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РЕФЕРАТ

Есеп беру 83 бет, 16 сурет, 6 кесте, 27 дереккөз, 3 қосымша
ТРЕКТІ МЕМБРАНАЛАР, МЕМБРАНАЛЫҚ ДИСТИЛЛЯЦИЯ, БЕТІН ТҮРЛЕНДІРУ, ГИДРОФОБИЗАЦИЯ, СУДЫ ТАЗАЛАУ
Зерттеу объектілері: полиэтилентерефталат негізіндегі тректі мембраналар
Мақсаты: Жұмыстың мақсаты химиялық, гидрофильді-гидрофобтық қасиеттерді басқару үшін тректік мембраналардың бетін алу және бағытталған түрлендіру әдістерін әзірлеу және суды тұзсыздандыру, фенолдар мен пестицидтерден тазарту үшін мембраналық сүзу процестерінде зерттеу болып табылады.
Жұмыс нәтижелері:
Орындалған жұмыс нәтижесінде бастапқы реагент ретінде триэтоксивинилсиланды пайдалана отырып кремний нанобөлшектерін алудың негізгі параметрлері зерттелді. Бөлшектердің өлшеміне әсер ететін әр түрлі параметрлер зерттелді: температура, реагенттер концентрациясы, беттік белсенді зат немесе полимер қоспасының концентрациясы. Көлемі 50 ден 900 нм дейінгі нанобөлшектер алынды. Бұл ретте диаметрі 50 нм нанобөлшектер мынадай жағдайларда алынуы мүмкін: T=23°C, еріткіш – этил спирті, натрий лаурилсульфаты (0,0045%), реакция уақыты 2ч. Сондай-ақ алынған нанобөлшектерді адсорбция әдісімен тректі мембраналардың бетіне иммобилизациялау және фотоиницияланатын егу полимеризациясы әдісімен коваленттік байланыстардың пайда болуы ерекшеліктері зерттелді. Иммобилизация процесіне әсер ететін параметрлер зерттелді: еріткіш, сәулелену уақыты, УК-көзіне дейінгі қашықтық. Гидрофобизацияның оңтайлы жағдайлары – су ортасында 1 сағат бойы сәулелендіру, УК-көзіне дейінгі қашықтық - 7 см. Бұл ретте мембрананы суландырудың байланыс бұрышы 121° - ге жетті. 1H,1H,2H,2H-перфлюродецилтрихлоросиланның көмегімен иммобилизацияланған нанобөлшектері бар мембраналардың одан әрі модификациясы суландыру бұрышын 135° - ке дейін ұлғайтуға мүмкіндік берді.
Гидрофобты тректі мембраналар суды тұзсыздандыру үшін тікелей байланыс режимінде мембраналық сүзу процестерінде, сондай-ақ суды фенолдар мен пестицидтерден тазарту кезінде зерттелді.  Бұл ретте модификацияланған мембраналар тұздар мен пестицидтерден тазарту және өнімділік бойынша жоғары тиімділікті көрсетті. Өнімділігі 2 кг/м2•сағ, тазалау дәрежесі – 99,5% - ға жетті.

РЕФЕРАТ

Отчет 83 с., 16 рис., 6 табл., 27 источников, 3 прил. 
ТРЕКОВЫЕ МЕМБРАНЫ, МЕМБРАННАЯ ДИСТИЛЛЯЦИЯ, 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 обессоливания воды, очистки от фенолов и пестицидов.
Результаты работы
В результате выполненной работы были получены кремниевые наночастицы с использованием в качестве исходного реагента триэтоксивинилсилан. Были изучены различные параметры, влияющие на размер частиц: температура, концентрации реагентов, концентрация добавки поверхностно активного вещества или полимера. Получены наночастицы с размерами от 50 до 900 нм. При этом найдено, что наночастицы с диаметром 50 нм могут быть получены при следующих условиях: t=23°C, растворитель – этиловый спирт, добавка – лаурилсульфат натрия (0,0045%), время реакции 2ч. Также были исследованы особенности иммобилизации полученных наночастиц на поверхность трековых мембран методом адсорбции и образования ковалентных связей методом фотоинициируемой прививочной полимеризации. Изучены параметры, влияющие на процесс иммобилизации: растворитель, время облучения, расстояние до УФ-источника и др. Оптимальные условия гидрофобизации – облучение в течение 1 часа в водной среде, расстояние до УФ-источника - 7 см. При этом контактный угол смачивания мембран достигал 121°. Дальнейшая модификация мембран с иммобилизованными наночастицами при помощи 1H,1H,2H,2H-перфлюрододецилтрихлоросилана позволила увеличить угол смачивания до 135°.
Гидрофобные трековые мембраны были исследованы в процессах мембранной дистилляции в режиме прямого контакта для обессоливания воды, а также в очистке воды от фенолов и пестицидов.  При этом модифицированные мембраны показали высокую эффективность по очистке и производительности от солей и пестицидов.  Производительность достигала значения 2 кг/м2·ч, степень очистки – 99,5%. 
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ОБОЗНАЧЕНИЯ И СОКРАЩЕНИЯ

