET TeMs - 54 220 = 20 208 + 6 - -
2 Styrene TEVS (50:50) 20 99 206 = 21 200 + 6 034 13
3 Styrene TEVS (50:50) 10 88 210 = 24 203 7 015 10
4 Styrene TEVS (1 20 89 200 = 20 195 = 7 013 8
5 Styrene_TEVS (9 20 82 211 £ 21 203 £ 7 0.13 15
6 Styrene_TEVS (7 20 85 200 = 21 193 % 7 014 8
7 Styrene TEVS (3 ) 20 80 208 + 23 200 = 7 0.04 14
8 Styrene TEVS (50:50)° 20 87 287 = 25 283 % 6 013 14
9 Styrene TEVS (50:50)" 20 92 242 = 27 235 % 6 0.25 13
10 Styrene TEVS (50:50)° 20 99 142 = 12 131 % 6 039 12

“ - PET TeMs with pore size of 300 nm.
® . PET TeMs with pore size of 250 nm.
© - PET TeMs with pore size of 150 nm.

membrane surface prevents wetting and provides good separation
characteristics. Wetting properties of membranes are usually evaluated
by liquid entry pressure (LEP), which is defined as the pressure that
must be applied before the fluid goes through a membrane. For stable
operation, LEP values should not exceed 2.5 bar (Chew et al., 2017).
The wetting contact angle allows estimating the hydrophobicity and
hydrophilicity of membrane surface. A water contact angle above 90° is
required for the treatment of salty aqueous solutions with MD (An et al.,
2017).

The polymers mostly used in manufacturing membranes for MD
applications are poly(tetrafluoroethylene), polypropylene, and poly
(vinylidenefluoride) due to their hydrophobic nature and thermal sta-
bility (An et al., 2016; Khayet, 2011; Shirazi et al., 2014). However,
these types of membranes also have their drawbacks such as poor
productivity, high cost, fouling of the hydrophobic surface, which leads

to reduction in water purification (Gonzélez et al., 2017; McGaughey
et al., 2017). Thus, searching for new type membranes for MD is an
important task.

Recently track-etched membranes (TeMs) were started to be use in
the process of MD (Gancarz et al., 2015). Regular geometry of the pores
with the ability to control their amount per unit area and excellent
distribution of pore sizes together with low thickness and tortuosity
make track-etched membranes (TeMs) attractive for application in
precise separation methods (He and Guo, 2015; Korolkov et al., 2018b,
2017). The most frequently used ion-track membranes are based on
poly(ethylene terephthalate) (PET) (Kurakhmedov et al., 2017; Apel
et al., 2018; Filippova et al., 2016; Korolkov et al., 2019, 2018¢; Wang
et al., 2018). As mentioned above, for membrane distillation it is im-
portant that the membrane should possess hydrophobic properties.
However PET TeMs has medium-hydrophobic properties, and for
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Fig. 2. SEM images of PET TeMs surfaces: (a) before and after grafting at different ratios of monomers TEVS:styrene (b) 50:50, (c) 70:30, (d) 30:70, () 90:10, (f)

10:90.

successful application in MD process the membranes should have
water-repellent properties. The most common method of hydro-
phobization is to cover the surface by hydrophobic layer. In our pre-
vious work, hydrophobic PET films were obtained by covalent bonding
of silicon monomers such as dichlorodimethylsilane (Korolkov et al.,
2018¢) and UV-induced graft polymerization of styrene (Korolkov
et al., 2019) TEVS in presents of acrylic acid and N-vinylimidazole
(Korolkov et al., 2018a). In the last work, the hydrophilic nature of
acrylic acid did not allow to obtain large contact angle of PET TeMs.
Replacing these additives with styrene may result in a better outcome.

In this paper, we consider the method of UV-graft polymerization of
the surface of PET by copolymerization of styrene and triethox-
yvinylsilane (TEVS). For the first time, chemically modified TeMs with
narrow pore size distribution and not tortuous channels will be tested in
MD of LLLRW solutions. These properties of TeMs led to high salt and
radioactive isotopes rejection degree.

2. Experimental part
2.1. Chemicals

Sodium hydroxide, N,N-dimethylformamide, benzophenone, so-
dium chloride, trichloromethane, TEVS, styrene were purchased from
Sigma-Aldrich. Deionized water (18.2MQ) obtained by water pur-
ification system Akvilon D-301 was used in all experiments. Purification
of monomers from inhibitors was carried out by passing through a
column filled with neutral alumina.

2.2. Preparation of the membrane and their modification

TeMs were prepared by irradiation 12um thick PET films with
84Kr'®* jons with an energy of 1.75 MeV/nucleon and ion fluence of
1:10°® ion/cm? using the DC-60 accelerator in Astana branch of Nuclear
Physics Institute of Kazakhstan. Then membranes with certain pore
diameters were obtained by means of photosensitization for 30 min
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Si-O-Si b

4 Si-OH

Si-0-C

110 108 106 104 102 100 98
Binding energy, eV

204 292 290 288 286 284 282 280
Binding energy, eV

XPS surface composition of the samples.

540 538 536 534 532 530 528
Binding energy, eV

0y, moieties, %

Sizp moieties, %

Sample Atomic concentration, % High resolution Cy, moieties, %
c o si Si-C  C-C/C-H  $i0-C/C-0-C  C€=0 C-O(Si-0) C=0 S§i-0-C  Si-OH  Si-O-Si

PET TeMs 719 28.1 - - 66.1 19.8 141 575 425 - - -

PET TeMs- 66.7 221 112 43 776 14.2 3.9 74.2 258 4.6 3.0 92.4
PET TeMs- 68.5 232 8.3 59 769 129 43 85.8 142 49 4.5 90.6
PET TeMs- 68.4 225 9.1 85 741 129 45 87.5 125 48 5.1 90.1
PET TeMs-g-PS-TEVS (90:10)  71.5 23.1 5.4 21 77.2 16.6 41 89.8 102 38 47 91.5
PET TeMs-g-PS-TEVS (10:90)  67.5 223 102 9.1 74.2 125 42 80.8 192 68 5.9 87.3
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from each side and chemical treatment in 2.2M NaOH at 85°C for
certain periods. Prepared membranes were dried and kept between
paper sheets under ambient conditions before use.

PET TeMs was hydrophobized by UV-induced grafting of styrene
and TEVS. PET films (10 X 15 cm) were rinsed with water in an ul-
trasonic bath. Then samples were dried and immersed in 5% benzo-
phenone solution in N,N-dimethylformamide (DMF). The films re-
moved from DMF solution were placed into chloroform solutions
(containing 1.5-2% water) of monomers with 10-20% concentration
with various monomer ratios. To remove dissolved oxygen form the
solution, argon purging was carried out for 20 min. The UV-irradiation
was carried out for certain time under UV lamp OSRAM Ultra Vitalux
E27. After irradiation, samples were washed first in chloroform, and
then in hot water to remove residual monomers, ungrafted homo-
polymers, and dried and weighed to calculate the grafting degree.

2.3. Membrane characterization

Agilent Cary 600 Series FTIR Spectrometer with ATR accessory was
used to record FTIR spectra to study different chemical groups appeared
after modification with scan range of 400-4000 em ™%, and resolution
4.0cm ™. Spectral analysis was conducted by using Agilent Resolution
Pro. X-ray photoelectron spectra were recorded on a Thermo Scientific
K-Alpha spectrometer in the Ural Center for Shared Use “Modern
Nanotechnology” Yekaterinburg, Russia. The vacuum in the analysis
chamber was maintained at 210 ®Pa or lower. Scanning electron
microscope JEOL JSM-7500F, and atomic force microscope Smart SPM-
1000 AIST-NT (with tip radius not exceeding 10 nm) were used for

Table 3
Chemical composition of the LLLRW sample and the effluent after DCMD process.
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determination of pore diameters and characterization of morphology
after PET TeMs modification. The gas flow rate was measured at a
pressure drop of 20 kPa. Gas permeability test was used to estimate
effective pore sizes of the membranes (Mulder, 1996). Contact angle
(CA) was measured from five different positions of the films using Di-
gital Microscope with 1000x magnification using static drop method at
room temperature. Liquid Entry Pressure (LEP) was determined by
using deionized water flow measurements according to recommenda-
tions described in (Ahmed et al., 2017; Garcia-Payo et al., 2000). A
circular sample with the radius of 1.25cm was clenched inside the
sealed chamber, and a test was run with air at gradually increasing
pressure.

2.4. Direct contact membrane distillation process

DCMD rig used for the tests is described and presented in our pre-
vious paper (Korolkov et al., 2018a). The permeate flux was measured
by weighing. Saline solution of 7.5-30 g/L NaCl as well as LLLRW
samples obtained from WWR-K nuclear research reactor (Almaty, Ka-
zakhstan) were tested. The degree of salt rejection was calculated by the
change in conductivity that was measured using Hanna Instruments
HI2030-01. OPTIMA-8000 ICP-Optical Emission Spectroscopy (the
spectral range is 165-900 nm with resolution of < 0.009 nm at 200 nm)
was used to estimate elemental concentration of solutions before and
after MD. Gamma-ray spectroscopy Canberra GM1520 with semi-
conductor Ge detector and the energy range (25-3000) keV was used to
estimate the activity of radioisotopes.

3. Results and discussion
3.1. Hydrophobization and characterization of PET TeMs

In order to impart hydrophobic properties to PET TeMs surface, UV-
induced graft copolymerization of two monomers with hydrophobic
nature, namely styrene and TEVS was performed. Chloroform was used
as a solvent in UV-induced graft polymerization since it has good
transparent properties in UV-vis region (cutoff at around 245 nm, while
BP has broad absorption at 250-300 nm and from 310 to 370 nm), and
chloroform well dissolves monomers. Effect of different parameters
such as concentration of monomers (10-30%), ratio of monomers
(50:50; 10:90; 90:10; 30:70; 70:30) and grafting time was studied to
investigate the grafting process (Fig. 1).

Styrene has a high tendency for polymerization compared to TEVS
(Agudelo et al., 2011), thus, as it can be seen from Fig. 1b, an increase
in the styrene concentration leads to an increase in the grafting degree,
and an increase in the concentration of TEVS, on the contrary leads to a
decrease in degree of grafting for a given monomer concentration and
grafting time. Fig. 1a shows that increasing of the monomer mixture
concentration from 10 to 20% leads to a significant increase in the

Element Concentration in

the feed, g/l

Concentration in the permeate
(PET TeMs-g-PS-TEVS,
d = 242nm), g/, (degree of

rejection, %) rejection, %)

Concentration in the permeate
(PET TeMs-g-PS-TEVS,
d = 206 nm), g1, (degree of

Concentration in the permeate
(PET TeMs-g-PS-TEVS,

d = 142nm), ug/1, (degree of
rejection, %)

Concentration in the permeate
(PTFE hollow fiber membrane d-
220 nm), pg/l, (degree of
rejection, %)

Cs(o= +26%) 304 7.13 (97.7%) 1.18 (99.6%) 0.34 (99.9%) 34.3 (88.7%)
Mo (0= *15%) 458 4.14 (99.1%) < 0.3 (99.9%) < 0.3 (99.9%) 76.0 (83.4%)
Sr(o= *15%) 136 < 0,5 (99.6%) < 0.5 (99.6%) < 0.5 (99.6%) 11.1 (91.8%)
Sb(o= *15%) 46.3 0.68 (98.5%) < 0.3 (99.4%) < 0.3 (99.4%) 8.96 (80.6%)
Al(o= *16%) 660 <12 (98.1%) < 3(99.5%) < 3(99.5%) < 30 (95.4%)
Ca(o= +16%) 1780 96.1 (94.6%) 84.2 (95.2%) 18.6 (99.0%) 208 (88.3%)
Fe(o= +10%) 383 < 2.4(99.4%) < 0.6 (99.8%) < 0.6 (99.8%) <6 (98.4%)
K(o= *15%) 249200 1523 (99.4%) 236 (99.9%) 54.6 (99.9%) 7476 (97%)
Mg (o= +15%) 1046 < 4(99.6%) 2,36 (99.8%) <1(99.9%) <10 (99.0%)
Na(o= *15%) 4710000 103 (99.9%) 17.6 (99.9%) 1.87 (99.9%) 601 (99.0%)
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grafting degree, whereas further increase in concentration leads only to
a slight increase in the grafting degree. Thus, increasing concentration
of monomers above 20% is not effective. Fig. 1c shows relationship of
grafting degree with time at constant concentration of monomer 20%
and monomer ratio 50:50. Grafting degree reaches 12.8% after 60 min
and 14.5% after 120 min of grafting. An increase in the time of grafting
from 60 to 120 min lead to an insignificant increase in the degree of
grafting, thus, the optimum time for grafting is considered as 1h. To
evaluate the hydrophobic properties of prepared samples, the method
of contact angle measurement was used (Table 1). As it can be seen
from Table 1, contact angle is dependent on the degree of grafting and
on the concentration of monomer and their ratio.

Along with that, the pore diameter of the membranes also sig-
nificantly affects contact angle and LEP. With an increase in the pore
diameter from 142 to 287 nm, the value of the capillary effect exceeds
the surface tension force of a water droplet. It is also confirmed a de-
crease in LEP with an increase in pore diameter. However, according to
the recommendation, the LEP preferentially should be > 2.5 bar for a
successful application in MD. The use of a membrane with a pore dia-
meter of 287 nm may lead to liquid slipping. Thus, according to the
above given results, the optimal conditions for the modification of PET
TeMs with pore sizes 150-250 nm by UV-induced graft polymerization
of styrene and TEVS leading to maximum hydrophobization of mem-
branes with 99° of water contact angle and preserving the pore struc-
ture are as follows, grafting time 60 min, total monomer concentration
20% and monomer ratio of 50:50.

Analysis of previously published papers on using styrene and TEVS
as hydrophobic agent shows us that contact angle of different materials
can be increased up to 94-104° (Arkles, 2015; Guo et al., 2016) and in
some cases to 161° (on tunable nanostructures polystyrene) (Xu et al.,
2007) and 156°(Wang et al., 2019).

SEM analysis was used to determine pore sizes and investigate
morphology after modification of the membranes. Electron micro-
photographs of the PET TeMs surfaces after grafting at different
monomer ratios are shown in Fig. 2, the change in pore diameters is
summarized in Table 1. The analysis shows a slight narrowing of the
pore diameter with the degree of grafting. Thus, graft polymerization is
carried out with preservation of the pore structure of the membranes.

As can be seen from Table 1, the membranes with higher degree of
grafting do not show the maximum contact angle, this is probably also
due to the different chemical composition of the surface at different
ratios of monomers. FTIR and XPS analysis were used to study chemical
content of the membranes. XPS analysis shows changes in chemical
composition of very top layer (~10nm) of the membranes before and
after graft copolymerization of styrene and TEVS (at constant monomer
concentration 20%, pore diameter 200 nm). Survey spectrum of pristine
‘membrane (Fig. 3a) consists of oxygen and carbon, whereas grafting of
styrene and TEVS led to emerging of new peaks corresponding to Si.
Moreover low intensity peaks at around 199eV and 398eV

corresponding to Cl and N respectively were detected, that most likely
to obtain from contamination. Top surface elemental composition de-
termined by XPS is summarized in Table 2. Graft copolymerization of
styrene and TEVS led to decreasing content of C and O and increasing
silicon up to 11.2%. High-resolution Siy, spectra (Fig. 3b) consist of 3
peaks at 102.9 eV (Si-O-Si) with high intensity, at 104.1 eV(Si-O-H)
and 104.7 eV (Si-O-C) with low intensities, which is characteristic for
silane compounds (Khung et al., 2015). A quantitative analysis of the
ratio of these peaks shows that the surface at about 90-92% consists of
Si-O-Si linkages, and only at 8-10% consists of Si-O-C and Si-OH
linkages. High-resolution Cls spectra were recorded after grafting of
styrene and TEVS at different monomer ratios (data are presented in
Table 2 and spectra are shown in Fig. 3¢,f). The Cls peaks of pristine
PET TeMs are attributed to C-C/C-H at 284.7eV, C-O/C-OH at
286.4 eV, and C=0 at 288.8 eV, however graft copolymerization led to
appearance Si-C linkage at around 282.9 eV with low intensity and
peak at 286.4eV is attributed not only to C-O/C-OH, but also to
Si-O-C linkage. The authors (Khung et al., 2015) also found similar
observations during hydrosilylation carried out on bifunctional mole-
cules by using thermal treatment and photochemical treatment. High-
resolution O1s spectra (Fig. 3 d,e) also helped to explain surface content
of PET TeMs before and after grafting. The Ols peaks of initial PET
membrane are attributed to C-O (531.7eV) and C=O0 (533.2eV).
Moreover, nt-n* shake up satellite peaks were observed at 538.7 eV.
Graft polymerization of styrene and TEVS led to formation of O-Si/C-O
peak at 532.4 eV, and C=O0 peak of PET appeared at 533.8 eV. From
XPS spectra, it can be concluded that Si-OC,Hs group react with for-
mation of Si-O-Si links and a small amount of Si-OH groups. Table 2
shows that with a monomer ratio styrene:TEVS = 50:50, minimum
content of Si-OH groups and oxygen was observed. It can explain the
highest contact angle of the PET TeMs hydrophobized at these condi-
tions.

To confirm graft polymerization and detect the presence of chemical
group vibrations coming from TEVS and PS in modified PET TeMs,
FTIR-ATR analysis was performed. FTIR-ATR spectra of original and
grafted PET TeMs are shown in Fig. 4. Typical FTIR-ATR spectrum of
unmodified PET TeMs consist of main absorption peaks at 2972 cm ™"
(aromatic C-H), 2910cm™" (aliphatic C-H), 1715cm™' (C=0),
1471cm ™" (CH, bending), 1410em™" (ring CH in plane bending),
1341cem™' (CH, wagging), 1238cm™' (C(=0)-O stretching),
1018cm ™' (ring CCC bending), 970em™' (O-CH; stretching),
847 cm ™! (ring CC stretching). The presence of grafted TEVS is con-
firmed by Si-O-Si and Si-C vibrations at 1180-1110, 761 em™Y, re-
spectively. Moreover, peak at 3300-3600 cm ™' was detected with low
intensity that is corresponding to OH. OH-groups can come from hy-
drolysis of Si-OC,Hs groups. The results of FTIR spectroscopy correlate
with XPS analysis.

In order to study the stability of the hydrophobic surface, the
membranes were kept in water at room temperature and 85 °C for 1 h to
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48 h. However, no changes were recorded in both the contact angle and
the FTIR-ATR spectrum. This indicates the stability of the prepared
hydrophobic layer of PET TeMs.

3.2. Membrane distillation of liquid low-level radioactive wastes

Decontamination factor D

10
439
>2

Membrane distillation of LLLRW with hydrophobic PET TeMs pre-
pared at optimal conditions (20% styrene, TEVS/St= 50:50 in
chloroform, 60 min UV-irradiation) with different pore sizes of 142,
206, 242 and 287 nm, was performed in direct contact mode with
temperature control. LLLRW was purchased from Nuclear Research
Reactor WWR-K (Almaty, Kazakhstan). LLLRW consist of different ions
such as Na, Mg, K, Fe, Ca, Al, Sb, Sr, Mo, Cs measured by atomic
emission method (Table 3) and consist of radioisotopes °°Co, '*’Cs and
24 Am with different activities measured using Gamma Ray Spectro-
meter.

In DCMD experiment, hydrophobic PET TeMs with different pores
were used to evaluate water fluxes and decontamination factor (D)
since the efficiency of DCMD depends on pore diameter.
Decontamination factor (D) was calculated according to (Korolkov
et al., 2018a) the equation:

Concentration in the permeate (PTFE
< 0.49

hollow fiber membrane d-220 nm)

165 + 1.1
4.33

D= L
a )

Decontamination factor

(D)

42

where ar and a, are specific activities of the feed and the permeate
respectively.