	БФ
	- бензофенон

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

	КУС
	- краевой угол смачивания

	МД
	- мембранная дистилляция

	ПАВ
	- поверхностно активное вещество

	ПВП
	- поливинилпирролидон

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

	ПЭТФ
	- полиэтилентерефталат

	РФЭС
	- рентгеновская фотоэлектронная спектроскопия

	СЭМ
	- сканирующая электронная микроскопия

	ТМ
	- трековая мембрана

	ТХПФОС
	- тетрахлорперфторооктилсилан

	ТЭВС
	- триэтоксивинилсилан

	УФ
	- ультрафиолет

	ЭДА
	- энергодисперсионный анализ












ВВЕДЕНИЕ

Мембранная дистилляция (МД) представляет собой процесс очистки и/или концентрирования жидкостей, основанный на проницаемости мембраны для пара и непроницаемости для жидкости [1]. МД является развивающейся технологией и благодаря своему межотраслевому характеру может быть использована в большом количестве процессов разделения. МД имеет следующие преимущества [2]: 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 [2–6], 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, которые являются основными загрязнителями сточных вод.
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 [7]. Однако, выпускаемые в г. Нур-Султане трековые мембраны (ТМ) также имеют высокий потенциал для использования в МД [8,9].  ТМ характеризуются регулярной геометрией пор с возможностью контроля их количества на единицу площади и рекордно узким распределением пор по размерам [10–13]. Всё это обеспечивает заданную 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) [14,15] и процессах прямого осмоса [16] 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, 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. 
В продолжение проведенных исследований, в этом году были продолжены поиски методов гифдрофобизации ПЭТФ ТМ путем иммобилизации кремнийорганических наночастиц, что позволило не только изменить химию поверхности, но и значительно увеличить шероховатость. 
Целью работы на данный период является получение гидрофобных ПЭТФ ТМ методом  иммобилизации наночастиц синтезированных при помощи триэтоксивинилсилана (ТЭВС) для использования в мембранной дистилляции растворов солей, фенолов и пестицидов.
Задачи работы, сформированные согласно календарному плану, представленному в Приложении А:
- Исследование условий синтеза и установление оптимальных параметров получения наночастиц из триэтоксивинилсилана с размерами пор от 50 до 900 нм;
- Иммобилизация полученных наночастиц на трековые мембраны посредством адсорбции и фотоинициируемой прививочной полимеризации;
- Исследование полученных модифицированных мембран методами определения краевого угла смачивания, газопроницаемости, водопроницаемости, ИК-спектроскопией, сканирующей электронной микроскопией (СЭМ), рентгеновской фотоэлектронной спектроскопией;
- Тестирование модифицированных мембран при обессоливании воды методом мембранной дистилляции при различном солесодержании и температуры раствора.
- Мембранная дистилляция растворов фенолов и пестицидов с использованием модифицированных трековых мембран
Результаты исследования позволят определить оптимальные параметры модифицирования ПЭТФ ТМ для успешного применения в очистки воды от солей, фенолов и пестицидов методом мембранной дистилляции.

1 ХИМИЧЕСКАЯ МОДИФИКАЦИЯ ТРЕКОВЫХ МЕМБРАН НАНОЧАСТИЦАМИ НА ОСНОВЕ КРЕМНИЯ И ИХ МОДИФИКАЦИЯ

1.1 Синтез наночастиц на основе триэтоксивинилсилана. Влияние температуры и концентрации реагентов. Физико-химическая характеризация модифицированных мембран с наночастицами на основе кремния. 
Для получения трековых мембран, образцы ПЭТФ пленок облучали ионами 84Kr15+ с энергией 1,75 МэВ/нуклон на ускорителе тяжелых ионов ДЦ-60. Химическое травление проводили в 2,2 М NaOH при 85 °С. После травления образцы хранились на воздухе при комнатной температуре. 
Для увеличения гидрофобных свойств ПЭТФ ТМ, была изучена возможность осаждения наночастиц кремния на поверхность мембран. Синтез наночастиц кремния был проведен следующим образом: к 10 мл деионизированной воды, с помощью делительной воронки по каплям добавляли гидрофобный мономер ТЭВС объемом 1 мл в течение 1ч. Раствор перемешивали при комнатной температуре, а также при 40 и 60 °С в атмосфере инертного газа (аргона).  После часа к раствору также по каплям прибавляли аммиак с различной концентрацией, интенсивно перемешивали с помощью магнитной мешалки.
После завершения реакции, с целью нейтрализации полученного раствора с наночастицами кремния, смесь была разделена и 5 раз промыта в изопропаноле путем центрифугирования при 5000 об/мин в течение 15-30 мин. После этого раствор был диспергирован в изопропаноле под ультразвуком.
Осаждение наночастиц кремния на поверхность ПЭТФ ТМ была выполнена путем продавливания полученного раствора через мембрану, которая была закреплена в насадке Льюера. Процесс повторяли для обоих сторон мембраны. Далее, модифицированные образцы высушивали при комнатной температуре. Механизм синтеза наночастиц кремния золь-гель методом показан на рисунке 1.


Рисунок 1 – Схематичный механизм синтеза наночастиц кремния

Для характеристики распределения наночастиц кремния после модификации ПЭТФ ТМ использовали сканирующий электронный микроскоп (СЭМ) JEOL JSM-7500F. Электронные микрофотографии модифицированных ПЭТФ ТМ представлены на рисунке 2. Как видно из рисунка 2, наблюдается образование на поверхности наночастиц кремния, при этом значение контактного угла смачивания существенно возросло. При концентрации аммиака 25 и 10% и температуре 40ºС наблюдалось равномерное покрытие поверхности ПЭТФ ТМ наночастицами кремния. Различные размеры на поверхности обусловлены способностью ТЭВС образовывать как микро-, так и наноразмерные частицы.
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	Рисунок 2 – Электронные микрофотографии поверхности  исходной ПЭТФ ТМ (а,б), модифицированной ПЭТФ ТМ наночастицами кремния (NH4OH = 25% (в,г), 10% (д,е), 1% (ж,з) при T=60°) и (NH4OH = 25% (и,к), 10% (л,м), 5% (н,о) при 40°С), лист 1
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Размер наночастиц кремния также был охарактеризован методом СЭМ. Микрофотографии размеров частиц показаны на рисунке 3, результаты занесены в таблицу 1. 
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	Рисунок 3 – Электронные микрофотографии наночастиц кремния на поверхности  модифицированной ПЭТФ ТМ (NH4OH = 25% (а,б), 10% (в,г), 1% (д,е) при T=60°) и (NH4OH = 25% (ж,з), 10% (и,к), 5% (л,м) при 40°С), лист 1
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Таблица 1 – Зависимость размера наночастиц от концентрации аммиака и температуры
	Концентрация аммиака, температура
	Средний размер наночастиц кремния, нм

	25%, 60°С
	450±3 

	10%, 60°С
	524±5

	1%, 60°С
	547±4

	25%, 40°С
	577±5

	10%, 40°С
	600±3

	5%, 40°С
	900±2



Как видно из таблицы 3, с уменьшением концентрации аммиака, средний размер наночастиц начинает постепенно возрастать. Гидрофобность модифицированной поверхности ПЭТФ ТМ была оценена гониометрическим анализом путем измерения контактного угла смачивания. Измерения проводились с помощью цифрового микроскопа с увеличением в 1000х методом статической капли при комнатной температуре. Среднее значение краевого угла смачивания было получено путем измерения образца в пяти разных положениях. Микрофотографии капель изображены на рисунке 4. 
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	Рисунок 4 – Значения контактного угла смачивания поверхности ПЭТФ ТМ до модификации (а) и после модификации наночастицами кремния с концентрацией аммиака 25%, T=60°C (б); 25%, T=40°C (в); 1%, T=40°C (г); 25%, T=25°C (д)



Учитывая то, что ошибка измерения КУС в среднем составляет 5°, можно сделать вывод что изменение температуры и концентрации аммиака значительно не влияет на степень гидрофобности модифицированных мембран.
Модифицированные мембраны далее были исследованы методом ИК-спектроскопией с использованием приставки нарушенного полного внутреннего отражения (НПВО) для записи спектров с поверхности образцов. Полученные спектры до и после модификации ПЭТФ ТМ наночастицами кремния представлены на рисунке 5. Пики при 3425 см-1(O-H), 2970 см-1(C-H-бензольное кольцо), 1718 см-1 (C=O), а также пики при 1502, 1398, 
1324 см-1 (ароматические колебания углеродного скелета) относились к ПЭТФ ТМ. Наличие колебаний Si-O-Si и Si-CH3 было установлено при 1100-1000, 763 см-1 соответственно. Стоит отметить, что при увеличении концентрации аммиака интесивность пиков при Si-O-Si и Si-CH3 падает.

	

	


	

	


	Рисунок 5 – ИК спектры исходной ПЭТФ ТМ и модифицированной наночастицами кремния поверхности ПЭТФ при различной концентрации аммиака 



Исследования элементного состава и распределения элементов по поверхности  были проведены энергодисперсионным анализом (ЭДА) на электронном сканирующем микроскопе Hitachi TM3030 с использованием системой микроанализа Bruker XFlash MIN SVE при напряжении 15 кВ. Наличие на поверхности углерода, кислорода относится к ПЭТФ ТМ. Содержание золота и меди присутствует ввиду магнетронного напыления, проводимого перед СЭМ анализом. Элементный анализ показал, что содержание Si составляло от 9,3 до 16,9% при разных концентраций аммиака. Результаты отображены на рисунке 6.
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	Рисунок 6 – ЭДА спектры поверхности модифицированных наночастицами кремния ПЭТФ ТМ с концентрацией аммиака 25% (а), 1% (б) при Т=60°С; 1%, T=40°C (в); 25%, T=23 °С (г) 



Таким образом, с целью придания  ПЭТФ ТМ гидрофобных свойств, были синтезированы и нанесены на поверхность мембраны наночастицы кремния при различных концентрациях аммиака и температуры реакции. Полученные данные ИК-спектров, а также ЭДА анализа подтверждают наличие кремния на поверхности мембраны. Значения КУС модифицированных мембран достигали более 115º, что делает их приемлемыми в процессе мембранной дистилляции для очистки и разделения жидких сред. Вместе с тем,  размеры наночастиц являются слишком большими для закрепления их на поверхности мембран и внутри пор. Для снижения размера кремниевых наночастиц, было исследовано влияние добавок  поверхностно активного вещества (ПАВ) а также полимера (поливинилпиролидона).