Removal efficiency of wastes was primarily evaluated by electrical
conductivity, which can be also used for overall efficiency of DCMD for
metal ions rejections since the main components of the waste sample
are Na and K which are highly effective to cause changes in con-
ductivity.

DCMD results are presented in Fig. 5a. Membranes with pore dia-
meters of 142, 206 and 242 nm showed minor changes in conductivity
during MD, whereas using membranes with a pore diameter of 287 nm
leads to a significant increase in conductivity from 214 to 2238 uS/cm.
Degrees of salt rejection for the hydrophobized PET TeMs with pore
diameters of 142, 206 and 242nm are 99.2%, 96.8% and 86.9% re-
spectively. Fig. 5b shows us increasing average water fluxes from
810 g/m*h for the membrane with 142nm pore diameter to 1584 g/
m?h for the membrane with 242 nm pore diameter. It should be noted
that according to conductivity results (degree of salt rejection is around
5%), high flux of membranes with pore sizes of 287 nm is due to wet-
ting the channels.

According to Table 3, all degrees of rejection were more than 94%,
and most of them close to 100%. For comparison, commercially avail-
able PTFE hollow fiber membrane with pore diameter of 220 nm was
used under the same test conditions. Variations in ion concentration are
caused by different salt concentration in feed solution. Decrease in the
degree of salt rejection with an increase in the pore radius is associated
with a decrease in the LEP (as it seen in Table 1). The higher the LEP,
the lower the probability of liquid passing through the pores of the
membranes.

Results on decontamination factors of radioisotopes are presented in
Table 4. PET-g-PS-TEVS with pore diameters of 142 and 242nm

Activity of the permeate (PET
TeMs-g-PS-TEVS, d = 242 nm)

(Bq/kg)
<10
458 * 1.8
<0.32

Decontamination factor

(D)

>85
> 1900

Activity of the permeate (PET TeMs-
<1.0

<10

<0.41

g-PS-TEVS, d = 142nm), (Bq/kg)

Radioisotope composition of feed waste solution and permeate solution after DCMD process.

Z showed decontamination factor for “°Co of > 85.4, for **’Cs of > 1900
2 and 42, for **'Am of 5 and > 7 respectively. It should be noted that in
‘s 38 most cases data received was below detection limit. The decrease in the
E‘ ;-2 : ;‘ Q decontamination factor with an increase in the pore diameter is asso-
E g g § v ciated with a decrease in the LEP and the contact angle.
Decontamination factor for ®°Co is 10, for **’Cs is 439 and for

) 241Am > 2 using standard PTFE membrane. Thus, the use of TeMs with

<« £ g a narrow pores size distribution allows us to achieve better purification

223 88z of LLLRW from radioactive wastes.

2 g2 5

5
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4. Conclusions

This study consider simple and effective method of hydrophobiza-
tion of PET track-etched membranes by grafting of styrene and TEVS (at
optimal conditions of 20% monomer concentration at monomer ratio
50:50, 60 min of photo-grafting) and their application for effective
treatment of liquid low-level radioactive wastes. Prepared membranes
were characterized by methods of XPS, FTIR before and after grafting as
well as after membrane distillation process, SEM, gas permeability test
to study pore structure and LEP and goniometric analysis to evaluate
hydrophobic properties of the membranes. DCMD was controlled by
gravimetric and conductometric analysis. The effect of membrane pore
diameter on water flux and rejection degree was studied. Elemental
composition of waste solutions was studied by gamma-ray spectroscopy
and atomic emission method. Excellent degree of salt rejection of main
elements of LLLRW such as Cs, Mo, Sr, Sb, Al, Ca, Fe, K, Mg and Na has
been achieved and decontamination factor for ®°Co, '*’Cs, and 2*'Am
were > 85, > 1900 and 5 respectively when using modified membrane
with average pore diameters of 142nm (average water flux for this
membrane is 810 g/m>h). Membranes with higher pore diameters of
206, 242 and 287 have fluxes of 1005, 1584 and 2800 g/m>h, however
degree of salt rejection and decontamination factor are not sufficient
due to the fact that modified membranes with large pore diameters
have lower LEP and contact angle The optimum ratio between water
flux and efficiency of salt rejection is achieved using 142 nm pore radius
membranes. For the first time track-etched membranes were studied in
‘membrane distillation of liquid low-level radioactive wastes. The use of
track-etched membranes with a narrow pores size distribution and not
tortuous channels allows us to achieve better purification from radio-
active wastes in comparison with hollow-fiber membranes.
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Abstract

In connection with the widespread use of pesticides, the question arose of their possible danger to humans and the environ-
ment. The danger of using pesticides can be associated with the presence of residues in food products, with the pollution of
water bodies, soil and other objects. Therefore, water treatment from pesticides is a major environmental task. In this study,
the hydrophobic poly(ethylene terephthalate) (PET) track-etched membranes (TeMs) obtained by graft polymerization of
triethoxyvinylsilane (TEVS) and covalent attachment of 1H, 1H, 2H, 2H-perfluorododecyltrichlorosilane (PFDTS) were
tested in the water treatment from a pesticide (carbendazim) using direct contact membrane distillation. Hydrophobic PET
TeMs were characterized by scanning electron spectroscopy, Fourier-transform infrared spectroscopy, liquid entry pressure
analysis. The hydrophobization of PET TeMs led to a rapid increase in the contact wetting angle and reached to 134°. The
efficiency of water purification from carbendazim was evaluated by water-flux measurements and ultraviolet—visible (UV—
Vis) spectroscopy. The carbendazim solution was used at a concentration of 5, 10 and 20 mg/l. The largest permeate flux
of hydrophobized membranes was 214 g/m? h. Concentration of carbendazim in permeate solution was less than 100 pg/l.

Keywords Carbendazim - Water treatment - Direct contact membrane distillation - UV-induced graft polymerization -
Track-etched membranes

Introduction

At the current level of agricultural development using inten-
sive technologies, the role of pesticides is growing signifi-
cantly (Glynn et al. 1995). These are complex of chemicals
designed to protect crops from diseases, pests and weeds and
thereby produce higher yields. However, the widespread use
of pesticides leads to environmental pollution and negatively
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affects human health. Pesticides adversely affect the environ-
mental, surface and groundwater intended for consumption
(Alletto et al. 2010; Nasrabadi et al. 2011). Daily use of
pesticide-infected water leads to increase the risk of disease
of central nervous system, reproductive system and cardio-
vascular system (Nicolopoulou-Stamati et al. 2016; Taha
et al. 2014). Therefore, water treatment from pesticides is
an important and urgent problem around the world (Kim
and Kabir 2017). The most common groups of pesticides
are herbicides, insecticides and fungicides (de Souza et al.
2020). Carbendazim (methyl 2-benzimidazole carbamate) is
the most affordable and widely used fungicide (Merel et al.
2018).

Nowadays, various methods for treating pesticides from
wastewater, such as coagulation (Saini and Kumar 2016),
chemical oxidation (Qi et al. 2018), carbon adsorption
(Moussavi et al. 2013), ozonation process (Cruz-Alcalde
et al. 2018) are known. Membrane technologies are also
effective methods for water treatment which are widely used
in industry. Nano- (Nikbakht Fini et al. 2019; Plakas and
Karabelas 2012) and ultrafiltration processes (Mukherjee

4 Springer
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etal. 2018), as well as reverse osmosis (Fujioka et al. 2020;
Mehta et al. 2015; Nikbakht Fini et al. 2020, 2019; Pla-
kas and Karabelas 2012) have found their application in
the treatment of drinking water from pesticides. Recently, a
promising method of membrane distillation (MD) is being
studied as a water treatment from pesticides (Nthunya et al.
2019; Plattner et al. 2018).

The essence of MD is based on the separation of the lig-
uid due to the difference in temperature and pra
sides. Water evaporates on the hot side, and vapor pass
through a hydrophobic membrane and condenses on the cold
side (Bei et al. 2019; Delavari et al. 2019; Gao et al. 2018).
Compared to other membrane processes, MD has high
energy efficiency, and the process takes place at a relatively
low temperature (~85 °C on the hot side and~10 °C on
the cold side) (Alsebaeai and Ahmad 2020; Chamani et al.
2020; Deshmukh et al. 2018; Du et al. 2020a). The move-
ment of vapor from the hot to the cold part is due to convec-
tion. However, when vapor passes through the membrane,
it partially transfers heat to the material, thereby reducing
the temperature gradient. Therefore, the membranes for MD
should have low thermal conductivity (Chew et al. 2019; Du
et al. 2020b; Hubadillah et al. 2019; Jiang et al. 2020; Siyal
etal. 2019; Swar et al. 2020; Yao et al. 2020). Various types
of polymers, for instance, polytetrafluoroethylene (PTFE),
polyamide (PA), polypropylene (PP), PET and other can be
used in MD (Tang et al. 2010; Yang et al. 2011; Zhu et al.
2013). In recent years, there has been a significant amount
of interest for use of TeMs in MD (Gancarz et al. 2015;
Korolkov et al. 2018a). A unique feature of TeMs is the
control of the number of pores per unit area, which signifi-
cantly expands fields of their application in nano-, ultra-,
microfiltratiom, catalysis, sensors and others (Bessbousse
et al. 2011; Korolkov et al. 2017; Kutuzau et al. 2019a,
b; Mashentseva et al. 2019; Yeszhanov et al. 2018; Zdor-
ovets et al. 2019). Nowadays, various types of polymers are
known, intended as a material for TeMs. Among them, poly-
carbonate (PC) and PET are the most significant. PET films
have high thermal and chemical resistance, transparency,
high-tensile strength. At the same time, for the application
MD process, PET-based membranes require a significant
expansion of its hydrophobic characteristics. One of the
effective methods of hydrophobization is graft polym-
erization, including plasma graft polymerization (Toufik
et al. 2002), radiation graft polymerization (Soto Espinoza
et al. 2014) and photoinitiated graft polymerization (Yang
and Yang 2005). Hydrophobized PET TeMs were used for
concentration of juices (Gancarz et al. 2015) desalination
(Korolkov et al. 2018a, b) and liquid low-level radioactive
wastes treatment (Korolkov et al. 2019; Zdorovets et al.
2020) by DCMD.

In this paper, UV-induced graft polymerization of trieth-
oxyvinylsilane (TEVS) with addition of N-vinylimidazole

ure on both

s
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(VIM) and covalent binding of perfluorododecyltrichlorosi-
lane (PEDTS) were used to increase hydrophobic proper-
ties of the surface and inner pore walls of PET TeMs. The
covalent binding method allows to modify both inner pore
walls and the surface of PET TeMs, while UV-graft polym-
erization method led to modification only the surface and
entrance of the channels. Prepared membranes were tested
in DCMD for treatment of pesticide solutions.

Experimental part
Materials

Benzophenone 99% from Sigma-Aldrich was used as an
initiator for graft polymerization. Dimethylformamide was
purchased from Sigma-Aldrich and used a:
preparation of carbendazim standard solution. Dichloroeth-
ane was intended as a solvent in the graft polymerization.
Monomers such as TEVS and VIM, which were further
purified from stabilizers by passing through an alumina
in chromatographic column, were purchased from Sigma-
Aldrich. O-xylene was further distilled before use. 1H, 1H,
2H, 2H-Perfluorododecyltrichlorosilane (PFDTS) was also
used as a modifying agent. Carbendazim with a purity of
97%, 2,2-Bipyridyl, ferric chloride (I1T) and ortophosphoric
acid were obtained from Sigma-Aldrich. Deionized water
(18.2 MQ) was used in all experiments.

solvent in the

Manufacturing and improvement of hydrophobic
properties of the membranes

Manufacturing of PET TeMs was gone in the following way.
Samples of 10X 15 cm in size were previously irradiated by
DC-60 accelerator (Astana branch of Institute of Nuclear
Physics) with an energy of 1.8 MeV/nucleon by *Kr'** ions
and ion fluence of 1-10° ion/cm” Then, membranes were
photosensitized for 30 min on both sides and were chemi-
cally treated in 2,2 M NaOH at certain time to obtain mem-
branes with different pore sizes.

In order to increase hydrophobic properties of the mem-
branes, two methods of surface modification were considered
in comparison. First, mod
out by photoinduced graft polymerization of TEVS. Mem-
branes with pore sizes of d ~200 and 300 nm were ultrasoni-
cated in water in order to remove interfering substances on
the membrane surface. Then, the samples were placed in a
solution of the initiator (benzophenone) as it described in
Kutuzau et al. (2019a). Further, the samples were immersed
in a solution of dichloroethane and TEVS in a concentra-
tion range from 5 to 30% and VIM (0.3-6.6%). The result-
ing solution was irradiated under a UV-lamp Ultra Vita-
lux E27 by OSRAM (UVA—315-400 nm—W =13.6 W,

ation of PET TeMs was carried
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UVB—280-315 nm—W =3.0 W) within 15-160 min on
both sides.

The second method of hydrophobization of PET TeMs
was achieved by soaking into o-xylene solution of PFDTS at
different concentration range and time (1-24 h). After that,
membranes were washed and dried. Scheme of membrane
modification is presented in Fig. 1.

Membrane characterization

The surface morphology of pristine and modified PET TeMs
was examined using JSM-7500F scanning electron micro-
scope (SEM) (JEOL, Japan).

To determine the functional groups before and after
modification, Fourier-transform infrared (FTIR) spectra
were recorded using FTIR spectrometer Agilent Cary 600
with Single Reflection Diamond ATR accessory (GladiATR,
PIKE). Spectra were recorded in the range from 4000 to
400 cm™" with a resolution of 4.0 cm™'. Each sample was
measured 32 scans at the room temperature. Agilent Resolu-
tion Pro software was applied for spectrum analy:

The contact wetting angle (CA) of pristine and modified
PET TeMs was measured by using Digital Microscope with
1000x magnification using static drop method at room tem-
perature. Measurements were taken from different points of
the polymer, and the average result was calculated.

Liquid entry pressure (LEP) was measured to deter-
mine the minimum pressure necessary for the liquid to
pass through the hydrophobic membrane pores. LEP was

TEVS
—TEVS
UV-irradiation

PET TeMs

SiCH,CHy(CF,)oCF5

—o
o

FTCS

PET TeMs

O—SiCH,CHy(CF2)gCF5

[

l
HO—SICH,CHy(CFy)yCF

0
=

Fig.1 Scheme of PET TeMs modification

evaluated using deionized water on the equipment of
water flow measurements according to recommendations
described in Garcia-Payo et al. (2000). A round sample
with the radius of 1.25 cm was compressed inside the her-
metically sealed chamber, and a test was run with air at
gradually increasing pressure. The LEP w.
the pressure corresponding to the point of initial passage
of flow through the membrane using capillary with the
diameter of 0.7 mm. According to the recommendation,
the LEP should be > 2.5 bar for a successful application in
MD (Chew et al. 2017).

s recorded as

UV-spectrophotometric determination
of carbendazim

Concentration of carbendazim before and after DCMD was
analyzed using ultraviolet—visible (UV-Vis) spectroscopy
according to method described in Purushotham Naidu
et al. (2011). First, a standard solution of carbendazim
in dimethylformamide with a concentration of 100 pg/ml
was prepared. Next, a series of aliquots with a volume of
10-60 pg/ml was prepared and poured into a 10 ml glass
tube. 1 ml of 0.2% 2,2-Bipydil and 0.2% ferric chloride
(III) solution were also added to each tube. The resulting
solution was heated in a glycerin bath for 15 min at a tem-
perature of 100 °C, and then, it was removed and cooled
in cold water. After cooling, 2 ml of 0.1 N orthophos-
phoric acid was added to the solution. The glass tube was
made up to 10 ml with deionized water. UV results were
recorded on double-beam spectrophotometer Specord 200
Plus (Analytic Jena, Germany) with using quartz cuvettes.
The obtained orange solution was measured on a spectro-
photometer at 512 nm. Results were carried out by using
WinASPECT PLUS software.

Water transport in membrane distillation process

Direct contact membrane di

illation (DCMD) was used to
purify water from carbendazim dissolved in it using modified
PET TeMs. The mechanism of the process was described
earlier in the papers (Korolkov et al. 2018a). Deionized
water with concentration of carbendazim 5-20 mg/l was
tested.

The water flux was calculated by formula, described in
Lietal. (2018):

Am
AAt

(€3]
where J—water flux (kg/m? h), Am—water mass in per-

meate side (kg) per unit time Az (h) and effective area of
membrane A (m?).
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Results and discussion
Modification of PET TeMs and characterization

Hydrophobization of PET TeMs was carried out in two
ways: by UV-induced graft polymerization of TEVS and
covalent bonding of PFDTS. First method can be con-
trolled by time of grafting, concentration of monomer, dis-
tance to UV-source and concentration of additives. Effect
of these parameters on grafting degree and hydrophobic
properties was evaluated, and results are presented in
Fig. 2. Since TEVS has an low tendency to graft polymeri-
zation (Hayakawa et al. 1977), VIM in concentration range
from 0.3 to 3.3% (v/v) was used as additive to increase
grafting degree of TEVS. VIM concentration of 3.3% is
optimal to get the most hydrophobic membrane, a further
increase in concentration leads to a decrease in hydro-
phobic properties, caused by the hydrophilic properties of
VIM with higher content.

Figure la shows dependence of the time of irradiation
on the degree of grafting. With increasing time of UV-
irradiation, the grafting degree is also gradually increased.
An increase in the irradiation time of more than 1 h led to
the appearance of a gel-like mass, indicating the presence
of a homopolymer on the membrane surface. Figure 2b
represented the degree of grafting depending on the con-
centration of the TEVS. The graph clearly demonstrates

that at a concentration of 20%, the grafting degree reaches
maximum value and a subsequent increase in concentra-
tion leads to a decrease in grafting degree. Figure 2c
shows an effect of the grafting degree on the distance to
the UV-source (TEVS concentrations of 20% and VIM
3.3% at irradiation time of 1 h). It is worth noting that
increasing distance of the UV-source to the sample leads
to decrease in grafting degree rapidly. At the same time,
distance of 5 cm led to the formation of gel and membrane
contaminations.

Thus, the most suitable parameters for the modifica-
tion of PET TeMs were found: concentration of a TEVS
of 20% with a VIM concentration of 3.3%, distance to UV-
source—10 cm, time of irradiation—60 min. Hydrophobi-
zed PET TeMs were analyzed by contact angle (CA). The
measurements of CA were carried out from different places
of the sample, and the average value was calculated (drop
images are presented in Figure S1). It can be seen, the CA
of the initial PET TeMs increases significantly from 58 to
89° for PET TeMs-g-TEVS.

The second modification method is based on the soaking
of PET TeMs in a solution of o-xylene with PFDTS. The
principle of the interaction of PEDTS with o-xylene is the
high hydrolysis ability of the Si~Cl bond, which is able to
easily interact with the surface of PET TeMs.

Figure 3a shows the dependence of the concentration of
PFEDTS on the value of the CA. As can be seen, at an opti-
mal monomer concentration of 20 mM the CA reaches a

Fig.2 Grafting degree of TEVS a 4. b 30
onto PET TeMs at variation [TEVS]-20% Time - 1h
of time (a) and concentration = 1 [VIMI=3.3% = [VIM]=3.3%
of monomer (b), distance to 3 304 8 2 }
s & &
UV-lamp (c) and concentration 2 2
of VIM (d) (pore diameter of = 99 o .
initial PET TeMs is 200 nm) £ Z 10
&yl S
8 ‘
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Fig.4 SEM images of initial PET TeMs (a), PET TeMs-g-TEVS (b), PET TeMs—PFDTS (c) with magnification of x5000
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Fig.5 FTIR spectra of PET TeMs (1), PET TeMs- PEDTS (2), PET
TeMs-g-TEVS (3)

maximum value. A further increase in concentration does
not lead to a significant change in the CA. The dependence
of the holding time in the reaction on the CA was con-
sidered. The results are shown in Fig. 3b. The largest CA
(134°) was reached after 24 h. A further increase in time
did not significantly affect the value of the CA.

Hydrophobized PET TeMs were analyzed by methods of
SEM, FTIR spectroscopy and gas permeability test. Results
are presented in Figs. 4 and 5.

SEM images of surface initial and modified PET TeMs
are presented in Fig. 3. Pictures with high magnification are
also shown in Figure S2. Modification of PET TeMs has led
to a reduction in pore size from 220 + 8 for initial PET TeMs
to 216 +4 nm for PET TeMs-g-TEVS and to 174 +4 nm for
PET TeMs — PFDTS. The decrease in pore size is due to the
formation of polymers within the pores. Also, it should be
noted that modification by UV-induced graft polymeriza-
tion of TEVS led to modification of only the top surface and
entrance of the channels, since PET TeMs with small pore
size (200-300 nm) are used and UV-light cannot penetrate
inside the pores. While covalent bonding of PFDTS led to
modification both top surface and inner pore walls of the
membranes because the solution can easily penetrate into
the pores.

To identify the characteristic absorption bands of ini-
tial and hydrophobized PET TeMs, FTIR analysis was
performed. The use of an ATR accessory made it possible
to study the surface of the initial and modified PET TeMs
samples with a depth of about | pm. FTIR-ATR spectra
of pristine and modified PET TeMs are shown in Fig. 4.
Initial PET TeMs are characterized by absorption bands at
3400 em™!, which corresponds to the absorption of the OH
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groups, 2900-2980 cm™" are aliphatic and benzene CH,
rings. The C=0 double bond was observed at an absorption
of 1720 em™". Pulsation vibrations of the carbon skeleton
were found at 1420, 1480, 1612 cm™". The C(0)-O and
0O-CH, bonds were detected at 1220 and 970 cm—", respec-
tively. Grafting of TEVS led to appearance of new peaks
at 1260, 801 cm™" and 1100-1000 cm™" which is related
to Si-CH, and Si—O-Si vibrations, respectively. Moreover,
absorbance bands with low intensity and shape of shoulders
were found at 1649 cm™' (C=C def.), 1497 and 1085 cm™'
(C-N def.) related to VIM. Covalent bonding of PFDTS led
to appearance of new peaks at 1060, 1127 em™"
peaks of low intensity at 577, 602 and 628 cm™" related to
the C-F bond.

Membranes with pore diameters of ~200 nm were hydro-

, as well as

phobized at optimal parameters by two methods. Liquid
entry pressure (LEP) analysis (Table 1) showed that hydro-
phobized membranes with 200 nm can be used in MD in
connection with the recommendations (Eykens et al. 2017).
Hydrophobized PET TeMs have LEP > 0.43 MPa, while
LEP of membranes with pore size of 300 nm is not enough
for MD. Thus, subsequent experiments were carried out with
hydrophobized membranes with a pore diameter of 200 nm.

Purification of carbendazim by DCMD

Hydrophobized PET TeMs with a pore diameter of d~200
at optimal conditions (20 mM PFDTS during 24 h and

TEVS concentration of 20%, VIM—3.3%, distance to UV-
source— 10 cm during 60 min) were tested in the water treat-
ment of carbendazim by DCMD.

Membrane distillation (MD) was carried out using a car-
bendazim solution with concentrations of 5, 10, 20 mg/l.
Due to the low solubility of carbendazim in water, the solu-
ghtly acidified with HCL The process of mem-
brane distillation has already been described previously in
the work (Mukherjee et al. 2018; Nasrabadi et al. 2011).
During the experiment, a 50 ml of sample was taken every
hour to detect traces of carbendazim.

Figure 6 shows average water fluxes at different concen-
trations of carbendazim. PET TeMs-PFDTS has average
water fluxes of 158+ 50 g/m® h, 214 g/m” h at a carbendazim
concentration of 5 mg/l, 142 g/m* h and 119 g/m? h for con-
centrations of 10 mg/l and 20 g/m? h, respectively. This can
be explained by two factors: increasing partial pressure and
viscosity of feed solution and membrane fouling (Gonzalez
etal. 2017; Khayet 2011). PET TeMs-g-TEVS showed less
water fluxes: average water flux is 119+ 15 g/m> h. Flux
changes in concentrations occur with the least differences.
It can be associated with non-stability of temperature dur-
ing DCMD as well as with more uniformity layer of grafted
polymer on the surface.

Efficiency of DCMD was elucidated by UV-Vis spec-
troscopy according to the method (Purushotham Naidu
etal. 2011). Concentration of carbendazim was measured at
512 nm. It turned out that the concentration of carbendazim

Table 1 Characteristics of

A ‘ Sample Contact  Effective  Pore size (from  [Sil, % [F. % LEP,
PET TeMs before and after angle,®  poresize,  SEM analysis),nm (from EDX (from EDX MPa
bydrophiobization +4° nm analysis)  analysis)
Initial PET TeMs 58 19845 22048 - - 0.12
PET TeMs-g-TEVS 89 167+8 2163 15 = >0.43
PET TeMs—PFDTS 134 148 +6 174 +4 22 11.46 >0.43
Initial PET TeMs 55 3028 310+15 -~ - 0.015
PET TeMs-g-TEVS 85 28710 292420 17 - 0.04
PET TeMs—PFDTS 115 27412 285+18 23 13.51 0.04
Fig.6 Water flux during 300

continuous DCMD tests using
hydrophobized PET TeMs for
carbendazim solution with con-
centration of 5. 10 and 20 mg/l

2
H

200

3
8

Average water flux, g/m2*h
2 2

5mg/l
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in all case:
samples.

Based on the obtained results, methods of hydrophobi-
zation of PET TeMs showed good performance. The most
preferred type of modification for membrane distillation is
PET TeMs-PFDTS, due to its simplicity, high performance
and efficiency.

is below the detection limits (100 pg/1) at all

Conclusions

In this research, the ability of modified PET TeMs in water
treatment from a pesticide (carbendazim) was studied.
Hydrophobized PET TeMs were obtained by graft polym-
erization of TEVS and covalent binding of PEDTS. Various
characteristics of modifying agents on the grafting degree
and CA were studied. Membranes with CA of 134° and 89°
and LEP > 0.43 MPa were prepared and further used for
DCMD of pesticide solutions. Maximum permeate flux of
214 g/m® h were achieved using PET TeMs-PFDTS. Con-
centration of carbendazim in permeate solution was less than
100 pg/l. Thus, such methods of membrane hydrophobiza-
tion can be used in MD process for water purification from
pesticide.
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Keywords: The effectiveness of membrane-based separations is limited by fouling of the membrane used. In order to mi-
Track-etched membrane tigate this effect on PET track-etched membranes (PET TeMs), the methods of oxidation in hydrogen peroxide
PET and radiation induced graft polymerization of acrylic acid (AA) and N-vinylimidazole (VIM) were used. The
Modification

Graft polymerization
Oxidation

Antifouling
BSA the membrane surface.

antifouling properties of the modified PET TeMs have been evaluated using model systems, such as water so-
lutions of bovine serum albumin (BSA) and lysozyme (LYZ). The results showed that oxidation led to improved
antifouling properties, whereas graft polymerization of AA and VIM on the contrary, led to increased fouling of

1. Introduction

Membrane technology has attracted great interest of researchers
and industrialists due to its wide application in separation, purification
in oil industries, food industries with high efficiency, low energy con-
sumption, environmental friendliness, low cost and applicability in
wide range of temperature and pH (Alzahrani and Mohammad, 2014;
Ilame and V. Singh, 2015; Kumar et al., 2013; Pulido, 2016; Rynkowska
et al., 2017; Takht Ravanchi et al., 2009). However the problem of
membrane fouling is the main reason for the limitations of their use and
still remains to be solved (Chan and Chen, 2004; Nilsson, 1990; Pulido,
2016; Syedain et al., 2006). Reducing the effect of membrane fouling
can led to increasing of their operating time, selectivity and filtration
efficiency.

Nowadays different types of membranes are used in laboratory and
industrial applications: hollow fiber, flat sheet membranes of inorganic
and organic origin. In recent years, track-etched membranes (TeMs),
prepared by irradiation of thin polymer films with heavy ions and
subsequent chemical etching (Korolkov et al., 2017a, 2017b; A.
Kozlovskiy et al., 2017a) have found application in many areas in-
cluding water purification (Korolkov et al., 2015; Makkonen-Craig and
Paronen, 2014), filtration of medical injections (He and Guo, 2015),
electrical neurostimulation (Trofimov et al., 2015), biological and
biochemical sensors (Hanot, 2007; Makkonen-Craig and Paronen, n.d.),
nanotechnology (Chun and Stroeve, 2002; Kamakshi et al, 2017;

Korolkov et al., 2017a, 2017b; Kozlovskiy et al., 2017b; Mashentseva
et al,, 2015). Moreover TeMs are at the research stage in water pur-
ification and juice concentration by methods of membrane distillation
(Gancarz et al., 2015; Korolkov et al., 2018), and osmosis (reverse and
direct) (Kozlovskiy et al., 2017a; Kurakhmedov et al., 2017). The main
feature of TeMs is their regular pore structure and narrow pore size
distribution that make them attractive for accurate methods of analysis
and filtration process. However, the problem of surface fouling remains
to be a major problem during filtration using such kind of membranes
(Choi et al., 2009; Hwang and Chiang, 2014; Tracey and Davis, 1994;
Trofimov et al., 2017). Membrane fouling depends on ionic strength,
PH of the solution, type of contamination and surface properties of the
membranes. Both external (on the top surface) and internal fouling
(inside the pore structure) take place during microfiltration (Tracey and
Davis, 1994). Understanding of the fouling mechanism is very im-
portant in order to overcome it. Scientists identify 4 main mechanisms
of fouling: standard blocking, intermediate blocking, complete blocking
and caking (Griffiths et al., 2014; Ruth, 1935). However, these me-
chanisms can appear simultaneously or change on account of the dif-
ferent parameters.

Modification of the surface is required to reduce fouling effect. It is
assumed that more hydrophilic and less rough membranes show better
antifouling properties (Rana and Matsuura, 2010). For this purpose
different hydrophilic polymers have been used such as poly(vi-
nylpyrrolidone) (Tracey and Davis, 1994), poly(N-isopropylacrylamide)
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(Trofimov et al., 2017), poly(acrylonitrile) (Su et al., 2009), poly
(ethylene glycol) (Zanini et al., 2007), poly(vinyl alcohol) (Na et al.,
2000), poly(acrylic acid) (Deng et al., 2010; Wang et al., 2011; You
et al., 2012). Moreover different type of nanomaterials such as titanium
dioxide (Kovdcs et al., 2017), silicon dioxide (Tripathi et al., 2016),
aluminium oxide (WANG et al, 2012) and carbon nanotubes
(Ihsanullah et al., 2016) were also used to enhance antifouling prop-
erties. However, despite the successes achieved antifouling properties
still need to be improved. At the same time we must realize that de-
velopment of membranes with absolutely nonfouling properties seems
impossible.

‘The most popular model systems for checking antifouling properties
are solutions of bovine serum albumin (BSA), lysozyme (LYZ), sodium
alginate and bovine hemoglobin, characterized by different chemical-
colloidal parameters.

In the present study one of the most popular TeMs based on poly
(ethylene terephthalate) (PET) with average pore size of 400 nm were
used to enhance their antifouling properties by means of increasing
hydrophilicity of the surface using technologically simple and in-
expensive method of oxidation by environment friendly oxidation sys-
tems based on hydrogen peroxide as well as graft modification by using
hydrophilic monomers such as acrylic acid (AA) and N-vinylimidazol
(VIM).

2. Experimental
2.1. Chemicals

The analytical grade toluidine blue (TB), acid orange (AO), acetic
acid (100%), BSA, LYZ and all other chemicals were purchased from
Sigma-Aldrich and used without further purification. Acrylic acid (AA)
(> 99%, Sigma-Aldrich) was distilled under vacuum just before use. N-
vinylimidazole (VIM) (=99%, Sigma-Aldrich) was purified from in-
hibitor using alumina column. In all experiments, deionized water with
resistance of 18.2 MQ was used.

2.2. Track-etched membranes preparation and modification

Track-etched membranes were prepared from PET films with
thickness of 12 pm ("Mitsubishi Polyester Film', Germany) after irra-
diation using the accelerator DC-60 (Astana, Kazakhstan) by *Kr'®*
ions with energy of 1.75MeV/nucleon and ion fluence of 4107 ions/
cm? and chemical treatment of irradiated polymer film in 2.2 M NaOH
at 85°C. Membranes with ~400 = 13nm pore diameters were ob-
tained.

Prepared PET TeMs were oxidized in 300 mM H;0; at pH= 3 (HCI).
Oxidation was carried out for 180 min under UV irradiation at 254 nm
with mercury lamps of 190 W (Korolkov et al., 2014).

Radiation induced graft polymerization of AA and VIM on PET TeMs
was carried out by y-irradiation using Co® source with a dose rate of
0.525 kGy/h. Graft polymerization was realized in glass vials, at various
monomer concentrations (5-40%) in water solutions and absorbed dose
from 10 to 100 kGy to find out the optimal conditions of modification.
Argon was passed through the monomers solution with the sample in-
side before graft irradiation. CuSO, was added to monomer solution to
supress homopolymerization.

2.3. Protein antifouling properties evaluation

Antifouling properties of the modified membranes were evaluated
using cross-flow permeation tests with BSA and LYZ solutions with
concentration of 1g/L and at various pH values. The disc membrane
with radius of 2.5 cm was placed into the membrane cell and the pro-
tein solution was passed through the membrane using peristaltic pump.
‘The protein rejection was calculated using the following equation:
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where C, and Crare the concentration of protein in permeation and feed
solution, measured by UV-vis spectroscopy Analytic Jena 250.

2.4. Characterization

2.4.1. SEM analysis
JEOL JSM-7500F scanning electron microscope (SEM) was used for
visualization of protein fouling on the surface of PET TeMs.

2.4.2. Contact angle measurements

Water contact angle (CA) was evaluated using Digital Microscope
1000% magnification. The average CA value was obtained by mea-
suring the same sample at five different positions.

2.4.3. Colorimetric assay

To evaluate changing of carboxyl-end groups on the surface before
and after modification, method of colorimetry using toluidine blue (TB)
was used (Hennig et al., 2012). Samples (1 cm?) were treated at room
temperature with 10 mL 510 ~* M solution of TB (pH 10, NaOH). They
were shaken for 3 h, and then washed with deionized water and dried in
air. For quantitative determination of carboxylic acid groups, the
samples are exposed to 5 mL of 50% aqueous acetic acid and shaken for
15 min to release the bound TB. Optical density of the colored acetic
acid solution was measured at the wavelength of 633 nm, carboxyl end
group concentration was determined using the calibration curve and
was estimated in nM/cm®. AO was used to determinate PVI grafted
chains as it is described in (Sano et al., 1993).

2.4.4. Gas permeability
The effective inner diameter of pores were estimated by gas per-
meability tests (Ovchinnikov et al., 1991).

2.4.5. AFM study

Surface morphology was investigated by scanning probe microscope
SmartSPM-1000 of AIST-NT company in atmospheric conditions and in
semi-contact mode using a silicon cantilever NSG10 of NT-MDT com-
pany, with tip radius not exceeding 10 nm.

3. Results and discussion
3.1. Modification of PET TeMs

To improve antifouling properties of PET TeMs a method of oxi-
dation in H,0, previously developed by us was used (Korolkov et al.,
2014). Advantages of oxidation based on H,0; are high water solubi-
lity, ability of use in a wide range of temperatures, simplicity of
equipment. Moreover, HyO; is an environmentally friendly oxidant,
which forms oxygen and water as products in the reduction reactions.
Previous research showed that oxidation led to increasing hydro-
philicity (CA changed from 75.6° to 36.6" after oxidation) and de-
creasing roughness of the surface of the membrane (Korolkov et al.,
2014). The main properties of oxidized and PAA and PVI grafted
membranes are collected in Table 1.

Radiation graft polymerization technique was used to cover the
surface of PET TeMs by hydrophilic monomers (AA and VIM). For this
purpose standard procedure of direct irradiation in present of monomer
solution by y-source was used (Soto Espinoza et al., 2014). Optimum
conditions of PET TeMs modification were found in terms of monomer,
inhibitor concentration, absorbed dose, solvent variation. The results of
AA grafting are presented in Fig. 1. The degree of grafting is calculated
gravimetrically from the following equation:
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Table 1
Properties of pristine and modified membranes.
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Sample [COOH] nM/em? Grafting degree, % Effective pore size (permeability), nm Pore size (SEM analysis), nm
PET TeMs 756 = 14° 60+ 01 = 395 + 5 423+ 25
Oxidized PET TeMs 366 = 1.8° 149 + 08 - 416 + 4 452 + 30
PAAPET TeMs 314 % 12 110 = 5.1 251 B x6 375 + 25
PAA/PVIPET TeMs 395 = 19° 65+ 41 51 316 78+ 2
DOG (%) = W= Wi polymerization sites namely free radicals increases, both on the surface
W of the polymer membrane and in the monomer mixture that leads to an

where W, is the weight of the membrane after irradiation and W; is the
weight of the membrane before irradiation.

As can be seen from the presented data, the grafting efficiency is
significantly influenced by all the factors. Evidently increasing of ab-
sorbed dose and concentration of monomer led to increasing of grafting
degree, and increasing of inhibitor concentration slightly decreased the
degree of grafting. Inhibitor was added to the monomer solution to
minimize the reaction of homopolymerization that can occur during
irradiation. Colorimetric analysis (Fig. 1d) shows us increasing of
COOH-end groups from 14.9nM/cm? to 338.1 nM/em? by grafting of
AA at 150 kGy absorbed dose in parallel with the increasing amount of
degree of grafting. Thus membranes with carboxyl-enriched surface
were prepared.

Moreover to create surface with positively and negatively charged
groups, simultaneous graft copolymerization of VIM and AA was also
performed. To achieve optimal conditions of grafting without pore
blocking, different parameters were tested. Results are presented in
Fig. 2.

As the irradiation dose increases, the concentration of active
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increase in the degree of grafting, as shown in Fig. 2a. It has been found
that graft polymerization is more effective using mixtures of solvent
with water and the best results have been achieved by using "water-
methanol’ system (Fig. 2b). This is probably due to the high polarity
and diffusing ability of methanol due to its low molecular weight and
better wetting of PET surface.

The effect of overall monomer concentration on the degree of
grafting was also studied (Fig. 2c). As can be seen from the presented
data, along with an increase in the concentration of the monomer
mixture to 20%, the degree of grafting is increased due to the facilitated
diffusion of the monomers to the grafted surface. However, with a
further increase in the concentration of the monomer mixture to 40%,
the degree of grafting decreased due to the formation of a homo-co-
polymer, which was observed by precipitation.

The effect of AA/VIM monomer mixture composition on the degree
of grafting (Fig. 2d) showed that with an increase in the concentration
of VIM, the degree of grafting sharply decreases. This may be due to
lower reactivity ratio of VIM (r; = 0.121) than reactivity ratio of AA (ry
=1.1258) (Naguib et al., 2003) that means that the tendency of AA to
enter into copolymer structure is higher than that of VIM. A similar
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Fig. 1. The change in the degree of AA grafting (a) and carboxyl group concentration (b) depending on absorbed dose, the monomer (c) and inhibitor (d) con-

centration.
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Fig. 2. The change in the degree of AA/VIM grafting depending on absorbed dose (a), the solvent (b), monomer concentration (c) and monomer ratio (d).

effect was observed in (Ajji and Ali, 2005; Soto Espinoza et al., 2014)
where authors grafted N-vinylpyridine, and VIM together with AA on
poly(vinyl alcohol) film.