1.2 Синтез кремнийорганических наночастиц в присутствии добавок
Кремниевые наночастицы были синтезированы взаимодействием триэтоксивинилсилана с гидроксидом аммония  в присутсвтие лаурилсульфата натрия (ПАВ) или поливинилпирролидона (ПВП) различной концентрации. Реакцию продолжали в течение 2 часов в этанольной среде. После завершения реакции, наблюдали образование суспензии. Полученные наночастицы кремния цинтрифугировали, промывали в этаноле, затем опять диспергировали в этанольном растворе. Полученный раствор пропускали при помощи шприца с насадкой Льюера  через трековые мембраны. 
Полученные мембраны  с наночастицами кремния на поверхности были изучены методом СЭМ  (рисунок 7). Наблюдается снижение размера наночастиц до 50-80 нм в случае использования ПАВ и до 180-80 нм в случае использования ПВП (рисунок 8) с большой дисперсией по размерам. 
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	Рисунок 7 – Микрофотографии наночастиц кремния, полученные с обычным методом (а) и с использованием ПАВ в качестве добавки  на поверхности ПЭТФ ТМ (б-г)



Данные по зависимостям КУС, размера частиц от конецнтрации добавки представлены в таблице 2.  Использование ПВП привело к существенной гидрофилизации мембран, даже при низких концентрациях, продолжительное отмывание наночастиц от адсорбированного ПВП затруднено и не привело к гидрофобизации, таким образом, ПВП не может быть использован как добавка, снижающая размер частиц. Напротив, использование ПАВ с концентрацией 0,0045% и последующая отмывка в этилацетате, привело к снижению размера частиц до 60 нм и увеличению КУС до 120±5°. Дальнейшее увеличение концентрации ПАВ приводит к последующему снижению размера частиц до  48 нм, однако, вместе с тем происходит снижение и КУС до 72°. Таким образом, использование ПАВ с концентрацией 0,0045% является оптимальным.
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	Рисунок 8 – Микрофотографии наночастиц кремния, полученные с обычным методом (а) и с использованием поливинилпирролидона в качестве добавки  на поверхности ПЭТФ ТМ (б-г)



Таблица 2 – Данные по синтезу наночастиц на основе кремния в присутсвии добавок
	№
	Добавка, концентрация (%)
	Краевой угол смачивания, ° ±5
	Давление проскока жидкости, МПа
	Средний размер частиц, нм

	1
	ПАВ 0,0045%
	120
	0,055
	60±9

	2
	ПАВ 0,0092%
	81
	0,034
	55±7

	3
	ПАВ 0,0451%
	75
	0,028
	53±8

	4
	ПАВ  0,227%
	72
	0,036
	51±10

	5
	ПАВ 0,454%
	72
	0,052
	48±7

	6
	ПВП 0,0045%
	39
	0
	204±12

	7
	ПВП 0,0092%
	35
	0
	155±15

	8
	ПВП
0,045-0,454%
	29
	0
	51±8


Полученные мембраны  с наночастицами кремния на поверхности были изучены также  методом ИК-спектроскопии. ИК-спектры представлены на рисунке 9. Основные полосы поглощения, относящиеся к ПЭТФ мембранам: 3432 см-1 (О-Н), 2972 см-1 (ароматические С-Н), 2910 см-1 (алифатический 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).  Также после нанесения наночастиц кремния, были обнаружены полосы поглощения для функциональных групп политриэтоксивинилсилана, основные из которых -  деформационные колебания  Si–CH3 при 1260 и  801 cм-1,  ассиметричные колебания связи Si–O–Si при 1100-1000 cм-1.
	


	Рисунок 9 – ИК спектры ПЭТФ ТМ до и после нанесения наночастиц кремния



Полученные наночастицы при оптимальных условиях с ПАВ, были закреплены на поверхности мембран путем УФ-облучения предварительно вымоченных мембран в 5% растворе бензофенона (БФ) в диметилформамиде. Облучение вели в водном растворе в течение 1 ч с двух сторон. Процесс контролировали гравиметрически, и при помощи ИК-спектроскопии. Обнаружили исчезновение валентных колебаний С=С связей ТЭВС. Стабильность привитого слоя исследовали путем длительного кипячения мембран в воде (до 48 часов), при этом не наблюдали существенного изменения массы мембран и КУС. 
Сопостовляя полученные результаты с имеющимися в литературе, можно сделать вывод, что был разработан метод контролируемого синтеза наночастиц с использованием триэтоксивинилсилана, причем контролировали не только размер частиц, но и гидрофобные свойства поверхности. Так, авторами [17] получены наночастицы со среднем размером 540±20 нм путем водного и спиртового гидролиза. Авторами [18] получены наночастицы на основе кремния с двойными связями на их поверхности с размерами от 400 до 800 нм. Zhong et al [19] а также Li et al [20] получали наночастицы оксида кремния с последующей модификацией парафинами и фторированными силанами, угол смачивания достигал 150° и 160° соответственно.