‘The composition of the graft copolymer was also evaluated by the
colorimetric method (Hennig et al., 2012; Maghami and Roberts, 1988)
using dyes TB - to determine the content carboxyl groups of PAA grafted
chains, and AO - to determine the content of PVI in the grafted copo-
lymer. The process of interaction of dyes with the copolymer is sche-
matically shown in Fig. . The results of these studies are presented in
the Table 2. It should be noted at this point that insignificant non-
specific interaction of TB with “aminated” membrane and AO with
“carboxylated” membrane also takes place. It was found that con-
centration of TB on “aminated” surface is 0.2 + 0.1nM/cm? and AO

i

i nqy

N,

u

COOH

sy
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Jton-gitan-ont;

CooH

1

Fig. 3. Schematic representation of dye binding with modified surface.

Table 2
‘The composition of the graft copolymer depending on the feed ratio of AA and
VIM.

Composition of the monomer mixture  The composition of the graft copolymer

[aAl vim) m, m;
80 20 9.9 41
50 50 64,5 355
EY 70 57,7 423
2 80 476 524
10 % 44,2 558

n “carboxylated” surface is about 0.09 + 0.1 nM/cm?, the values are
close to measurement error.

One of the most important parameters for evaluation of modifica-
tion efficiency in TEMs is determination of pore size change during
grafting. The change in the pore diameter during the graft poly-
merization was evaluated by SEM analysis and gas permeability mea-
surements (Fig. 4). Sharp decrease in the pore diameter of the TeMs was
observed indicating the formation of a graft polymer layer inside the
nanochannels of PET TeMs.

3.2. Protein fouling of modified PET TeMs

Protein fouling is significantly affected by the colloidal properties of
the surface, as well as pH and ionic strength of the protein solution.
Investigation of protein aggregation is especially important for estab-
lishing the possibility of using modified membranes for biological and
medical purposes. Prevention of the protein fouling on the surface and
inside the channels can be achieved by increasing the hydrophilic
properties of the membrane surface, since proteins contain mainly hy-
drophobic sites.
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Fig. 4. Pore diameter at different absorbed doses and SEM images of PAA-PET TeMs (a-c) and PAA/PVI-PET TeMs (d-f) (absorbed doses are 25 and 100 kGy in B-C

and E-F respectively).

Table 3
The main characteristics of the proteins used in this work.

Protein Molecular mass, kDa  Size, nm® ol
Lysozyme (LYZ) 143 3x3x45 11
Bovine serum albumin (BSA) 665 5x5x5  47-49

Two proteins with different properties LYZ and BSA were selected to
study protein fouling of modified and non-modified membranes. The
main parameters of proteins are given in Table 3.

First we investigated the effect of solution pH on protein transport
through the modified PET TeMs (properties of the membranes used in
the experiment are presented in Table 1).

The performance tests of the membranes were carried out at various
PH, by measuring the protein concentration in the solution before and
after filtration. Since membranes with pore diameters close to 400 nm
were used in all experiments, the size of the protein molecules did not
adversely affect transport properties. The filtration parameters were
‘mainly determined by the values of the charge of the protein and the
surface properties of the membrane, and also by the concentration of

the solution. The results of the dependence of the membrane perfor-
mance of the protein solutions on pH are shown in Fig. 5.

As can be seen from the graphs the highest flux for BSA was ob-
tained at pH = 4.7 and for LYZ at pH = 11. This is most probably due
to the fact that at these pH values the proteins are in their isoelectronic
point (p) that ensures their unimpeded penetration through the cy-
lindrical pores of the membranes. The flux of proteins decreased at pH
values above and below pl due to electrostatic repulsion of the nega-
tively charged molecules and negatively charged membrane surface
and attraction in the case of unlike charges of the protein and mem-
brane surface. Presented results are in good agreement with previously
published paper (Chun and Stroeve, 2002), where the authors in-
vestigated protein transport of functionalized polycarbonate track-
etched membranes using BSA and bovine hemoglobin. They also found
that fluxes sharply increased at the pH value close to the pl value of the
protein.

Moreover, the method of modification significantly affects the de-
gree of protein fouling. Flow rate is much higher at every pH value
when using oxidized membranes, rather than etched-only. At the same
time, water flow rate is sharply reduced in case of grafted membranes.
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Fig. 5. Permeability of PET TeMs at different external pH value of the solution of BSA (A) and LYZ (B) for oxidized PET-TeMs (1), PET TeMs (2), PAA-PET TeMs (3)

and PAA/PVI-PET TeMs (4).
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Fig. 6. Pore blocking for BSA (A) at pH 6 and LYZ at pH 12 (B) for Oxidized PET-TeMs (1), PET TeMs (2), PAA-PET TeMs (3) and PAA/PVI-PET TeMs (4).

Sample Membrane After filtration of BSA After filtration of LYZ
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7. SEM images of modified PET TeMs before and after filtration of proteins.

It can be associated with high content of charged functional groups performance has been observed, the pores of modified membranes after
which can interact with proteins. The results pertaining to pore  graft polymerization clogged much faster. Interaction of PET TeMs
blocking are presented in Fig. 6. surface with protein depends on different factors such as hydrophilic/

With increasing volumes of solutions a decrease in membrane  hydrophobic properties, roughness of the surface. From Table 1, it is
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seen that PAA-PET TeMs is more hydrophilic, but flow rate of the
membrane is low. Evaluation of roughness by AFM method showed us
that Ra of grafted PET TeMs is around 66 nm, whereas roughness of
etched and oxidized PET TeMs is around 4.51 and 4.81 nm respectively.
Moreover, after grafting process, pore diameters decreased by 64 nm
and 44 nm for PAA-PET TeMs and PAA/PVI-PET TeMs samples. These
factors can affect the interaction of protein with the surface and led to
low water fluxes of grafted PET TeMs.

‘The surface of all membranes before and after protein filtration was
investigated by SEM analysis. The results are presented in Fig. 7.

Some aggregates were observed on the feed side of the membranes
in all cases. At the same time, it is clearly seen that there are more
aggregates on the grafted membranes than on etched and oxidized
membranes. This also confirms better antifouling properties of oxidized
PET TeMs in comparison with etched and grafted ones.

4. Conclusions

Thus, it was found that the oxidation of PET TeMs led to an increase
in antifouling properties of the membranes which has a beneficial effect
on the filtration of biological fluids by modified membrane. The graft
polymerization of hydrophilic monomers such as AA and VIM, how-
ever, leads to pore clogging due to the interactions of the grafted
polymer with the proteins to be filtered. Oxidation of PET TeMs can be
recommended for further applications as filter media with reduced
proteins fouling properties. Modified PET TeMs have high prospective
application in water purification by reverse and forward osmosis
(membranes with hydrophilic and antifouling properties are required),
and in membrane distillation as permeate part of the membrane.

Funding

‘This work was support financially by the Ministry of Education and
Science of the Republic of Kazakhstan (grant No AP05132110) and by
the Ministry of Energy of the Republic of Kazakhstan (technological
program).

Conflict of interest
‘The authors declare that they have no conflict of interest.
Ethical approval

‘This chapter does not contain any studies with human participants
or animals performed by any of the authors.

Informed consent

Informed consent was obtained from all individual participants in-
cluded in the study.

References

Ajji, Z., Ali, AM,, 2005. Preparation of poly(vinyl alcohol) membranes grated with N-
vinyl imidazole/acrylic acid binary monomers. Nucl. Instrum. Methods Phys. Res.
Sect. B Beam Interact. Mater. At. 236, 580-586. htip://dx.doi.org/10.1016/J. NIMB,
2005.04.046.

Alzahrani, 5., Mohammad, A.W., 2014. Challenges and trends in membrane technology
implementation for produced water treatment: a review. J. Water Process Eng. 4,
107-133. http://dx.doi.org/10.1016/] jwpe.2014.09.007.

Chan, R., Chen, V., 2004. Characterization of protein fouling on membranes: opportu-
nities and challenges. J. Memb. Sci. 242, 169-188. hitp://dx.doi.org/10.1016/
memsei.2004.01.029.

Choi, J.-H., Park, 5.K., Ng, H.-Y., 2009. Membrane fouling in a submerged membrane
bioreactor using track-etched and phase-inversed porous membranes. Sep. Purif.
Technol. 65, 184-192. hitp://dx.doi.org/10.1016/j.seppur.2008.10.019.

Chun, K.-Y., Stroeve, P., 2002. Protein transport in nanoporous membranes modified with
self.assembled monolayers of functionalized thiols. Langmuir 18, 46-53-4658.
http://dx.doi.org/10.1021/LA011250B,

147

Radiation Physics and Chemistry 151 (2018) 141-148

Deng, B, Yu, M., Yang, X., Zhang, B., Li, L., Xie, L., Li, J,, Lu, X., 2010. Antifouling
‘microfiltration membranes prepared from acrylic acid or methacrylic acid grafted
poly(vinylidene fluoride) powder synthesized via pre-irradiation induced graft
polymerization. J. Memb. Sci. 350, 252-258. hitp://dx.doi.org/10.1016/J MEMSCL
2009.12.035.

Gancarz, L, Bryjak, M., Kujawski, J., Wolska, J., Kujawa, J., Kujawski, W., 2015. Plasma
deposited fluorinated films on porous membranes. Mater. Chem. Phys. 151, 233-242.
hitp://dx.doi.org/10.1016/j.matchemphys. 2014.11.059.

Griffiths, LM, Kumar, A., Stewart, P.5., 2014. A combined network model for membrane
fouling. J. Colloid Interface Sci. 432, 10-18. http://dx.doi.org/10.1016/1.JCIS.2014
06.021.

Hanot, H., 2007. Use of high-technology track-etched polymer membranes in a wide
range of industries. Am. Biotechnol. Lab. 8, 24-26.

He, Z-B., Guo, 5.-L., 2015. Applications of nuclear track membranes to filtration of
medical injections and various transfusions to remove solid particles. Phys. Procedia
80, 131134, hitp://dx.doi.org/10.1016/j.phpro.2015.11.081.

Hennig, A., Borcherding, H., Jaeger, C., Hatami, S., Wiirth, C., Hoffmann, A., Hoffmann,
K. Thiele, T., Schedler, U., Resch-Genger, U., 2012. Scope and limitations of surface
functional group quantification methods: exploratory study with poly(acrylic acid)-
grafted micro- and nanoparticles. J. Am. Chem. Soc. 134, 8268-8276. fhttp://dx.doi.
0rg/10.1021/ja302649g.

Hwang, K.-J., Chiang, Y.-C., 2014. Comparisons of membrane fouling and separation
efficiency in protein/polysaccharide cross-flow microfiltration using membranes with
different morphologies. Sep. Purif. Technol. 125, 74-82. hitp://dx.doi.org/10.1016/
j:seppur.2014.01.041.

Thsanullah, Al, Amer, A.M., Laoui, T., Abbas, A., Al-Ageeli, N., Patel, F., Khraisheh, M.,
Atieh, M.A., Hilal, N., 2016. Fabrication and antifouling behaviour of a carbon na-
notube membrane. Mater. Des. 89, 549-558. http://dx.doi.org/10.1016/J MATDES.
2015.10.018.

Ilame, S.A., V. Singh, S., 2015. Application of membrane separation in fruit and vegetable
juice processing: a review. Crit. Rev. Food Sci. Nutr. 55, 964-987. hitp://dx.doi.org/
10.1080/10408398.2012.679979.

Kamakshi, Kumar, R, Saraswat, V.K., Kumar, M., Awasthi, K., 2017. Palladium nano-
particle binding in functionalized track etched PET membrane for hydrogen gas se-
paration. Int. J. Hydrog. Energy 42, 16186-16194. hitp://dx.doi.org/10.1016/].
ijhydene.2017.05.040.

Korolkov, LV., Gorin, Y.G., Yeszhanov, A.B., Kozlovskiy, A.L., Zdorovets, M.V., 2018,
Preparation of PET track-etched membranes for membrane distillation by photo-
duced graft polymerization. Mater. Chem. Phys. 205, 55-63. hitp://dx.doi.or/10.
1016/j.matchemphys.2017.11.006.

Korolkov, LV., Gilven, 0., Mashentseva, A.A., Atics, AB, Gorin, Y.G., Zdorovets, M.V.,
Taltenov, AA., 2017a. Radiation induced deposition of copper nanoparticles inside
the nanochannels of poly(acrylic acid)-grafted poly(ethylene terephthalate) track-
etched membranes. Radiat. Phys. Chem. 130, 480-487. hitp://dx.doi.org/10.1016/]
radphyschem 2016.10.006.

Korolkov, LV., Mashentseva, A.A., Giiven, O., Niyazova, D.T., Barsbay, M., Zdorovets,
M.V., 2014. The effect of oxidizing agents/systems on the properties of track-etched
PET membranes. Polym. Degrad. Stab. 107, 150-157. http://dx.doi.org/10.1016/}
polymdegradstab. 2014.05.008.

Korolkov, LV., Mashentseva, A.A., Giiven, 0., Zdorovets, M.V., 2017b. Modification of
track-etched PET membranes by graft copolymerization of acrylic acid and N-viny-
limidazole. Pet. Chem. 57, 1233-1241. http://dx.doi.org/10.1134/
50965544117130060.

Korolkov, LV., Mashentseva, A.A., Giiven, 0., Zdorovets, M.V., Taltenov, A.A., 2015.
Enhancing hydrophilicity and water permeability of PET track-etched membranes by
advanced oxidation process. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact
Mater, At. 365, 651-655. http://dx.doi.org/10.1016/j.nimb.2015.10.031.

Kovics, 1., Beszédes, ., Kertész, S., Veréb, G., Hoddr, C., Papp, Z, Kukovecz, A., LiszI6,
2., 2017. Investigation of titanium-dioxide coatings on membrane filtration proper-
ties. Stud. UBB Chim. 1, 249-259. http://dx.doi.org/10.24193/subbchem.2017.1.22.

Kozlovskiy, A, Zdorovets, M., Arkhangelsky, E., 2017a. Track-Etch membranes: the
Kazakh experience. Desalin. Water Treat. 76, 143-147. hitp://dx.doi.org/10.5004/
dwt.2017.20786.

Kozlovskiy, AL, Korolkov, LV., Kalkabay, G., Ibragimova, M.A., Ibrayeva, A.D.,
Zdorovets, M.V., Mikulich, V.5., Yakimchuk, D.V., Shumskaya, A.E., Kaniukov, E.Y.,
2017b. Comprehensive study of Ni nanotubes for bioapplications: from synthesis to
payloads attaching. J. Nanomater. 2017, 1-9. htp://dx.doi.org/10.1155/2017/
3060972,

Kumar, P, Sharma, N., Ranjan, R., Kumar, ., Bhat, ZF., Jeong, D.K., 2013. Perspective of
‘membrane technology in dairy industry: a review. Asian-Australas. J. Anim. Sci. 26,
1347-1358. http://dx.doi.org/10.5713/ajas. 2013.13082.

Kurakhmedov, AE., Ivanov, LA., Aleksandrenko, V.V., Kozlovskiy, A L., Arkhangelsky, E.,
Zdorovets, M.V., 2017. Asymmetrical track-etched membranes prepared by double-
sided irradiation on the DC-60 cyclotron. Pet. Chem. 57, 489-497. hitp://dx.doi.or/
10.1134/50965544117060056.

Maghami, G.G., Roberts, G.AF., 1988. Studies on the adsorption of anionic dyes on
chitosan. Die Makromol. Chem. 189, 2239-2243. hitp://dx.doi.org/10.1002/macp.
1988.021891003.

Makkonen-Craig, S., Paronen, M., 2014. Potential Large-scale Applications of Track-
Etched Ultrafiltration Polymer Membranes. Arcada Work. Pap. 12.

Mashentseva, A.A., Borgekov, D.B., Niyazova, D.T., Zdorovets, M.V., 2015. Evaluation of
the catalytic activity of the composite track-etched membranes for p-nitrophenol
reduction reaction. Pet. Chem. 55, 810-815. hitp://dx.doi.org/10.1134/
50965544115100151

Na, L., Zhongzhou, L., Shuguang, X., 2000. Dynamically formed poly (vinyl alcohol) ul-
trafiltration membranes with good anti-fouling characteristics. J. Memb. Sci. 169,




[image: image88.jpg]LV. Korolkov et al.

17-28. http://dx.doi.org/10.1016/50376-7388(99)00327-0.

Naguib, HLF, Aly, R.O., Sabaa, M.W., Mokhtar, S.M., 2003. Gamma radiation induced
graft copolymerization of vinylimidazole-acrylic acid onto polypropylene films.
Polym. Test. 22, 825-830. http://dx.doi.org/10.1016/50142-9418(03)00018-7.

Nilsson, J.L., 1990. Protein fouling of uf membranes: causes and consequences. J. Memb.
Sci. 52, 121-142. http://dx.doi.org/10.1016/50376-7388(00)80481-0.

Ovechinnikov, V.V., Seleznev, V.D., Surguchev, V.V., Kuznetsov, V.I., 1991. Controllable
changes in the porous structure of polymeric nuclear track membranes. J. Memb. Sci.
55, 299-310. hitp://dx.doi.org/10.1016/50376-7388(00)80584-0.

Pulido, J.M.O., 2016. A review on the use of membrane technology and fouling control
for olive mill wastewater treatment. Sci. Total Environ. 563-564, 664-675. http://dx.
doi.org/10.1016/j.scitotenv.2015.09.151,

Rana, D, Matsuura, T., 2010. Surface modifications for antifouling membranes. Chem.
Rev. 110, 2448-2471. hitp://dx.doi.org/10.1021/er800208y.

Ruth, B.F., 1935. Studies in filtration IIl. Derivation of general filtration equations. Ind.
Eng. Chem. 27, 708-723. htp://dx.doi.org/10.1021/ie50306a024.

Rynkowska, E., Fatyeyeva, K., Kujawski, W., 2017. Application of polymer-based mem-
branes containing ionic liquids in membrane separation processes: a critical review.
Rev. Chem. Eng. 0. http://dx.doi.org/10.1515/revee-2016-0054

Sano, ., Kato, K., Ikada, Y., 1993. Introduction of functional groups onto the surface of
polyethylene for protein immobilization. Biomaterials 14, 817-822. http://dx.doi
0rg/10.1016/0142-9612(93)90003-K.

Soto Espinoza, S.L., Arbeitman, C.R., Clochard, M.C., Grasselli, M., 2014.
Functionalization of nanochannels by radio-induced grafting polymerization on PET
track-etched membranes. Radiat. Phys. Chem. 94, 72-75. http://dx.doi.org/10.1016/
J.RADPHYSCHEM.2013.05.043.

Su, Y.-L, Cheng, W., Li, C., Jiang, Z, 2009. Preparation of antifouling ultrafiltration
‘membranes with poly(ethylene glycol)-graft-polyacrylonitrile copolymers. J. Memb.
Sci. 329, 246-252. http://dx.doi.org/10.1016/J MEMSCL2009.01.002.

Syedain, ZH., Bohonak, D.M., Zydney, A.L., 2006. Protein fouling of virus filtration
membranes: effects of membrane orientation and operating conditions. Biotechnol.
Prog. 22, 1163-1169. http://dx.doi.org/10.1021/bp0S0350v.

‘Takht Ravanchi, M., Kaghazchi, T., Kargari, A., 2009. Application of membrane

148

Radiation Physics and Chemistry 151 (2018) 141-148

separation processes in petrochemical industry: a review. Desalination 235, 199-244.
http://dx.doi.org/10.1016/].desal.2007.10.042.

Tracey, EM., Davis, RH., 1994. Protein fouling of track-etched polycarbonate micro-
iltration membranes. J. Colloid Interface Sci. 167, 104-116. hitp://dx.doi.org/10.
1006/JCIS.1994.1338.

Tripathi, B.P., Dubey, N.C., Subair, R., Choudhury, S., Stamm, M., 2016. Enhanced hy-
drophilic and antifouling polyacrylonitrile membrane with polydopamine modified
silica nanoparticles. RSC Adv. 6, 4448-4457. hitp://dx.doi.org/10.1039/
CSRA22160A.