1.3 Модификация кремниевых наночастиц 
С целью получения более гидрофобной поверхности мембран, ПЭТФ ТМ с наночастицами кремния, провели дополнительную модификацию поверхности при помощи конденсации 1H,1H,2H,2H-перфлюрододецилтрихлоросилана (ПФДТХС). Для этого мембраны с наночастицами (при добавке ПАВ 0,0045%) помещали в 20 мМ раствор ПФДТХС в о-кислоле на 24 ч согласно ранее разработанной методике опасанной в статье [9]. При этом КУС увеличился до 135°. Поверхность данных мембран была изучена методом РФЭС. Полученные спектры представлены на рисунке 10. Данный элементного состава поверхности сведены в таблице 3. РФЭС спектр исходного образца состоит из углерода и кислорода количеством 74,36 и 25,64 % соответственно.  Покрытие мембран  НЧ кремния приводит к появлению кремния в количестве 12,47%, модификация данных НЧ при помощи ПФДТХС к детектированию фтора 2,42 %. 
Si2p-спектры (рисунок 10г) состоят из одного пика при 102,3 эВ, относящийся к связям Si-О. Si-С связи не были обнаружены, вероятно из-за их малой концентрации. Спектры высокого разрешения C1s для исходных ПЭТФ TM состоят из  трех пиков при ~ 284,7 эВ, ~ 286,4 эВ и при ~ 288,9 эВ соответствуют С-С/С-Н, C-OH/COC и COOH группам поверхности ПЭТФ. Покрытие ПФДТХС привело к появлению двух дополнительных пиков при ~ 291,7 эВ и ~ 294,1 эВ, соответствующих связи CF2 и CF3. Результаты хорошо согласуются с ранее представленными данными по силановому и фторосилановому покрытию различных материалов [21,22].

Таблица 3 – Элементный состав  поверхности образцов, рассчитанный на основе РФЭС спектров
	Образец
	Элементный состав, %

	
	C
	O
	Si
	F

	ПЭТФ ТМ
	74,36
	25,64
	-
	-

	ПЭТФ ТМ-Si НЧ
	64,09
	23,44
	12,47
	-

	ПЭТФ ТМ-Si НЧ- ПФДТХС
	63,97
	24,88
	8,73
	2,42



	

	


	

	


	Рисунок 10 – РФЭС спектры высокого разрешения С1s исходного ПЭТФ ТМ (а), после модификации НЧ кремния и ПФДТХС спектры С1s (б), F1s (в) и Si2p (г)





2 МЕМБРАННАЯ ДИСТИЛЛЯЦИЯ ВОДНЫХ РАСТВОРОВ С ПРИМЕНЕНИЕМ ТРЕКОВЫХ МЕМБРАН

2.1 Тестирование гидрофобных модифицированных ПЭТФ трековых мембран при очистке воды от фенолов и пестицидов
В продолжении исследований, проведенных в прошлом году, трековые мембраны,  модифицированные различными способами были протестированы при очистки воды от фенолов и пестицидов. Мембранную дистилляцию проводили в режиме прямого контакта на лабораторной установке. Характеристики мембранной дистилляции модифицированных мембран оценивали с использованием раствора фенола с концентрациями 0,5; 1,0; 2 г/л. С использованием данной установки были протестированы трековые мембраны, модифицированные  по результатам проведенных работ прошлого года: триэтоксивинилсиланом с добавлением винилимидазола (ПЭТФ ТМ-g-ТЭВС), стиролом (ПЭТФ ТМ-g-Стирол), а также ковалентным связыванием тетрахлорперфторооктилсилана в о-ксилоле (ПЭТФ ТМ-ТХПФОС). Во всех случаях использовали мембраны со среднем  диаметром пор 200 нм. Была оценена эффективность потока массопереноса и очистки от фенола. Результаты представлены на рисунках 11-13.

	

	


	

	


	Рисунок 11 – Изменение производительности (а,в) и проводимости (б,г) в процессе МД с использованием гидрофобизированных ПЭТФ ТМ (триэтоксивинилсилан с добавлением винилимидазола) при различных концентрации фенола
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	Рисунок 12 – Изменение производительности (а,в,д) и проводимости (б,г,е) в процессе МД с использованием модифицированных стиролом ПЭТФ ТМ при различных концентрации фенола 
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	Рисунок 13 – Изменение производительности (а,в,д) и проводимости (б,г,е) в процессе МД с использованием модифицированных ПЭТФ ТМ путем ковалентного связывания тетрахлорперфтороктилсилана в о-ксилоле при различных концентрации фенола 


Эффективность очистки соли оценивалась с использованием кондуктометра Hanna Instruments HI2030-01.  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 примесей с помощью кондуктометра. В ходе процесса наблюдали постепенное уменьшение производительности, это связано с непостоянством разности температур холодного и горячего контура. Однако, в то же время производительность менее концентрированного раствора намного выше, чем у высококонцентрированного раствора. Вероятно, это связано с тем, что происходит смачивание и загрязнение поверхности мембраны, что сокращает производительность. 
Определение массовой концентрации общих фенолов флуориметрическим методом количественно проводили на анализаторе жидкости «Флюорат-02». Отобранные пробы в процессе мембранной дистилляции объемом 50мл 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. Значения показателей точности измерений представлены в Таблице 4.