Trofimoy, D.A., Shkinev, V.M., Spivakov, B.Y., 2017. Modification of the surface and
pores of poly(ethylene terephthalate) track membranes using N-isopropylacrylamide
for an improvement of membrane performances. Mendeleey Commun. 27, 44-46.
hitp://dx.doi.org/10.1016/j.mencom. 2017.01.013.

Trofimov, V.V., Kukushkin, D.Y., Vasilev, AM., Arhipushkin, LA., Kublanov, V.5., Babich,
M.V., Dolganov, A.Y., Gadelshin, V.M., 2015. Application of track membranes in
electrodes for electrical neurostimulation. In: 2015 International Conference on
Biomedical Engineering and Computational Technologies (SIBIRCON). IEEE, pp.
99-101. doi:10.1109/SIBIRCON.2015.7361859.

Wang, H., Zhao, Y., Zhou, S., Li, M., Xing, W., 2011. A Novel Anti-fouling Polymer-
Ceramic Composite Membrane by Graft Polymerization of Aerylic Acid. In: 2011
International Conference on Computer Distributed Control and Intelligent
Environmental Monitoring. IEEE, pp. 660-663. doiz10.1109/CDCIEM.2011.20.

WANG, XM, SHIH, K., LI, X.-Y., 2012. Anti-fouling property of alumina-doped poly-
vinylidene fluoride (PVDF) membranes. J. Water Environ. Technol. 10, 241-252,
hitp://dx.doi.org/10.2965/jwet.2012.241.

You, §.-J., Semblante, G.U., Lu, 5.-C., Damodar, RA., Wei, T.-C., 2012. Evaluation of the
antifouling and photocatalytic properties of poly(vinylidene fluoride) plasma-grafed
poly(acrylic acid) membrane with self-assembled TiO,. J. Hazard. Mater. 237-238,
10-19. hitp://dx.doi.org/10.1016/J.JHAZMAT.2012.07.071.

Zanini, S., Miiller, M., Riccardi, C., Orlandi, M., 2007. Polyethylene glycol grafting on
polypropylene membranes for anti-fouling properties. Plasma Chem. Plasma Process.
27, 446-457. hitp://dx.doi.org/10.1007/511090-007-9094-y.





[image: image89.jpg]Materials Research Express

PAPER Related content

Hydrophobization of PET track-etched membranes — Siissintas™

processes

for direct contact membrane distillation Reza Taheri, Amir Razmjou, Gyorgy

Szekely etal.

- Nanostructured materials for water
To cite this article: llya V Korolkov et al 2018 Mater. Res. Express 5 065317 iy
T Humplik, J Lee, S C O'Hern et al.

- Membrane distillation
Mikhail T Bryk and R R Nigmatullin

View the article online for updates and enhancements.

This content was downloaded from IP address 212.193.64.136 on 21/06/2018 at 05:46



[image: image90.jpg]10P Publishing,

@ CrossMark

REcEwED
13 April 2018

Revise
30May2018

ACCEPTED FOR PUBLICATION
13June2018

PuBLISHED
22June2018

Mater. Res. Express5 (2018) 065317 https://doi.org/10.1088/2053-1591 /aacc39

Materials Research Express

PAPER

Hydrophobization of PET track-etched membranes for direct contact
membrane distillation

Ilya V Korolkov' @, Arman B Yeszhanov', Yevgeniy G Gorin'~, Maxim V Zdorovets"' @,
Nikolai A Khlebnikov"* and Konstantin V Serkov’

' TheInstitute of Nuclear Physics, 050032, Ibragimov sir., 1, Almaty, Kazakhstan

* LN.Gumilyov Eurasian National University, Satpaev str., 5, 010008 Astana, Kazakhstan
* Ural Federal University, 620002, Mira str. 19, Ekaterinburg, Russia
* Institute of Solid State Chemistry, UB RAS, 620990, 91 Pervomaiskaya st., Ekaterinburg, Russia

E-mail: korolkovelf@gmail.com

Keywords: direct contact membrane distillation, fluoroalkylsilane, hydrophobic modification, PET, track-etched membranes

Abstract

Membrane distillation is a promising method for water desalination and wastewater treatment. This
method requires membrane with high hydrophobicity, efficiency and low cost. In this study, track-
etched membranes based on poly(ethylene terephthalate) (PET TeMs) with hydrophobic surface were
prepared by modification using dichlorodimethylsilane and 1H, 1H, 2H, 2H-perfluorododecyltri-
chlorosilane. Modification of the surface of PET TeMs with pore size of 221 nm and thickness of

12 pm led to increasing of contact angle up to 134°. Prepared membranes were investigated by x-ray
photoelectron spectroscopy, Fourier-transform infrared spectroscopy (FTIR), scanning electron
microscope (SEM), energy-dispersive x-ray spectroscopy (EDX), goniometric analysis, liquid entry
presser (LEP) analysis and gas permeability test. The performance of the membranes at different
salinities was evaluated using direct contact membrane distillation (DCMD) process. The results show
maximum permeate flux of 1189, 812,510, and 125 g/m2 - h(dT = 75°C) during 24 h saline
solution operation (1.5, 10, 15and 30 g1~ respectively) with efficiency 0f99.5%.

1. Introduction

According to World Health Organization (WHO) and the United Nations Children’s Fund (UNICEF) the
problem of shortage of drinking water in the world is expected to increase in subsequent 20 years, and the
research of methods for obtaining and purifying water becomes extremely actual [1]. The major pollutants of
water are oil and oil products, surfactants, pesticides, phenols, heavy metals, dioxins and etc. Among the
methods of water purification a special place is occupied by membrane processes characterized by low energy
consumption, high selectivity and efficiency [2—4]. The most commonly used desalination technologies are
reverse osmosis, multi-effect distillation and multistage flash [5]. Over the last decade, the interests to
development of membrane distillation (MD) has increased significantly [2, 5-8].

MD is thermally driven process of vapors through a non-wettable hydrophobic membrane. Although MD is
still at the testing stage for purifying water from salt [8—12] radioactive wastes [13, 14], dyes [15], heavy metal
ions [16, 17], it started to use for desalination plants already operating by different companies [18]. MD has
advantages such as high separation factor, high decontamination factor in only one stage and low working
pressure. Nevertheless, high energy consumption of MD (331 600 kW) in comparison with reverse osmosis
(RO) and RO-MD hybrid plant (113 000 kW) as well as high cost of membrane used (PP, PVDF, PTFE) is key
aspects for MD restrictions in many fields of applications [19, 20]. The most convenient polymer materials for
the production of membranes for MD are polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE) and
polypropylene (PP) [21-25]. However, their high cost, poor performance (PTFE-48 kg/m? - h, PVDF-
42kg/m? - h, PP-37 kg/m? - h[5]), fouling, poor in resistibility of hydrophobic surface are the major
drawbacks led to decreasing of water flux and salt rejection in long-term operation [5, 10]. McGaughey[10]

©2018 10P Publishing Ltd
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observed changes in surface hydrophobicity and morphology of PTFE operating 100 days. Contact angle
decreased by 56% and 26% on the feed side and distilled side respectively, wherein water flux decreased by 16%
caused by fouling, Fouling and pore wetting of PTFE, PVDF and PP membranes was also observed during
operation by different authors [26, 27]. Thus, the search for new materials and membrane types suitable for MD
is an urgent task. To reduce these negative impacts, researchers try to improve stability of the membrane
hydrophobic layer by methods of coating, plasma, laser treatment, and graft polymerization methods using
hydrophobic substances [28—31]. Plasma modification of polysulfone using tetrafluoromethan led to improve
contact angle up to 144° [32]. Superhydrophobic properties were achieved by creation of TiO2 PVDF
nanocomposite membrane and their coating with H, 1H, 2H, 2H-perfluorododecyltrichlorosilane (contact
angle is 166°) [33], modification led to improve water flux by 21% and degree of purification, however the
stability of hydrophobic layer was not sufficiently studied.

Another way of searching for suitable materials for MD is test of new types of membranes. Nowadays, the
most common types of membranes used in MD are hollow fiber membranes [24, 34-36] and flat sheet
membranes of inorganic and organic origin [3, 37]. In recent years, track-etched membranes (TeMs) is started to
use in MD [38, 39]. A characteristic feature and advantage of TeMs are the regular geometry of the pores with the
ability to control their amount per unit area and excellent distribution of pore sizes. In turn, this ensures a given
selectivity and specific productivity of membranes [40, 41]. The main disadvantage of TeMs in comparison with
hollow fiber type membranes (porosity is 70%-90%) is low porosity (5%-30%).

TeMs, made from various polymers, are widely used in processes of precision ultrafiltration and
microfiltration of liquids and gas scrubbing; in the system of analytical control of substances; food,
pharmaceutical and chemical industries; microelectronics; synthesis of nanostructures [42—44] and other fields
of science and industry [45, 46]. Characteristics reviewed above make TeMs also perspective for MD application.

Nowadays, polyethylene terephthalate (PET) films are used most widely as the basis of TeMs. The properties
of such membranes have been fairly well studied [41, 47]. Among the main characteristics of PET-based film
‘materials are high strength and optical characteristics, small swelling and shrinkage, thermal and chemical
stability. However, for the use of PET TeMs in MD, it is necessary to create a hydrophobic surface layer that will
ensure the non-wetting of the PET TeMs channels during operation in MD. Polysiloxane and fluorine-
containing compounds are often used for hydrophobization [3].

Toward this goal, TeMs based on PET have been chosen as objects of research due to its appropriate
chemical, physical, mechanical properties and convenient method of preparation. In our paper we consider a
simple coating method of fluorosilane compounds on PET TeMs for successful application of such kind of
membranes for desalination process.

2. Experimental part

2.1. Chemicals

Dichlorodimethylsilane (DMDCS), 1H, 1H, 2H, 2H-perfluorododecyltrichlorosilane (FDTS), 2-propanol, o-
Xylene were purchased from Sigma-Aldrich. Solvents were cleaned before used by distillation in vacuum.
Deionized water (18.2 MQ2) obtained from four-stage water purification system Akvilon D-301 was used in all
the experiments.

2.2. Preparation of the membrane and their modification
TeMs were prepared by irradiation of 12 yum thick PET films ({(Mitsubishi Polyester Film)), Germany) using
the DC-60 accelerator (Astana branch of the Institute of Nuclear Physics in Kazakhstan) by **Kr'**
energy of 1.75 MeV /nucleon and ion fluence 0f4.3-10” ion cm ™. Then membranes with certain pore diameters
were obtained by mean of photosensitization during 30 min and chemical treatmentin 2.2 M NaOH at 85 °Cat
acertain time. Prepared membranes were dried and kept between paper sheets in the air.

Hydrophobization of PET TeMs was achieved by immersion to 2-propanol or o-xylene solution of PEDS
and DMDCS in certain concentrations during 5 h-24 h. After that membranes were quickly cleaned in
appropriate solventand dried.

ions withan

2.3. Membrane characterization
FTIR spectra were recorded on Agilent Technologies Cary 600 Series FTIR Spectrometer with Single Reflection
Diamond ATR accessory (GladiATR, PIKE) to study chemical properties. Measurements were taken in the range
0f400 to 4000 cm ™. All spectra (32 scans at 4.0 cm ' resolution) were recorded at 21 °C-25 °C. Spectra analysis
was conducted by using Agilent Resolution Pro.

XPS measurements were recorded in the Ural Center for Shared Use ‘Modern Nanotechnology’
Yekaterinburg, Russia, on a Thermo Scientific K-Alpha spectrometer with a monochromatized Al Ka x-ray
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source (1486.6 eV photons) ata constant dwell time of 100 ms for several scans and pass energy of 50 eV with
step of 0, 1 eV for region scan spectraand 200 eV with step 1 eV for survey scan spectra. The pressure in the
analysis chamber was maintainedat 2 - 10~ ° Pa or lower. Processing of the data was carried out by Avantage
software.

JEOL JSM-7500F scanning electron microscope (SEM) was used for characterization of pore diameters and
morphology before and after PET TeMs modification. EDX analysis was done using Hitachi TM 3030 with
microanalysis system Bruker XFlash MIN SVE at 15 kV.

The gas flow rate was measured ata pressure drop of 20 kPa. The effective pore sizes of the membranes were
estimated by gas permeability using equation discribed in [48]:

_ nr'aAp

1
sl o

where Qs the liquid flux [m*/c - m?], n—number of pores at the membrane surface [1/m?], r—the pore radius
[m], —gas viscosity [N - s/m?], AP—applied pressure [Pa], |l —thickness of the membrane [m].

Water contact angle (CA) of the samples was measured on Digital Microscope 1000x magnification ata
room temperature using static drop method. CA was measured from five different positions of the sample to
calculate the average CA value.

Liquid Entry Pressure (LEP) is another important factor in MD as it determines the long term stability of the
membrane. LEP was evaluated using deionized water on the equipment of water flow measurements according
to recommendations described in [49, 50]. A circular sample with the radius of 1.25 cm was clenched inside the
sealed chamber, and a test was run with air at gradually increasing pressure. The LEP was recorded as the
pressure corresponding to the point of initial passage of flow through the membrane using 0.7 mm diameter
capillary.

2.4. Water transport in membrane distillation process
Direct contact membrane distillation (DCMD) was used to determinate effectiveness of modified PET TeMs.
DCMD rig s described and presented in our previous paper [38]. In brief, the membrane was placed in a special
cell for MD process, the flow rate on permeate and feed side was controlled and keptat 227 + 3 ml min~' and
453 + 3 mlmin ™" respectively using Easy load Cole-Parmer Masterflex L /s 77200-62. The temperature at the
feed side waskept 85 + 4 °Cand at the permeate side 10 + 2 °C. The permeate flux was measured by weighing
each 30 s. Deionized water 1.5-30 g/1 NaCl solution were tested. The efficiency of salt rejection was evaluated
conductometrically using Hanna Instruments HI2030-01.

The rejection coefficient (R) was calculated by the formula:

R=[1— &)x 100%

0
where CO—initial concentration of salt at feed side, C1—concentration of salt of the solution gone through the
membrane.

3. Results and discussion

3.1. Preparation of hydrophobic membrane and characterization
The preparation of hydrophobic PET TeMs was done by simple method (see Experimental section for the
detailed procedure). The hydrophobic agent DDS and PFDS were dissolved in o-xylene or 2-propanol
(concentration from 2 to 40 mM) and pristine PET TeMs were immersed to this solution for certain time.
Fluorine and silicon containing agents are well known and widely used for hydrophobization of materials [6,51].
In our previous work [38] we investigated direct photo-induced grafting of silicon monomers on PET TeMs.
Modification led to increasing CA up to 104° and successful application of prepared membranes in DCMD
process. However water flux and degree of salt rejection need to be improved. The surface wettability and
structural characteristics of the membrane dictate the separation performance. In order to improve the wetting
resistance, a membrane with significantly high hydrophobicity and uniform distribution of small pore size is
required [14]. For this reason, in current paper we used TeMs with uniform pore size distribution and fluorine-
silicon containing compounds with a greater hydrophobicity for membrane modification.

The reaction between DMDCS, PFDS and PET TeMs surface is based on the chemical inertness of the Si-C
bond and the high reactivity of the Si-Cl bond, which is easily subjected to hydrolysis and interaction with the
OH saturated surface of PET TeMs. Schematically, the process of covalent attachment is shown in figure 1.

Different parameters such as time (1-36 h), concentration (2-20 mM), solvent (o-xylene and 2-propanol)
effecting on the hydrophobicity were studied. The results are shown in figure 2.
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Figure 1. Scheme of PET TeMs hydrophobization.
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O-xylene was chosen as solvent since it has an affinity for PET and o-xylene can swell PET which can
favorably affect the reaction and stability of the hydrophobic layer. However FDTS dissolves only partially in
o-xylene; moreover, after some time, its precipitation occurs, which can lead to fouling of the membranes,

therefore in addition, 2-propanol was also tested.

4



[image: image94.jpg]1OP Publishing

Mater. Res. Express5 (2018) 065317 1V Korolkov et al

Figure 3. SEM images surfaces of pristine PET TeMs (a), DCDMS-PET-TeMs (in o-xylene) (b), FDTS-PET-TeMs (in 2-propanol) ()
and FDTS/DCDMS-PET-TeMs (o-xylene) (d). (Conditions for all samples: reaction time is 24 h, concentration of reagent is 20 mM).

As it can be seen from the figure 2, first a sharp increase in the CA occurs with time and an increase in
concentration, then a more gradual. Herewith, an increase in the reaction time from 24 to 36 and concentration
from 20 to 40 mM led toslightly increase in CA. Moreover, synergistic effect of combined action of FDTS and
DCDMS leads to a higher CA in o-xylene. It can be due to the above-mentioned fact of precipitation of FDTS in
o0-xylene and DCDMS can accelerate reaction of precipitation according to greater reactivity of DCDMS in
comparison with FDTS due to less steric hindrance of DCDMS with short linker length by contrast to FDTS high
linker length. Thus, the best results were achieved under the following conditions: FDTS + DCDMS,
concentration is 20 mM time is 24 h. Contact angle increased from 60 to 134°. However, this may be due to the
uncontrolled deposition of the poorly soluble in o-xylene PEDTS and its product with DCDMS to the surface of
PET TeMs. To confirm this hypothesis, SEM and EDX analysis were performed. The results are presented in
figures 3and 4.

The visualization of modified PET TeMs showed that DCDMS/FDTS in o-xylene led to significant fouling of
the surface and pore structure change; in spite of high hydrophobicity this system cannot be acceptable for MD
process. It should be noted that the same observation were found in case of FDTS in o-xylene (not shown). At the
same time, FDTS in 2-propanol do not lead to significant changes in pore structure of PET TeMs. EDX mapping
analysis showed us uniform coating of the PET TeMs surface for all samples and typical spectra and mapping are
presented in figure 6. Results on changes of Si content are summarized in table 1. There are also presented the
results on gas permeability that was also used to study the changes in pore size before and after modification [
They are correlated with results from SEM pictures.

It can be seen that the CA and LEP is strongly dependent on the type of reagent and solvent used. O-xylene
led to higher hydrophobicity and at the same time uncontrolled blocking of the pores. Also, it should be noted
that pore size dramatically affects LEP. Thus, according to CA, SEM, EDX, LEP and gas permeability the optimal
conditions for the hydrophobization of PET TeMs with minimal impact on the membrane pore structure were
found. Itis recommended to modify the membrane in 20 mM FDTS solution in 2-propanol for 24 h.

Under these conditions, membranes with the different pore sizes (457, 320 and 221 nm) were modified. LEP
test shows that only membranes with 221 nm (note: after modification the diameter decreased to 210 & 11 nm,

porosity ~5%) can be used in MD process according to recommendations [3]. Hydrophobized PET TeMs with a
pore diameter of 210 nm has LEP 0.34 MPa, LEP for this membrane before modification was 0.12 MPa.
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Figure 4. Typical EDX spectra and Si distribution of the surface of modified PET TeMs (DCDMS-PET-TeMs (a) EDTS-PET-TeMs
(b)).

Table 1 Characteristics of PET TeMs before and after modification at different parameters (time is constant - 24 h, concentration is 20 mM).

Poresize (from

Contact Effective pore SEM analy- [Sil,% (from  [F],% (from
Reagent Solvent angle,® +3° size,nm sis), nm EDXanalysis) ~ EDXanalysis)  LEP,MPa
— — 63 4235 457 12 — — —
— — 65 301£5 320 £ 14 — — 0015
= = 67 194 & 10 2+n — — 012
MS 2—Propanol 85 415+ 5" 441 %15 0.09 = 0.002
DCDMS o-xylene 95 210 £ 6' 237 420 017 = 0.004
2-Propanol 104 391 £ 6' 410 £ 14 013 021 0012
2-Propanol 107 200£5 305 £ 13 015 025 0.039
2-Propanol 109 180 £ 6 20411 014 025 034
o-xylene 13 = — 021 10.11 >0.43"
2-Propanol 92 401 £ 5 415425 017 037 0.009
/ o-xylene 134 —* — 022 11.46 >0.43

DCDMS

* Initial pore size of the PET TeMs is 423 + 5.