Таблица 4 – Значения показателей точности измерений
	Диапазон измерений, мг/дм3
	Расширенная относительная неопределенность,%

	От 0,0005 до 0,005 включ
Свыше 0,005 до 0,05 включ
Свыше 0,05 до 25,0  включ
	40
24
16



Реактивы: вода дистиллированная, гексан (хч), бутиловый эфир уксусной кислоты (хч), соляная кислоты (хч), натрия гидроксид (хч), кислота фосфорная (хч), медь сернокислая 5-водная (чда). 
К анализируемой пробе добавляют раствор соляной кислоты до достижения значения pH 3-6 (контроль по универсальному индикатору). Затем, к водному слою, прибавляют бутилацетат, проводят экстракцию в течение 30 с. После отстаивания и разделения нижний (водный) слой отбрасывают, а к верхнему добавляют 5 или 10 мл реэкстрагента – раствора гидроксида натрия, проводят реэкстракцию в течение 30 с. Нижний слой помещают в сухой стаканчик и добавляют по каплям раствор соляной кислоты (pH=3-6). Обработанная таким образом проба готова к проведению измерений. 
Результаты измерений представлены в таблице 5. Как видно, из таблицы 5, 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 5 – 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 [23]. Результаты расчетов сведены в таблицу 6. 

Таблица 6 – 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 на рисунках 14-15.
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	Рисунок 14 – Изменение производительности в процессе МД с использованием гидрофобизированных ПЭТФ ТМ (триэтоксивинилсилан с добавлением винилимидазола) (а-в),  модифицированных ПЭТФ ТМ стиролом (г-е) при различных концентрации карбендазима
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	Рисунок 15 – Изменение производительности в процессе МД с использованием модифицированных ПЭТФ ТМ  путем ковалентного связывания тетрахлорперфтороктилсилана в о-ксилоле при различных концентрации карбендазима



2.2 Тестирование гидрофобных модифицированных ПЭТФ трековых мембран при очистке воды от хлорида натрия
ПЭТФ ТМ, модифицированные наночастицами кремния при оптимальных условиях были исследованы в процессе МД обессоливания воды в режиме прямого контакта. Были исследованы зависимости влияния концентрации соли и температуры процесса на производительность и степень очистки. МД проводили в режиме прямого контакта как было описано в разделе 2.1 с контролем температуры рядом с  поверхностью мембраны. Результаты исследования представлены на рисунке 16.


Было изучено влияние разности температур, диаметра пор мембраны и концентрации NaCl на производительность и эффективность процесса, результаты представлены на рисунке 16. Установлено, что производительность увеличивается с 155 г/м2ч до 286 г/м2ч при увеличении разности температур от 50 до 70 °С (рисунок 16б). Производительность можно описать уравнением Антуана (1) [24]:
                           (1)
Давление пара на границе жидкость-пар экспоненциально возрастает с повышением температуры, что приводит к увеличению перепада давления пара через мембрану и увеличение движущей силы. Более того, при более высокой температуре вязкость раствора снижается [25], что также приводит к увеличению производительности.  
На рисунке 16а показано влияние концентрации соли на производительность. Концентрация соли существенно влияет на давление паров горячего раствора на границе жидкость-пар. Результаты показывают линейное уменьшение потока воды с увеличением концентрации соли во всех мембранах с различными диаметрами. Например, для мембраны с диаметром пор 268 нм поток воды уменьшился с 285 до 219 г/м2ч (23,16%) при увеличении концентрации соли с 7,5 до 30 г/л. Это можно объяснить повышением парциального давления и вязкости питательного раствора и снижением активности воды в высококонцентрированном растворе [26,27]. Эта зависимость также наблюдалась в работе [24]. 

	

	


	Рисунок 16 – Поток воды МД (а) при различном диаметре пор ПЭТФ ТМ при постоянной температуре 70 0С и зависимости разности температур от среднего потока воды



Степень очистки (R) оценивали по измерениям электропроводности пермеатной (холодной) стороны в течение 5 часов работы МД используя уравнение (2):
                 (2)
где С0-концентрация соли на стороне подачи (г/л), С1-концентрация соли на стороне пермеата (г/л). Наблюдается увеличение проводимости со временем для мембран с диаметром пор 135 и 220 нм и значительное увеличение для мембран с диаметром пор 
268 нм. Степень очистки сильно зависит от диаметра пор. Увеличение диаметра пор с 135 до 
268 нм привело к резкому снижению степени очистки с 99,5 до 85,2 %. Трековые мембраны показали большие степени очистки по сравнению с коммерчески половолоконными мембранами.  Увеличение диаметра пор с 135 до 268 нм привело к увеличению производимости вместе с тем произошло уменьшением степени очистки. 









ЗАКЛЮЧЕНИЕ

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.
Поставленные в научно-исследовательской работе задачи выполнены полностью. В рамках выполнения научных задач проекта в 2019 году была подготовлена и защищена 1 магистерская диссертация, опубликовано: 2 статьи в изданиях с ненулевым импакт фактором, входящих в базу данных Scopus и Web of science (ИФ 5,107 и 1.569, 1 квартиль), 1 статья в рецензируемом отечественном журнале (Химический журнал Казахстана), подана 1 заявка на патент, работа представлена на  2х международных конференциях.
[bookmark: _GoBack]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. 
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 в 2019 году, представленный в приложении Б. Оттиски опубликованных работ представлены в приложении В.
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ARTICLEINFO 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

TeMs were prepared by irradiation with *Kr'®* ions with an en-
ergy of 1.75 MeV/nucleon and ion fluence of 4.3107 ion/cm?, 12 um
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
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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. la 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. lc.