* The installation used cannot work at higher pressure).

Surface of modified samples were investigated by ATR-FTIR spectroscopy, allows us to study chemical
composition of the sample surface with a depth around 1 um and to enhance the signal form the modified
membranes. Typical ATR-FTIR spectra of pristine and modified PET TeMs as well as FDTS and DCDMS for
comparison are shown in figures 5, 6.

The characteristics bands of PET TeMs are at 3432 cm ™' (O-H),2972 cm ™' (C-H benzene ring), 2910 cm '
(aliphatic C-H), 1715 cm ™' (C=0 group), 1615, 1470, 1430, 1409 cm ' (aromatic vibrations of the carbon
skeleton), 1238 cm ™' (C(0)-0),980 cm ' (O-CH,) [53, 54].

In the modified PET TeMs (PEDTS-PET-TeMs), new valence vibrations at 1199, 1146 and 1084 cm ', and
deformation vibrations at 553,630 and 640 cm ™' related to C—F bond were detected. Moreover, modification in
PFTS/DCDMS, since formation of uncontrolled thick layer as it was proved by SEM analysis, led to greater
changes in ATR-FTIR spectra, also the presence of vibrations of Si-
presented in figure 6.

Surface chemical composition was also evaluated by XPS analysis. Typical high resolution XPS spectra of
Cls, Flsand Si2p are presented in figure 7, atomic content of the surface extracted from survey spectra (not
presented) is collected in table 2. Sharp peak at 688.6 eV corresponding to C—F bond is observed on all samples of
PETS coating membranes (figure 7(c)).

The peaks of Si2p spectra was detected with low intensively (figure 7(d)) ataround 101.7 eV and 103.5 eV
respectively which correspond to Si~C and $i~O bonds on the coated membrane surface. Wherein $i-O bond
was formed most likely as a result of the hydrolysis of the Si~Cl bond as it shown in figure 1. Narrow scan Cls
spectra of initial PET TeMs shows three peaks at ~284.7 €V, ~286.4 eV and at ~288.9 eV correspond to C-C/C—
H, C-OH/C-O-C and COOH groups of PET surface. PFTS coating led to appearance of two additional peaks at
~291.7 eV and ~294.1 eV correspond to CF, and CF, bond. It should be noted that CF, are presented with low

bondsat 1260 cm ™' is observed as it
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Figure 5. ATR-FTIR spectra of 1 -PET TeMs, 2- PEDTS-PET-TeMs, 3-PFDTS.

Absorbance

0,0
1800 1600 1400 1200 1000 800 600 400
Wavenumber, cm™

Figure 6. ATR-FTIR spectra of 1-PET TeMs, 2- PEDTS/DCDMS—PET-TeMs, 3-DCDMS, 4- PEDTS.

concentration due to low atomic ratio in the molecule in comparison with CF, bond. These results are in a good
agreement with previously presented data on silane and fluorine silane covering of different materials [55, 56].

To study the stability of hydrophobized surface, modified PET TeMs were hold in water at 80 °C during 24 h.
These studies have shown minor changes in CA (figure 8), however, no changes in LEP were detected.

3.2. Transport properties of hydrophobized PET TeMs in DCMD process
The membrane distillation performance of modified membranes was evaluated using a NaCl solution with
concentrations of 1.5, 10, 15and 30 g 1" to show the potential of this modification. DCMD process was used as
it described in our previous published paper [38], efficiency was evaluated concerning the mass transfer flux and
the rejection of salt as it is shown in figure 9. Gradual decrease in water flux was occurred in the operation
process. Fluctuations in water flux most likely due to the inconstancy of the temperature gradient. At the same
time, the water flux ofa less concentrated solution is much higher than highly concentrated solution.

Average permeate flux for the solution of 1.5 g 17" is 1005 g/m? - h,10 g1 'is 770 g/m® - h,15g1 'is
483 g/m? - hand 30 g1~ ' isaround 97 g/m? - h. The degree of salt rejection, calculated from the change in
conductivity in permeate side, for a solution with an initial concentration of 1.5 g 1" was 99.5%, 99.3%, 98.7%
and 98.4% respectively for other concentrations. Membrane wetting and fouling are expected to be one of the
main factors contributed to the reduction of permeate flux and salt rejection. To evaluate these properties, the
tested membrane was taken out from DCMD module after completing the process, and the membrane was dried
without any washing procedure and immediately studied by SEM-EDX analysis.
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Figure 7. Typical high resolution XPS spectra Cls of pristine PET TeMs (a), FDTS/PET TeMs (b), F1s (c) and Si2p (d) for FDTS/PET
TeMs.

Table 2. Atomic content calculated based on XPS spectra.

Atomic content, %

Sample
c o si F Other
Initial PET TeMs 7436 25.64 - — -
FDTS/PET TeMs 70.09 13.44 332 13.15 -
EDTS/PET TeMs after MD 69.5 15.83 224 11.41 Na (0.38), C1(0.64)

The results are presented in figure 10. Precipitation of NaCl crystals was observed on feed side of the
membrane. To study degree of penetration of NaCl across the pore channels, EDX spectra were recorded from
different points. Analysis of these spectra give us information on elemental content of permeate side (top point
of the membrane channels), middle point of the channels and feed side (bottom point of the membrane
channels). Permeate side consist of C 82.57%, O 16.74%, Si0.14%, F 0.25%, Au 0.3%; middle point of the
channels consist of C 83.61%, O 15.91, i 0.12%, F 0,19, Au 0.17%; and feed side consist of C 75.00%, O 17.32%,
Na 4.11%, C13.10%, Si 0.14%, F 0.18, Au 0.15%. It should be noted that Au can exist during sample preparation
for SEM, carbon and oxygen can come from PET substrate, Siand F from FDTS modification. And as it was
expected, the permeate side of the membrane was almost free of NaCl and any other impurities. Salt can be
detected only from the feed side.

These results show the potential for the use of hydrophobized PET TeMs in DCMD method of water
purification. Comparing with the previously obtained results on the hydrophobization of PET TeMs [38, 39],
the proposed method is more simple and technologically convenient, stable and more efficient. However to
compare results of water purification by other types of membranes [5, 10, 15, 24, 37, 57, 58], the use of PET
TeMs leads to relatively low permeate flux, which is primarily due to the low porosity of these membranes. At the
same time, accurate pore sizes and narrow pore size distribution of PET TeMs can lead to accurate separation of
different liquids.
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Figure 9. MD water flux and the distillate electrical conductivity during continuous DCMD tests using hydrophobized PET TeMs for
NaCl solution with concentration of 1.5 (a), 10 (b), 15 g 1" (c)and 30 g 1" (d).

4. Conclusions

In this study, modification of PET TeMs by covalent bonding the surface with fluorine-containing silane

compounds with improved surface hydrophobicity has been achieved. FTIR, EDX, and contact angle analysis
confirm the success coating of DCDMS and FDTS on the membrane. SEM and gas permeability shows us that

pores of modified membranes become narrowed or plugged with the progress reaction time. However, at

optimal parameters 20 mM FDTS solution in 2-propanol for 24 h, membranes maintain their pore structures.

Membranes with pore size 0f 210 + 11 nm tested in DCMD process of water desalination show maximum
permeate flux of 1005 g/m” - h during 20 h 1.5 g/l saline solution (efficiency up to 99.5%). Thus, developed

method of the modification of PET TeMs can be used to prepare membranes for the MD process.
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Abstract. Recent reports from the United Nations show that approximately 1.8 bil-
lion people live in countries that experience an absolute shortage of water resources. Due
to global population growth and industrialization, it is expected that water consumption
will lead to a 40% shortage of fresh water by 2030. Desalination by membrane distillation
can help to reduce lack of water by extracting fresh water from polluted sources, including
seawater, and wastewater. In this study, new types of membranes have been tested for this
purpose. Hydrophobic track-etched membranes (TeMs) based on poly(ethyleneterephta-
late) (PET) were prepared using covalent binding of silicon monomer such as dichloro-
dimethylsilane (DCDMS). Efficiency of hydrophobization was increased by preliminary
oxidation by hydrogen peroxide treatment. Pre-oxidation of PET TeMs leads to an in-
crease inwater contact angle (CA) up to 102°.The effect of reagent concentration, reac-
tion time were studied by scamming electron microscope (SEM), Fourier-transform in-
frared spectroscopy (FTIR), gravimetrically, water- and gas-flow rate, contact angle
measurements. The performance of the modified membranes was evaluated using direct
contact membrane distillation (DCMD) process. The results show maximum water flux of
17 kg/mz'h during 6h of saline solution operation at 15 g/1 with efficiency up to 98 %.

Keywords: PET, track-etched membranes, dichlorodimethylsilane, membrane distil-
lation, hydrophobization, water desalination, surface hydrophobicity.

As a result of natural and human induced factors, the water consumption in
the world is constantly increasing, especially in densely populated regions. The
problem of lack of fresh water is no longer the prerogative of African countries,
but also it can be relevant for Central Asian region. As a result of the combination
of anthropogenic and natural factors, more than 70% of Kazakhstan territory is
subject to desertification processes to varying degrees. At the moment, there is an
acute shortage of water resources in Kazakhstan for the needs of industry and
agriculture, and for drinking water supply. The importance of this problem was
also noted by the President NursultanNazarbayev in the message "Strategy
Kazakhstan-2050: a new political course of the prosperous country"”, that one of
the challenges of the current century will be the shortage of drinking water [1].

The main pollutants of water resources are petroleum products, phenols,
easily oxidized organic substances and heavy metal ions. In addition, man-made
radionuclides entering the groundwater as a result of nuclear dumps, accidents at
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nuclear power plants, discharges of liquid radioactive waste of some industries,
make it unsuitable for use without proper treatment.

Currently, most of the ongoing researches in the field of water purification is
aimed on the development of environmentally friendly, energy-saving and
efficient systems based on membrane separation processes [2-4].

There are various types of membranes used for these purposes: isotropic,
anisotropic, composite, flat, tubular, fiber, woven, sintered or molded.

One of the most important and defining characteristics is the membrane ma-
terial. Currently vast majority of the membranes on the market are made from
polymeric materials. The main materials for the manufacture of flat polymer
membranes are cellulose acetates, aromatic polyamides, fluoropolymers,
poly(ethylene terephthalate) (PET), polyacrylonitrile, polyamides, polyimides,
polyethylene, polypropylene and some other polymers [5].

One of the methods for producing so-called ion-track membranes is the irra-
diation of a polymer film. Its macrostructure is formed by irradiation with accele-
rated ions followed by physicochemical treatment, ultraviolet (UV) irradiation
and chemical etching. This results to the formation of track-etched membranes
(TeMs).

A characteristic feature and advantage of TeMs is regular pore geometry
with the ability to control their number per unit area and a narrow pore size distri-
bution. This in furn, provides a given selectivity and specific performance of
membrane [6, 7].

Currently PET films are one of the most widely used materialsfor the prepa-
ration ofTeMs. The main characteristics of film materials based on PET should
include high strength and optical characteristics, low swelling and shrinkage,
thermal stability, chemical indifference towards conjugate media [8—10].

Despite the fact that the surface of PET TeMs has medium-hydrophobic
properties, for using them in the process of membrane distillation (MD), it is ne-
cessary to improve the water-repellent properties of such membranes. One of the
most frequently used methods of materialhydrophobization is the creation of a
thin polymer film layer of hydrophobic nature on their surface. In this case, two
problems can be solved simultaneously: a change in the surface energy of the
TeMs and a decrease in the average pore diameter to the optimum value. Howe-
ver, most of the methods used do not satisfy the needs of MD, since the created
hydrophobic layer is susceptible to washing away with prolonged contact with
water. The most commonly used are polysiloxane polymers and copolymers with
a pronounced hydrophobic nature. The problem is instability of the connection of
these polymers with the underlying surface of the membrane. Thus the hydro-
phobization of PET TeMsfor such applications is an important task R

The new generation of membranes will provide access to alternative sources,
providing water purification unsuitable for irrigation, industrial and domestic use.
Industrial application of the membrane distillation process will help to solve the
problems of water scarcity, environmental pollution, inconsistencies between
water supply and water demand [20].
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In this paper, we consider method of hydrophobization based on covalent
binding of dichlorodimethylsilane (DCDMS) on PET TeMs. The effect of pre-
oxidation of PET TeMsand further silanationon the contact wetting angle will be
studied in comparison with the etched samples. The obtained hydrophobic mem-
braneswere tested in desalination process.

EXPERIMENTAL

Chemicals. DCDMS, sodium hydroxide, o-xylene, 2-propanol., hydrogen
peroxide, hydrochloric acid were purchased from Sigma-Aldrich and used as
received. Deionized water (18.2 MQ) was used in all experiments.

Preparation of the membrane. PET films with a thickness of 12 pm («Mitsu-
bishi Polyester Film», Germany) were irradiated in the DC-60 accelerator by Ar
ions with an energy of 1.75 MeV/nucleon and ion fluence of 1-10° ion/cm’ A fter
the etching process in a 2.2 M solution of NaOH at 85°C, membranes with pore
sizes of 200-250 nm were obtained. Etched membranes were dried and kept
between paper sheets at room conditions.

Hvdrophobization of PET TeMs. To increase efficiency of covalent binding
of silanes, pre-oxidation of PET TeMs in the H,O,/UV system was applied[8].
For this purpose, PET TeMs samples (5%7.5 cm®) were oxidized in a solution of
0.3M H,O, at pH = 3 (HCI). Oxidation was carried out for 180 min under
UV-irradiation with 190 W mercury lamps at 254 nm. After the oxidation the
samples were washed with deionized water twice, dried in air at room tempe-
rature.

Hydrophobization of PET TeMs was achieved by immersion of samples into
the solution of DCDMS in 2-propanol or o-xylene with various concentrations
(0.01M, 0.1M, 1M. 5M) during 1h — 48h. At the end of these periods membranes
were quickly removed from the reaction medium rinsed with the solvent and
dried.

Membrane characterization. Chemical changes on the membrane surfaces
were studied by taking FTIR spectra using Agilent Cary 600 Series Spectrometer
with Single Reflection Diamond ATR accessory (GladiATR, PIKE). JEOL JSM-
7500F scanning electron microscope was used to characterize pore diameters and
morphology after PET TeMs modification. Water contact angle of the samples
was measured using Digital Microscope 1000x at room temperature.

Direct contact membrane distillation(DCMD). Direct contact membrane
distillation (DCMD) was used to determine separation performance of hydro-
phobized PET TeMs. DCMD rig was described in our previous paper [19, 20].
In brief, the modified membrane was placed in a cell for MD process, the flow
rate on permeate and feed side was controlled and kept at 227+3 ml/min and
45343 ml/min respectively using Easy load Cole-Parmer Masterflex L/s 77200-62,
these parameters provide optimal performance and lowest temperature polari-
zation. The temperature at the feed side was 85 °C and at the permeate side 10 °C.
The permeate flux was measured by weighing the mass of liquid on permeate side
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at fixed time intervals (30 sec) on a balance (£0.01 g). The efficiency of salt
rejection was evaluated conductometrically using Hanna Instruments HI2030-01.

RESULTS AND DISCUSSION

Preparation and characterization of hydrophobic membrane. Hydropho-
bization of the surface was achieved by creating on the surface of PET TeMs
covalent bonds along the terminal OH groups with DCDMS.

The reaction is based on the chemical inertness of the Si-C bonds and the
high reactivity of the Si-Cl bonds, which easily undergoes by hydrolysis and
interaction with the OH-rich surface of PET TeMs. Schematically, the covalent
attachment process of DCDMS is presented in figure 1.

i %
E —OH al o« —0—Si—CH; g —0—-S8i—CH;
I I H0 | E i
F +2Cl—Si—CHy; ——»{3 OH  —— (% 0]
& -3 HCl | -HCI & |
—OH —0—5;1 —CH, —O——SI1—CH 5
CH; CH;

Figure 1 — Scheme of the hydrophobization of surfaces of PET TeMs

The experiment was carried out under different conditions by changing the
solvent (o-xylene, 2-propanol), concentration of DCDMS (0.01M; 0.1M: 1M;
5M) and reaction time (from 1 h to 48 h). The results are shown in table 1.

Table 1 — Results of hydrophobization PET TeMs by DCDMS

No Time, h Solvent Concentration, M ‘Water contact angle, ©
1 0 - - 4944
2 1 o-xylene 1 70+4
3 6 o-xylene 1 7343
4 16 o-xylene 1 79+2
5 24 o-xylene 1 844
6 48 o-xylene 1 842
74 24 o-xylene 0.1 764
8 24 o-xylene 0.01 T4+4
9 24 o-xylene 5 7515
10 24 2-propanol 0.1 7245
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According to the obtained data, it was concluded that o-xylene is a suitable
solvent and it was chosen for further work with samples in other conditions.
Images of drops on the surface of the membranes after modification in o-xylene
under various conditions are presented in figures 2, 3.

(a) (L) (c)

Figure 2 — Images of drops on modified PET TeMs at a concentration of DCDMS
in o-xylene of 0.01M (a), IM (b) and 5M (c)

L_A Y . ¥
(a) (b)
(c) (d)

Figure 3 — Images of drops on modified PET TeMs at a concentration of DCDMS of 1 M
and a reaction time of 1h (a), 6h (b), 16h (c) and 48h (d)

It can be seen that, the DCMDS system in o-xylene with a concentration of
1M and time of 24 h is the most optimal for achieving the hydrophobic properties
of the PET TeMs surface. At the same time, it should be noted that a decrease in
the CA with an increase in the concentration of the DCMDS to 5M is probably
associated with the predominant interaction of silanes with each other than with
the surface of the membrane.To increase efficiency of covalent binding of silanes,
pre-oxidation of PET TeMs in the H,O,/UV system was used [8]. Pre-oxidation
lead to increasing chemical active groups on the surface that potentially can
improve density of hydrophobic layer. In turn, this will lead to an increase in the
value of the contact angle. The obtained results are presented in table 2.

The obtained data indicate that pre-oxidation leads to an increase in the CA
to 102°. This is probably due to the creation of active reaction centerson the sur-
face of the membrane that occur after oxidation.Thus, research on the hydro-
phobization of etched and oxidized PET TeMs in DCMD was carried out, and the
optimum process conditions were determined. Studies have shown that pre-
oxidation leads to an increase in the CA to 102°.
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Table 2 — Experimental data on the wetting angle of oxidized and etched PET TeMs by DCDMS

No Sample name Concentration, | Time, | Water contact | Effective pore size,
M h angle, © nm
1 PETTeMsox. 1 1 753 189+5
2 PET TeMsetched 1 1 704 191+6
3 PETTeMsox. 1 3 78+2 184+5
4 PET TeMsetched 1 3 71x1 182+6
5 PETTeMsox. 1 5 79+1 171+£5
6 PET TeMsetched 1 5 78+1 172+5
7 PETTeMsox. 1 24 102+2 1656
8 PET TeMsetched 1 24 84x2 164=6

Modified membranes were studied by FTIR-ATR spectroscopy. Typical

FTIR-ATR spectra of pristine and modified PET TeMs as well as DCDMS
for comparison are shown in figure 4. The comparison of the modified and non-
modified PET TeMs spectra shows us differences confirming the presence of
DCDMS on the membrane surface. The main absorption peaks related to PET are
3432 cm™ (O-H), 2972 cm™ (C-H), 2910 cm™ (C—H), 1715 ecm™ (C=0), 1470,
1430, 1409 cm’ (aromatic vibrations of benzene), C(0)-O bonds of ester groups
(1238 cm™), 980 cm™ (O-CH,). In the modified samples, the valence vibrations of
Si—CH; and Si~O bonds at 1118 and 1045 cm™, the deformation vibrations of the
Si—C bond at 987 cm™, which are related to DCDMS, are observed.
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Figure 4 — FTIR-ATR spectra of 1 — pristine PET TeMs, 2 — DCDMS-PET TeMs
(reaction time 24h), 3 - DCDMS-PET TeMs (reaction time 48h)
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The surface of the modified membranes was also studied by SEM.

Figure 5 — SEM images of PETTeMs surface after modification of DCDMS depending
on the reaction time of 1h (a), 6h (b), 16h (c), 24h (d) and 48h (e)

SEM images showed us that increasing reaction time led to decreasing pore
size, that is also consistent with the results on gas permeability. The decrease in
pore diameter is due to swelling of the PET TeMs.

Transport properties of hydrophobized PET TeMs after DCMD process.
Membrane distillation was carried out in direct contact mode in a laboratory setup
[19]. The membrane distillation characteristics of the modified membranes were
evaluated using NaCl solution with concentrations of 15 g/1. In the MD process,
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the efficiency of mass transfer and salt removal was evaluated, as shown in figu-
re 6. A gradual decrease inproductivity occurred in the process. Deviations in
performance are most likely due to the inconstancy of the temperature gradient.
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Figure 6 — MD water flux and the distillate electrical conductivity during continuous DCMD
tests using hydrophobized PET TeMs (DCDMS) for NaC1 solution with concentration
of 15 g/l with pore diameters of 250 nm

Average water flux for the solution of NaCl (15g/1) is 17 kg/m*-h. The de-
gree of salt rejection for a solution with a concentration of 15 g/l was 98%. It is
worth noting that wetting and contamination are one of the main factors contri-
buting to reduced productivity. Results show us that hydrophobized PET TeMs
have a high potential to use them for membrane distillation and need to be further
studied.

Conclusions. In this work, PET TeMs was modified by covalent binding of
DCDMS with improved surface hydrophobicity. FTIR, and contact angle analysis
confirm the success coating of DCDMS on the membrane using o-xylene as a
solvent. The optimal parameters (DCDMS system in o-Xylene with concentration
1M for 24h) showed, that using pre-oxidation PET TeMs leads to CA 102°, while
non-oxidized samples have CA - 84°. Thus, technologically convenient methods
of hydrophobization by covalent binding of DCDMS to the surface of PET TeMs
were investigated. Then modified membranes with pore size of 200+50 nm were
tested in DCMD process for water desalination. The average results reaches maxi-
mum water flux of 17 kg/m”h 15 g/l NaCl solution operation with efficiency up
to 98%. The results show the possibility of using hydrophobized PET TeMs in the
method of water purification by membrane distillation.
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A. B. Ecorcaroe, H. B. Koponvkos, E. I'. T'opuH,
O. I'voger, M. B. 300posey, C. C. Jocmazambemoea

II9T® TPEKTIK MEMBPAHAJIAPJIbIH
MEMBPAHAJIBIK CY3Y YIIIH
JUXJIOPJMETIICIIIAH THAPO®OBMBALIIIIAY

Kasipri yaxertra BipikkeH ¥murrap ¥HBIMBIHBIH JepekTepi OOHBIHIIA ITaMaMeH
1,8 MHWIIHMap[ ajaM Cy pecypCTaphIHBIH JKETICHEYNIUIriH Ce3lHeTiH enfiepfie TYPajbl.
JKahaHIBIK XalbIK CaHBIHBIH 6CYIMEH HHIYCTPHATAHABIPYABIH apKachHaa 2030 KbUEFa
Kapai CymBl TYTBIHY TYIIBI CYJBIH JKETiCHEYIIITrine akenedi Aenm KyTimtyge. Mem6pana-
TBIK afilay apKBUIBl TY3CBI3NAHIBIPY JACTAHFAH KO3AepAeH TYIIBI CYIApbl, COHBIH
iIIiHe TEHi3 CYbIH, CapKbIHIBI CyIap/bl XkoHe PaJHOaKTHBTI cy. Cy pecypcTapbIHBIH He-
Ti3ri J1acTaFBIITaphl — MyHait eHIMAepl, heHoITap, MeCTHIH/TED, OHAH TOTHIKKAH Opra-
HHKaJBIK 3aTTap JKeHe aybIpMeTanjap HoHmapbl Kasipri yaksITTa cy[bl Ta3apTy cana-
ChIHJA JKYPTi3UIiI JKaTKaH 3epTTeyiepiid GachiM Geniri MeMmGpaHaublK Geiy mpolec-
TepiHeH eri3JenreH KONOIHATBIK Ta3a, YHEPTHAHbl YHEMICHTIH jKoHe THIMAL XKyHenepai
JaMbITyFa GaFbITramraH. Byn 3epTTey yIIiH MeMGpaHaHBIH jKaHa TYpiepi TeKcepimmi.
Tuapododter TpekTik Membpananapas (TM) monustunertepedTamar (IIPT®) Heris-
JelreH KpeMHHH MoHOMep JuxitopoguaMeTiicaiad (JIXJIMC) cHAKTE KoBaneHTTi Gaiina-
HBICTHIPY apKBLTBI albIHABL. [HIPO(hOOH3AIHAHBIH THIMIIMIT CyTeri aCKbIHBIHBIH €piTiH-
JiciHIe TOTHIKTHIPYMeH anublH-ana keGeiiai. PET TM-HiH TOTHIFYBI alIblH-alla KOHTAaKTi
sUTFANgbUIBIK Gypeimbm (KbIB) 102°-re pmeifin apTThIpagnl. PeaKIHATHIK KOMIIOHEHT-
TepAiH KOHIEHTPaIHACHHEIH acepi, KbIB-/bIH e3repyiHe peakiHsA yaKbITHI 37eKTPOHIBIK
CKaHepJIeH OTeTIH 3IeKTPOHIBIK MHKpockon (CDOM), HMK-CHeKTPOCKOIHA KeMeriMeH
seprrenai. Typrnenaipinren MemOpaHanap/bsH eHIMINIr MemGpanansik, cy3y (MC) ap-
KbUIBI Garananibl. EH JKOFaprel HOTHKelep cy eHiMuimiri 15r/m NaCl koHIeHTpalHack
ke3sinze 98,36% aeifin Tasanay THiMIiTiriMeH 6 caraT Goiisr 17 KI/MC-caF JeifiH jKeTe .

Tyiiin cesgep: II9T®, TpekTik MeMOpaHaTap, JHXJIOPAHMETHICHIAH, MeMOpaHa-
TBIK CY3Y, THAPo(GOOTHI TYPIACHAIPY, CyIbl Ta3apTy, GeTTIK rHApodosH3alH, KOBaICHHTI
GaitTaHBICTIPY.

Pesiome

A. B. Ecocaros, H. B. Koponekoe, E. I'. I'opuH,
O. I'oger, M. B. 30opoeey, C. C. Jocmazambemoea

THIPODOBM3AIINA [T3T® TPEKOBBIX MEMBPAH
AUXJIOPTUMETIJICUIIAHOM
JJ1 MEMBPAHHOM JUCTHJLITIALTII

B HacTosmee BpeMd, 10 JaHHBIM OpraHu3anun O0beHHeHHBIX Hartmii, mpHMepHO
1.8 MuITHApIA YeNOBEK JKHBYT B CTPAHAX, HCIIBITHIBAIOIIHX a6COTIOTHYIO HEXBATKY BOJ-
HBIX pecypcoB. 3-3a T1o6aqpHOro pocTa HacedeHHA H HHIYCTPHATH3AIHH OXHIAeTCA,
gT0 K 2030 roay norpebieHHe Bojsl NpuBeaeT K 40% aedHiHTy npecHOi Boabl. Ompec-
HEeHHe ITyTeM MeMOpaHHOH JHCTHJUIAIIHH MOKeT IIOMOYb YMEHBIIHTh HEXBATKY BOJbI 3a
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CUeT H3BIEUCHHA NIPECHO BOIbI H3 3ar PA3HEHHBIX HCTOYHHKOB, BKIIOYAA MOPCKYIO BOIY,
CTOYHBIE BOJBI H PaJHOAKTHBHAA BoJa. I 3Toif nenH B paboTe GBUIH MPOTECTHPOBAHBI
HOBBIE THIBI MeMOpaH. 'uapodobrbie TpekoBbie MeMOpans! (TM) Ha OCHOBE IONH3TH-
nenTepedranata (II3T®) GhUIH MONTYYeHBI METOIOM KOBAIEHTHOTO CBS3BIBAHHA KPEM-
HHEBOT0 MOHOMeEPa, TAKOro Kak JHxinopauaMeTHicHnal (IXIMC). D¢ pekTHBHOCTD THA-
pothoGH3aIHE NTOBIIIATIACE ITyTeM IPEABAPHTEIBPHOIO OKHCIEHHA B PAaCTBOPE IePeKHCH
Bojopoaa. IIpegsaputensHoe okucneHHe [I9T® TM nDpHBOIHT K YBEIHICHHIO KOHTAKT-
Horo yria cMaduBanua (KVC) go 102°. BomaHHe KOHIEHTPAHH PEarHPYIOMIHX KOMIIO-
HEHTOB, BPEMEHH peakIMH Ha H3MeHeHHe KV C H3ydamH ¢ IOMOIIBIO CKaHHPYIOIIETO
3NMEKTPOHHOTO MHKpockoma (C3M), UK-cmekrpockomun ¢ ®@ypbe-TipeoGpazoBaHHEM.
TIpoH3BOHTENLHOCT MOJH(HIHPOBAHHBIX MeMODAaH OLEHHBAIH C HCIIONb30BAaHHEM
nponecca MeMOpaHHOH AHCTHILANHE (M]I). Pe3yIbTaThl MOKa3bIBAIOT, 9TO MaKCHMAlb-
Hast TIPOH3BOIHTEILHOCTS BOIB OCTHTAeT 17 KI/M™- B TeuenHe 6 o IpH KOHIEHT palTHH
15 r/n NaCl ¢ s¢pexruBHOCTBIO OHCTKH 110 98,36%.

KmoueBbie ciaoBa: [I9T®, TpekoBble MeMOpPaHBI, JHXJIODJHMETHICHIAH, MeM-
GpaHHAfA JHCTHIULANEA, THAPoGoOGHAS MOJHGHKAIIHA, OUHCTKA BOIBI, THIPO(OoOH3aIHA
MOBEPXHOCTH, KOBATCHTHOE CBA3BIBAHHE.

Patoma beina seinoanena 6 pavikax npoexma AP05132110 «lloryuenue mpexoseix
,'HL‘JI(—)[JUH € 3A0AHNBIMU CBOUCMBAMU 5 .\le’.\lﬁl)UIHIUI} oucmu LIAYUU U NPAMO20 OCMOCA»,
unancupyemozo Muiucmepemeon Obpaszosanus u Hayiku Pecnytnuku Kasaxcman.
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[image: image119.jpg]1Ha3Hauenune u 06,1acTh NpHMeHEHHS
1.1 Hacrosimas MeTommka ycCTaHaBIHBaeT DEIrNaMeHT MOMy4YeHHS THAPOGOOHBIX

IT9T® tpexoBbIX MeMOpaH.

1.2 ManHble THAPOGOOHEIE MeMOpaHBI MOTYT GbITh IPUMEHEHBI B MeMOPAaHHON
AUCTHIUISALMY UL OYUCTKH BOJIBI OT COJIEH, HEKOTOPBIX PAIHOHYKIIH/IOB M IECTELUIOB.

1.3 Hacrosmmii  pernameHT o0s3aTesieH IS HMCIOJHEHHS IIpH  IIOJyYECHUH
ruapodobuex  [I9T®  TpekoBBIX  MeMOpaH  (hOTOHMHHIMHPOBAHHOMN IIPUBHUBOYHOM
[IOJIMMEPH3ALIUH CTHPOJIA.

2 HopMaTHBHBIE CCHLIIKH
Ipu paspa6oTke 1aHHOTO periaMenTa HCIOB30BaHbI CIIEAYIONIHE HOPMATHBHBIE

JOKYMEHTHI:

—CT PK UCO 9001-2008 CucteMbl MeHEeIKMEHTA Ka4eCTBA. TpeboBanus;

—CT PK ICO OHSAS 18001-2008 CucTeMbI MEHE IKMEHTA OXpaHsl 310POBbS U
obecnieuenus G6esonacHoctu Tpyaa. TpeGoBanus;

—CT PK UCO 14001-2006 CHcTeMBI MEHEIKMEHTA OKpyarolen cpeasl. TpeboBanus u
PYKOBOJCTBO I10 HCIIOJIb30BAHHUIO;

- HHCTPYKIIHH 110 6€30NaCHOCTH M OXpaHe TPy/a [pU SKCILTyaTallHH 060Dy L0BaHHS.

3 TepmuHbI, onpe/ie/ieHAs H COKPAIIEHAS

LER - IaBJIEHUE IIPOCKOKA KHUIKOCTH

ACM - aTOMHO-CHJIOBasi MUKPOCKOIIHS

b® - 6eH30¢eHOH

BBP-K - BOJIOBOJSTHOH PEeaKkTop

KXPO - )KHIKUE paIUOAKTUBHBIE OTXOIbI

HK-HIIBO - HH(paKpacHas CIeKTPOCKOIHAS C UCTIONb30BAHUEM TIPHCTABKH
HapyLIEHHOT'O [OJIHOTO BHYTPEHHETO OTPaKEHUS

KVC - KpaeBOW YToJI CMaYMBaHUS

MU - MeMOpaHHas TUCTHILISALMS

HY - HAHOYaCTHIIBI

ITAB - MIOBEPXHOCTHO AKTHBHOE BEIIIECTBO

I1BIT - IOJIMBUHWJIITHPPOJIHI0H

I1C - IOJIUCTHPOJI

[IT®D - IOJIUTETPAQTOPITHIIEH

[OATXC - 1H,1H,2H,2H-nep¢mopo 1o ae uIrpux 10pocriIan

I[I9T® - IOJIU3TUIIEHTepe TaIaT

P®3C - PEHTI€HOBCKas (OTOINEKTPOHHAS CLIEKTPOCKOIIHS

CoM - CKaHHpYIOIIas 3JIEKTPOHHAS MHKPOCKOIIHS

™ - TpeKoBast MeMOpaHa

TOBC - TPH3TOKCUBHUHUJICUIIAH
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4.1 Tuapodobmszamms IIIT® TpekoBbix membpan (TM) (hoTonHHIMHEDPYeMOii
npnnmzmmou noJIEMepH3anuei

l'ﬂonyqune ruapodo6usix [I9T® TM ocymecTBisIocs MeTonoM Y ®-HHAIMHAPOBAHHOM

NPUBUBOYHOM IOJMMEpH3AlMEH CTHpOJTa, TAK KAk CTHPOJ SABIAETCS OJHHM W3 Hambojee
AOCTYNHBIX W IIHPOKO HCHOJNB3yeMbIX THAPOQOOHBIX MOHOMEpOB. M3ydeHo BiMsHHE
paccrosmnﬂ ot Y®-namisl 10 o6pasna (7-20 cM), KoHueHTpauuu MoHoMepa (5, 10, 20 1 40% 1o
06BeMy), BpeMeHH npuBHMBKH oT 15 10 120 mun. CCly 6511 BBIOpaH B Ka4eCTBE PacTBOPHUTEIS,
IIOCKOJIbKY OH Ipo3payeH B Y®-061acTH, OH XOpPOLIO DPACTBOPSET MOHOMEp, H STOT
PaCTBOPUTEJIb UMEET HU3KYIO KOHCTAHTY IepeHoca uend [51-53]. Pe3ynbrarsl npeacraBieHsl Ha
pucyHke 1.

—
&~
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Puc. 1 — Vismenenue crenenu npususku Ha [19T® TM ¢ quamerpom nop 300 aM B
3aBUCHMOCTH a) OT BpeMeHH 00mydeHns, 6) oT paccTosHus o6pasia 10 Y ®-HCTOYHHKA U B) OT
KOHIIEHTpAllMd MOHOMEPA, T) pOTO yCTaHOBKH I MOAU(PUKALIMA MEMOpaH

Ha pucynke la mokasana juHei{Has 3aBHCHMOCTh CTENIGHH IPHBHBKH OT BPEMEHU TIPH
TNIOCTOSHHOH KOHIEHTpaluu MoHoMepa 10% u paccrosuum or Y®-ucrounuka (7 cm). Cremnensb
IIPUBUBKH JocTUraer 12% mocne 120 MuH npuBuBKU. BiusHue pacctosaus or Y ®-nammbl 10
obpasna mpezcTaBneHo Ha pucyHke 116. C yBeTMYeHHEM pacCTOSHHS OT McTouHHKa Y 110
obpasiia HabmoaeTcs pe3Koe CHUKEHHE CTETIeHH IMPHBHBKH, a 3aTeM 60Jiee MIaBHOE. Cnenyer
OTMETHTh, YTO NMPUOIM3UTL Y P-MCTOYHHK K 06pasiyy Gosiee 4em Ha 7 CM He HPeICTaBISETCS
BO3MOXHBIM H3-3a IECTPYKTHBHBIX IIPOLIECCOB Ha 00paslie ¥ HarpeBa OT JiaMIibl (06pasibl CTalu
KEINTBIMH M XpynkumH). Takum 06pa3oM, 7 cM — ONTHMAIBLHOE PACCTOSHHE IS AOCTHKEHHS
MaKCHMAaJIbHOH CTENCHU MPUBUBKH B 3THX yclIoBHsX. Kak BUIHO Ha pucynke 11B, yBennuenue
KOHIIEHTPALlWH CTHPONA NPHBOJMT K YBETHYCHHIO CTCIIEHH NPUBHUBKH 10 43% mpu 40%
KOHLIEHTPAIIMH CTHPOJIA. w

I'napodoGHble cBolCTBa GBUTH OLEHEHBI METOIOM KpaeBoro yria cmaumBanus (KYC).
Pesynerater m3mepennit KYC s kaxzaoro um3 obpasmoB I[I9T® TM 1o u  mocie

4



[image: image121.jpg][IOJTUMEPH3alliKM TPpaHCIUIAHTATa IIPE/ICTAaBICHBl Ha PUCYHKE 2 M B Tabmuie 1. VBeauuenue
CTCNICHM NpPUBHUBKHA NpHBENO K yBenudeHuto KYC ¢ 52 ° mo 98° s mommduimpoBaHHBIX
IIST® TM co creneHsto npusuBku 43%. XOpOLIO H3BECTHO YTO KpaeBOH yroJ cMa4yMBaHHUs
3aBHCHT KaK OT XHUMHYECKOW MPHPOJIBI, TaK U OT IIEPOXOBATOCTH MOBEPXHOCTH. Kak BHAHO U3
C3M-u306paxkenuii (PUCYHOK 3), MOJNYYEHHBIX W3 5 PasHBIX [O3UIHUH, LIEpOXOBATOCTh IIOCIIE
IIPUBUBKH yBeau4uuBaercs ¢ 2,15+0,04 uM g0 5,16+1.01 M.

‘ W
52° 65° 83° 98°
a 6 B r
Puc. 2 — KYC nns a) ucxonusix o6pasuos [1ITD TM , mpusutsix [I9T® TM B Teuenue 60 Mun
U KOHLEHTpauuu ctupoina 5%, 6) 10 %, B) 20%, ur) 40%

Puc. 3 — C3M-u3o6paxenus ucxoausx [1T® TM (a, 6) u MoaubuupoBanHex [IDT® TM (B
¥ I') IPUA KOHIEHTpalul MoHOMepa 40%, u BpeMeHH 06 1ydenust 60 MUH

Jlnst MCClefoBaHUS OTHOPONHOCTH IOKPHITHS M HM3MEHEHHs IHAMeTpa [IOp HU3y4YEHBI
MOP(OJIOrHYecKre H3MEHEHHS, POMCXOMSIINE HA ITOBEPXHOCTH MeMOpaHBl C H3MEHEHHEM
BPEMCHH NPUBUBKA IPH TOCTOSHHOM KOHLEHTpauuu MoHoMmepa 40%. COM wu3o6pakeHHs
1n10BepxHOCTH [I9T® TM B 3aBHCHMOCTH OT BpeMEHH MPUBHBKH IIPEACTABIEHBI Ha pucyske 14.
Kak BumnO w3 pucynka 4, ymeHsmmics nuamerp mop ¢ 302425 uMm mo 273421 HM, TaKxe
MopdosioriuecKas CTPYKTypa MOBEPXHOCTH CTAHOBHTCS Goliee TNIAmKoH B MHKpoMacinTabe.
YMeHbIIeHHE pa3Mepa IOp HPOUCXOINUT 3a CYET 06Pa3OBAHHUS CIOS IIOJIMCTUPOJIA BHYTPH IOP.
Hannbie 06 usmenennsax KYC u pasmepos nop mis npusuteix [T MeMOpaH IpH pa3IMYHbIX
YCJIOBHSIX IIPEJCTaBIIEHBI B TabuIE 1.