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
2.15 = 0.04nm to 5.16 = 1.01nm 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).

i .‘.
520 65°

(2)
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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 % % x5 nm nm

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 + 21 014
9 60 40 40 99 215+ 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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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), 2910cm ™! (aliphatic C—H), 1715cm ™!
(C=0), 1471cm™' (CH, bending), 1410cm™" (ring CH in plane
bending), 134lem™' (CH, wagging), 1238cm™! (C(=0)-O
stretching), 1018cm~' (ring CCC bending), 970cm~' (O—CHa
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 (CHa-rocking mode),
530 cm ™! (CH-aromatic), 1480 cm ™' (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 cm ~ ! (Fig. 7). For a quantitative
assessment, the values of the Azoo/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)

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

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 C1s (Fig. 8) and O1s (Fig. 9)
spectra were analyzed for further studying the properties of the grafted
surfaces. The C1s peaks are attributed to C—C/C—H at 284.7 eV, C—0/
C—OH at 286.4 eV, and C=0 at 288.8 eV. The O1s peaks are attributed
to C—0 (531.7 V) and C=0 (533.2 eV). Moreover, 7 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
Cls 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=O0 bond from 42.5 to 45.1%, further
grafting of PS lead to return C—O/C=O0 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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Fig. 5. SEM images of cross-section view of PET TeMs before (a) 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

PAT) = 231964 — —
L@ gxP[ 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 2581

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:(l*Q)XIOO%
Co (€3]

where Co 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, '*’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]:

L
a )

D

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
241Am 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 C,, moieties, % High resolution O, 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 14.1 57.5 425
PET TeMs-benzophenon 72.01 27.99 66.3 19.2 14.5 54.9 45.1
PET TeMs —g-Styrene 60 min 76.18 23.82 69.4 18.6 12,0 55.4 44.6
PET TeMs -g-Styrene 120 min 77.04 22.96 69.9 18.3 118 57.1 42,9
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Table 4
Chemical composition of the waste solution and the effluent after DCMD process.
Element Concentration in the ~ Concentration in the permeate ~ Concentration in the permeate ~ Concentration in the permeate ~Concentration in the permeate
feed, ug/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 g/l 220 nm), pg/L
304 145 033 <005 343
458 111 <03 <03 76.0
136 <05 <05 <05 111
46.3 <03 <03 <03 8.96
660 <3 <3 <3 <30
1780 55.3 52 44 208
383 <06 <06 <06 <6
249 200 377 414 150 7476
1046 252 4 2 <10
4710 000 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 = 220 nm) (Bq/kg) ®) hollow fiber membrane d = 220 nm)
“Co 85.4 = 6.1 <10 85 165 = 1.1 10
¥7cs 1900 * 27 <11 1727 4.33 439
*%Am <22 <045 5 <049 2
1200
1401 = 135nm 81.5%, 4 £ 41001 TTOC b
5 &
§ 120 220'nm E 1000
) 4 268 nm S 900
=100 & x
= X 800
80 p € 700
5 % 600
3 ' 4
c o
<} 98.5%
o M0 5 @ 300
20 Sfa a—a —— o 200
1z 99.1% | X 100
0 ]
0 1 2 3 4 5 6 7 135 nm 220 nm 268 nm
Time,h Pore diameter

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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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

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 (Gonzdlez 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; 2017c).

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

5, 010008 Nur-Sultan, Kazakhstan.

** Corresponding author. L.N.Gumilyov Eurasian National University, Satpaev str., 5, 010008 Nur-Sultan, Kazakhstan.
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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 1h of grafting).

No sample  Monomer ratio Concentration of monomer, Contact angle, Pore size (SEM Effective pore size, Liquid Entry Pressure  Grafting degree,
% d analysis), nm nm (LEP), MPa %
1 PET TeMs - 54 220 = 20 208 * 6 - -
2 Styrene TEVS (50:50) 20 99 206 + 21 200 + 6 0.34 13
3 Styrene_TEVS (50:50) 10 88 210 + 24 203 = 7 015 10
4 Styrene TEVS (10:90) 20 89 200 + 20 195 + 7 013 8
5 Styrene_TEVS (90:10) 20 82 211 = 21 203 = 7 013 15
6 Styrene TEVS (70:30) 20 85 200 = 21 193 7 0.14 8
7 Styrene TEVS (30:70) 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 + 6 025 13
10 Styrene TEVS (50:50)° 20 99 142 * 12 131 + 6 0.39 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 2.5bar (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 (Gonzdlez 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, 2018c; 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, (e) 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 12pm 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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Fig. 3. XPS spectra (a) survey and high-resolution for (b) iz, (¢,f) Ci, and (d,e) O1s of (c,d) PET TeMs and (f,e) PET TeMs-g-PS-TEVS (50:50).