[image: image122.jpg]Puc. 4 — COM-u306paskenns moBepXHOCTH 06pa3oB 10 (a) u nocie 30 muH (6), 60 MUH (B) 1
120 MuH () MpUBHBKY MOIHUCTHPOIA (KOHIEHTPALIHS MoHoMepa 40%)

Ha pucynke 5 mokasansr COM-u306paxeHus NONEPEYHBIX CeYeHUH dmeMenToB [IITd
AO ¥ TOCJE MPUBUBKH. 3 aHHBIX M300pakeHHi BUIHO, 9TO CHOPMHUPOBAICS MIPUBUTHIN CIIOM
IIC, B pe3ynbTaTe 4ero u3meHuIach Mopghoorus kanaaos TM.

Puc. 5 — COM-u306paxenns moBepxHOCTH 06pasiios 10 (a) i mocie (6) IIPUBUBKH IIOJIUCTUPOJIA
(koHLeHTpamus MoHOMepa 40%)

Tabauna 1



[image: image123.jpg]3Ha4eHHs KPaeBOro yrja CMaYMBAHHS H PA3MePhI NOP 1151 npuBHTLIX II3T® TM npu

Pa3/IHYHBIX YCJIOBHAX

Pazmep

No Bpewms Kc;;u::;ga:m Crenenr  KVC,° a(giﬁgﬁizﬁ nop 1o LEP,

" IpPUBHUBKH, MHH % P MPUBUBKH, %o +5° Py i COM, MPa

HM

1 0 - - 52 300+5 302+25 -

2 15 10 i 63 289+4 293+17 0.02
3 30 10 3 65 275+6 280+15 0.02
4 60 10 9 67 272+6 27722 0.03
5 120 10 12 67 270+5 273+21 0.03
6 60 5 9 65 275%5 281+25 0.02
7 60 20 16 83 2656 27022 0.09
8 60 40 43 91 261+4 268+21 0.14
9* 60 40 40 99 215+6 22015 0.34
11* 60 40 38 104 131+3 13515 0.39

B Tabmune 3 ykasaHsr:

- *ycnous [I19T® TM ¢ HavansHbM pasmepoM mop 250 Hum;
- ** ycnosust [I9T® TM ¢ HavansHBM pasmepom mop 150 um

HK-cniekTpockonus HCmonb30Banachk IS OLEHKH XMMHUYECKAX H3MEHEHHIT IIOBEPXHOCTH
o6pa3uos 10 u mocne npuBuBku. UK-cniektp ucxogroro [1IT® TM, IIpEJICTAaBIeH Ha PHCYHKE
6. B cooTBeTcTBHH C puCyHKOM 6 BHgHO, uTo MK CIEKTP MCXOAHOro oOpa3slia COCTOMT W3
OCHOBHBIX ITHKOB [IOTJIOMEHHUS IpH 2972 cM™ (apomaruueckue C-H), 2910 cm™ (anmudatuueckue
C-H), 1715 em™ (C=0), 1471 cm’ (CH, medopmarmonnsie), 1410 cm™ (redopMaIOHHEIE
xosnebanus CH B miockoctu kombua), 1341 em™ (CH, nepopmarmonnsie), 1238 cm™ (C(=0)-0
BaIeHTHBIE), 1018 cM™' (ImockocTHBIE CCC), 970 cm” (O-CH; nedopmanuonnsie), 847 cm’!
(nepopmanmonnsie CC kombna). BonHOBble 4uHMcia M HasHAYeHHS CIIEKTPOB  XOPOIIIO
COracyIoTcs C paHee OIyOIMKOBaHHBIMH pabOTaMH.
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Puc. 6 — UK-cniexpsr HST(D TM 10 ¥ noC7e NPUBHMBKM B 3aBHCHMOCTH OT BPEMEHH 00Ty deHHUs
B quanasone ot 2000 g0 400 cm™

7



[image: image124.jpg]IpuBuTas monumepusanus momucTuposa (KoHueHTpamus 40% B pasHOe BpeMs) [puBesa
K HOSIBJIGHI/IIO HOBBIX IIMKOB, XapaKTEPHBIX IUISI nomuctupona 1580, 1450 (CH,-medopmarius),
700 cM” (CH,- -pexuM Kadanus), 530 oM (CH-GemsombHoe koibmo), 1480 oM’ (C=C-
OeH3ospHOE KOJIBIO) [58]. Haubonee xapaKTePHble H3MEHEHHs B CIIEKTPE IOCIIe MPHBUBKU KaK
$yHkumo Bpemenn Habmoznaercs pu 700 cM™, B COOTBETCTBHHM C PHCYHKOM 17.
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Puc. 17 — UK-cnektpel [I9T® TM 1o u nocne npuBuBKHM B auana3zose ot 800 1o 600 cm™!

JUIs. KO/IMYECTBEHHOH ONEHKH PACCUMTAHBI 3HAYEHMS CHEKTPOCKONMMYECKHX HHIEKCOB
A700 Ha OCHOBE ILTOIIAX [IHKA, Pe3yILTAThI HPEICTABIIEHB B TabHIe 2.

Tabmuna 2

IInomans mox nmcom npu 700 cm-1, paccauTaHHAs 10 HOPMHPOBAHHBIM CIIEKTPAM
npu 1410 cm™ npuBHTHIX [I9T® TM co cTuposiom B pazHoe Bpems

Ne Bpemsi npuBHBKH, MUH A7pp
1 15 1.90
2 30 213
3 60 2.69
4 120 281

W3 faHHBIX, OpencTaBleHHBIX B TaOmMIe 2, HaOMIOZAaeTCs MOC/IEN0BATEIBHOE
yBeIMYeHHe iomaay muka Ha 700 cm™ ¢ YBEITHYEHHEM BPEMEHHU NPUBHBKHU ¢ 1,9 1o 2,81 s
obpasua [I5T® TM cruposna, npuBuToro B tedenue 120 MuH.

P®C anamu3 wucnomp3oBalli I M3y4YEHHs 3JIEMEHTHOTO M XHMHYECKOrO COCTaBa
MOBEPXHOCTH. DJIEMEHTHBIN COCTaB, onpe/eieHHbit XPS npencrasiex B Tabuune 3.



[image: image125.jpg]Tabmuna 3

IloBepXHOCTHBII cOcTaB 06pa3LOB N0/IyYeHHBIH PEHTIeHOBCKOH (hOT0IIEKTPOHHOI
CHEKTPOCKONHH

AToMHas

KOHLEHTpauus, %

Beicokoe paspemenue Cig 11 COCTOSHUMA, %o

Baicokoe
paspemenne Oy, s

Obpasen COCTOSHUM, %o
C (0] C-C/C-H -COH/C-0-C C=0 C-0 C=0
[I5T® TM 71.89 28.11 66.1 19.8 14.1 57.5 42.5
i 72.01 27.99 66.3 19.2 145 O i
6eH30(peHOH
[I3T® TM-g- 76.18 23.82 69.4 18.6 12.0 55.4 44.6
ctupon 60 MUH
I[I5T® T —g- 77.04 22.96 69.9 18.3 11.8 57.1 42.9
ctupoan 120
MUHYT

[Tocne npusuBku IIC wa IIDT® TM o6HapyxkeHo, YTO COAEpXAHHE YIaepoja
YBEHYUIIOCH ¢ 72% 10 76% mnocie NpUBUBKA B TeueHHe 60 MUH U 10 77% IOCIe IPUBUBKH B
TeyeHue 120 MHH, a KOJIMYECTBO KHCIOPOAA YMEHBLIHIOCH ¢ 28% 10 23% Iocie NPUBHUBKH B
teyenue 120 MuH.

P®3C cnektprr Bricokoro paspemenus Cis 1 Ois NpeacTaBlIeHbl HA PUCYHKaX 8 U 9
cootBercTBeHHO. Cniektp Ci5 coctout u3 C-C u C-H npu 284.7 3B, C-O/C-OH npu 286.4 3B, u
C=0 npu 288.8 3B.

S CCCH ¢
oo a i ki 1 !
vy 2 i
2 = 21
§ C-0-C/COH 3 C-0-C/COH B C-0-C/COH
o
O | CQOH O] cqoH i COOH
n-n* Shake up) n-n° Shake up n-n" Shake up
\ \ \
205 | 290 285 280 205 200 285 280 205 200 285 280
Binding energy, eV Binding energy, eV Binding energy, eV

Puc. 8 — XPS-cnektpsl ¢ BeIcOKuM paspernerneM Cis HCXOAHBIX 00pa3ios (a), [IDT® -ctupon
60 MuH (6) u I[I2T®-cTupon 120 muH (B) npu quamerpe mop 268 HM

Ois cnektp comepxur C-O (531.7 V) u C=0 (533.2 eV). Kpome Toro, muku m-m*
Habmopamch kak B cnekrpax Cis (mpu 291,2 3B), tak u B cmektpax Ois (mpu 538,7 3B).
Pesynsratel POOC xopommo coriacyrorces ¢ paHee OmyOJIMKOBaHHBIMH TaHHBIMH.

[IpuBuBKa cTHpOJIa IpUBea K yBenudeHuio conepxkanus C B cnektpax ceemku u C-C/C-
H B cniextpax Cs BbICOKOTO paspemenus ¢ 66,1 1o 69,4% nocne npuBUBKY B TedeHue 60 MHH U
10 69,9% mnocne npuBuBku B TeueHue 120 MuH. B TO ke Bpems HabmromaeTcs yMEHBIIEHHE
COAEpKAHUS KUCIIOpOJia Ha IOBEPXHOCTH. JTO CBSI3aHO C aTOMHBIM COOTHOIIIEHHEM B MOJIEKYJIE
MOJIUCTUPOIIA.
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Puc. 9 — PODSC-cniektpsl O BBICOKOTO pa3pelieH s HCXOAHBIX 06pasiioB (a), [IIT® -ctupor
60 muH (6) u I[I9T®-ctupon 120 mus (B)

Takim 06pa3oM, COrIacHO IPHBEJEHHBIM BBINIE pE3yNbTaTaM, ONTHMAIbHBIMH
ycnoBusiMd  Mopubukamuu [19T® TM YV O-MHHIUUPOBAHHOW NPUBHTON MOJHMEpH3AIHEH
CTHpOJIa, NPUBOIIECH K MaKCUMAILHOM ruApopoOH3aIMl MeMOPaH C COXpaHEHHEM CTPYKTYPhI
0P, SIBJISIOTCS:

- BpeMsI IPUBUBKH: 60 MUH,

- PacCTOsIHHE 10 UCTOYHHKA Y D-u3mydeHus: 7 cMm,

- KOHLIEHTpauus MoHoMepa: 40%.

4.2 Mem6paHHasi TMCTH/LIALHSA
s onpenenenus >¢dexTuBHOCTH MoaupuuupoBanHbx 119T® TM wucmons3oBaiach

npsMas KOHTaKkTHas MeMmOpanHas muctwunius (IIKMJI). JlaGoparopHas —ycTaHOBKa,
Ipe/cTaBlieHHas Ha pucyHKe 10, onuchIBaeT ee MpUHIMIT AeicTBUS B M.

Hacoc

OxnaxaeHne

Puc. 10 — [Ipunnunuansaas cxema M1
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[image: image127.jpg]B cootserctBun ¢ pucynkom 10, pacTBop com HarpeBaroT B €MKOCTH | TpH MOMOIIH
SJICKTpOHArpeBaTeNd, O00O03HAYeHHBIM TOJ HOMEpPOM 2 Jajee pacTBOp IPOKAYHBAETCS
NEPUCTAJILTHYECKAM HACOCOM 3 4Yepe3 MeMOpaHHYIO siueiiky 4 M BO3Bpalmaercs obpaTHO B
eMkocTs 1. Boma M3 BTOpPOro KOHTypa NpPOKAa4HBACTCH AHAIOTHYHBIM [IEPUCTATBTUYECKHM
HAacoCOM, 0003Ha4YEHHBIM 7, HO ¢ MEHBIIHM YHCIOM 060POTOB, IPOXOLS 4yepe3 TeI000MEHHHK
5, KOTOPBI PacIoIOKeH B KPHOCTATE 6, 3aTeM Yepe3 4 IepexOauT B 8, KOTOpasl yCTaHOBJIEHA Ha
aHAMTAYECKHX Becax 9. [lpuHnmmuansHas pabora Momylds 4 3aKiO¥aeTcs B TOM, UTO
TPaHCIIOPT BOASHOTO Iapa IMPOHCXOMHUT Yepe3 MOphl THAPOGOOHOH MeMOpaHBI MO AeHCTBHEM
PasHOCTH Temmeparyp.  'opsyas Boja HarpeBaeTCs Ha OJHOM CTOpPOHe MeMOpaHbI H
KOHJCCHPYETCs Ha APYTOH, T.K. BOJAA HE IPOHMKAET B IOPHL, B HAX HAXOMHUTCA IIap, KOTOPBIA
TIEPEHOCHTCSA OT TOPAYEH CTOPOHBI B XOJIOAHYIO. JII H3MEPEHHUS TEMIIEPATyp YCTaHABIUBAIOTCS
JaTYMKH  H3MEPEHHs Temneparyp 10. Jlns H3MEpeHHs SIEKTPONPOBOJMMOCTH YCTAHOBIIEH
KoHIykToMeTp 11. C moMompbI0 IepcOHAIBHOrO KOMIbIOTEpa 12 BO3MOMKEH aBTOMATHUECKHIl
BBIBOX JaHHBIX I10 IMPOMU3BOJUTEIBHOCTH MEMOpaHBI C BapbHPOBAHMEM BPEMEHH 3allHCH
JTAaHHBIX.

Yeranoska ITKM/I, ucnons3yeMast ISt HCIIBITAHKH H MpeJICTaBjIeHa Ha pUCyHKe 1.

A

Puc. 11 — YcranoBka MeMOpaHHO# AUCTHILIALAH

MemGpany nomemany B cenuansHyro A49eiKy ais nponecca MJ (Sartorius), ckopocTs
TI0TOKa Ha [IEPMEATHOH M KOHLEHTPUPOBAHHON CTOPOHAX KOHTPOIMPOBAIH IOIEPXKUBATIH Ha
ypoBHe 227+3 mi/muH (aucio Peitnonsaca, 773) u 45343 Mu/MuH (aucio PeiiHonbaca, 1543) ¢
nomomeio Easy load Cole-Parmer Masterflex L/s 77200-62.

Bbuti ucnertansr conesoit pactsop 7,5-30 r/n NaCl. O} (eKTUBHOCTH OTTOPKEHHS COTH
OLCHUBAIA KOHIYKTOMETPUYECKH C IMOMOIIbI0 pubopos Hanna HI2030-01.

Ha pucynke 12a npeactaBieHo BiusHue KOHIeHTpauuu comd  NaCl nHa
IPOM3BOMUTENBHOCTE B mpouecce MJI. KoHueHTpanus comu BiuseT Ha JaBleHHE MapoB
PacTBOpa KOHUEHTpaTa. PesysbTaTsl MOKasbIBAalOT, YTO NPOMCXOIUT JIHHEHHOE yMEHbIIEHHE
TIPONU3BOUTCIPHOCTH TIPH MOBBIIICHWH KOHLEHTpalmu comd. Hampumep, mis memOpaHb! ¢
AUaMETpOM IOp 268 HM NPOM3BOAMTENBHOCTH CHH3MIAch ¢ 285 10 219 r/m>-y (23,16%) ¢
TIOBBIICHHEM KOHUEHTpaluH comd ¢ 7,5 10 30 I/1. DTO NPOMCXOMMT H3-3a YBETHYEHHS
NapUHalIbHOTO JaBIEHHS, BA3KOCTH KOHIICHTpaTa M YMEHBIIEHUS aKTUBHOCTH BOJBI B
BBICOKOKOHIICHTPUPOBAHHOM ~ PacTBOpE, ~KOTOpas MOXKET IPUBECTH K  YJIYYIICHHIO
CONPOTHUBJICHHS TEILIO- U MaCCONEPEHOCA.
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Puc. 12 — Vsmenenne npomssoautensHocTH MJ IpH pasiuyHbX auamerpax nop [IT® TM-
g-11C (xonuenTpanus crupona — 40% B TedeHuu 60 MHH) npu temmeparype 70 C (a) u
pasu4yHOU TeMieparypsi (6)

Crenenp o4mMcTKM BOIBI GbUIA OLEHEHA MO 3IEKTPONPOBOAMMOCTH. Ha pucynke 13
H300paKeHbl IPaUKH 3aBHCHMOCTH 3JEKTPONPOBOTHOCTH B mpowuecce MJI IpU Pa3IHIHBIX
xoHuenTpanuax NaCl. Beuto o6napyxeHo, 4To 11 Mem6pan ¢ quameTpoM 1mop 135 u 220 uM
TIPOMCXOJUT HE3HAYMTE/ILHOE YBEIMYEHHE 3IEKTPONIPOBOJHOCTH, B TO BpeMsi Kak /1 MeMOpaH
C IMaMeTpoM 268 HM HaGMOIaeTCs Pe3KOe MOBBIIEHHE 3IEKTPOIIPOBOJUMOCTH.
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Puc. 13 — DnextponpoBoaumocts B mporecce MJ] ¢ HCnob30BaHHeM ruapooOH3UPOBAHHBIX
[I3T® TM ¢ pa3nmuyHbIME [HaMETPaMH TIOp B pactBope NaCl ¢ konueHTpauuest 7.5 r/x (a), 15
/11 (6) u 30 r/11 (B) IpH NOCTOSIHHOIA Temneparype 70°C

3AKJIIOYEHUE

Takum 06pa3oM, B JaHHON METOMHMKE MOKA3aHBI CIIOCOODI ruapopobmsanuu [1TO TM
(DOTOMHUIMMPOBAHHO! NPHBHBOYHOM IOTMMepH3aLHeit (GyHKIHOHATBHBIX MOHOMEPOB IS
NPUMEHEHHUS] B OYHCTKE BOZBI METOIOM MEMOPAHHON IMCTHILIALIHH. Haiinens! onTuMansabie
YCTI0BHA MOAMGHUKALMHA, TPHBOLAIIAE K MAKCHMMATLHOMY YLy CMAuMBAHHS C COXpaHEeHHEM
IIOPOBO# CTPYKTYpPBI MEMOpaH.

Hcnone3oBanne ruapoho6H3HpOBaHHBIX TPEKOBBIX MEMOpaH C Y3KHM paclpee/leHHeM
TIOp 110 pa3MepaM B MeMOPaHHOH UCTHIUIALMA IPUBOMMT K BHICOKHM CTEIEHSM OYMCTKH BOJIbI
OT COJIeH, MeCTUUHMIOB M PaJHOHYKIMAOB. BMecTe ¢ TeM, M3-3a Mo IIOPUCTOCTH TaKUX
MeMOpaH, 3Ha4YeHHs IPOU3BOAMTENHHOCTH SIBISIOTCS HU3KMMH. TaKkuMm o0pa3oM, peKOMeHIyeTcs
HCIIO/IE30BAHUE Pa3PabOTaAHHOM TEXHOIOTHH JUIS TOHKOH OYHCTKH BOJHBIX CPEL.
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