Table 2

XPS surface composition of the samples.
Sample Atomic concentration, % High resolution Cy, moieties, % 0,, moieties, % Sz, moieties, %

[4 o si Si-C  C-C/C-H  -§i-0-C/C-0-C  C=0 C-0(Si-0) C=0 Si-0-C  Si-OH  Si-O-Si

PET TeMs 719 28.1 - - 66.1 19.8 141 575 425 - - -
PET TeMs-g-PS-TEVS (50:50)  66.7 221 1.2 43 776 14.2 3.9 74.2 258 46 3.0 92.4
PET TeMs-g-PS-TEVS (7! 68.5 232 8.3 59 769 12.9 4.3 85.8 142 49 45 90.6
PET TeMs-g-PS-TEVS (30:70)  68.4 225 9.1 85 741 129 45 87.5 125 48 5.1 90.1
PET TeMs-g-PS-TEVS (90:10) ~ 71.5 231 5.4 21 772 16.6 41 89.8 102 38 47 91.5
PET TeMs-g-PS-TEVS (10:90)  67.5 223 10.2 91 742 125 4.2 80.8 192 68 5.9 87.3
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Fig. 4. FTIR-ATR spectra of 1-PET TeMs, 2 - PET TeMs-g-PS-TEVS (50:50), 3 —
clean TEVS, 4 - clean styrene.

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
4.0 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 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, pg/l

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

rejection, %) rejection, %)

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

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

d = 142nm), pg/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(0= *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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Fig. 5. Graphs of (a) electrical conductivity and (b) MD water fluxes during continuous DCMD tests using hydrophobized PET TeMs with different pores for

radioactive waste solution.

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 1 h. 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 (~10 nm) 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 Siz, 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 Cl1s 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. 3c,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 286.4 eV 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, si-* 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), 1715ecm™' (C=0),
1471cm ™" (CH, bending), 1410cm ™" (ring CH in plane bending),
1341cm™' (CH, wagging), 1238cm~! (C(=0)-O stretching),
1018cm™! (ring CCC bending), 970cm~' (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 cm ~?, 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
2%IAm 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:

in the permeate (PTFE

hollow fiber membrane d-220 nm)

165 = 1.1
<0.49

Concentrati
4.33

. d
a [

Decontamination factor

®)
42

where a 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
810g/mh 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
showed decontamination factor for **Co of > 85.4, for '¥’Cs of > 1900
and 42, for >*'Am of 5 and > 7 respectively. It should be noted that in
most cases data received was below detection limit. The decrease in the
decontamination factor with an increase in the pore diameter is asso-
ciated with a decrease in the LEP and the contact angle.

Decontamination factor for °°Co is 10, for *’Cs is 439 and for
2"1Am > 2 using standard PTFE membrane. Thus, the use of TeMs with
a narrow pores size distribution allows us to achieve better purification
of LLLRW from radioactive wastes.

Activity of the permeate (PET
TeMs-g-PS-TEVS, d = 242 nm)
<0.32

(Ba/kg)
<10
458 * 1.8

Decontamination factor

> 1900

(@
>85
5

ty of the permeate (PET TeMs-
§-PS-TEVS, d = 142nm), (Ba/kg)

A
<10
<10
<0.41

Activity of the feed

(Ba/kg)
854 % 6.1
1900 + 27
<22

Radioisotope

0co
197¢¢
2150

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

Table 4
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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, 60min 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. 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 scanning 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/m”h during 6h of saline solution operation at 15 g/l 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 turn, 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 (-],

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®>. After
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.

Hydrophobization 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 (5x7.5 cm®) were oxidized in a solution of
0.3M H,O, at pH = 3 (HCI). Oxidation was carmried 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
(0.01IM, 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
453+3 mlU/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:I-l3 CH,4
—OoH L 0—Si—CH —0—Si—CH
¥ Cl 3 & ¥ 3
g | H,0 | g
£ + 2C1—Si—CH; ——»|2 OH —»|& 0
& -3 HCI |= -HClI &
~ CH‘; ”~ 1 ~ g
—OH 3 L 0—Si—CH, —O—SII—CH3
CH, CHs

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: IM:
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 - — 49+4
2 1 o-xylene 1 704
3 6 o-xylene 1 733
4 16 o-Xylene 1 79+2
5 24 o-xylene 1 844
6 48 o-xylene 1 842
7 24 o-xylene 0.1 764
8 24 o-xylene 0.01 744
9 24 o-xylene 5 755
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) (b) ©

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)

(®)

© (@

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 fo 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 7513 189+5
2 PET TeMsetched 1 1 704 191+6
3 PETTeMsox. 1 3 78+2 18445
4 PET TeMsetched 1 3 711 182+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 84+2 164=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 em™ (C—H), 2910 cm™ (C-H), 1715 cm™ (C=0), 1470,
1430, 1409 cm’* (aromatic vibrations of benzene), C(0)-O bonds of ester groups
(1238 cm’l), 980 cm™ (O-CHo,). In the modified samples, the valence vibrations of
Si—CHj; 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 NaCl 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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Pesome

A. B. Ecocanoe, H. B. Koponvkos, E. I'. IT'opuH,
O. I'oger, M. B. 30opoeey, C. C. Jocmazambemosa

II9T® TPEKTIK MEMBPAHAJIAPJTBIH
MEMBPAHAJIBIK CY3V YIIIH
JIXJIOP IMME TIJVICTITIAH THAPO®OBIBAIIIAIIAY

Kasipri yakprrra bBipikkeH ¥urTrap ¥HBIMBIHBIH JepekTepi OOMBIHINA ImamMaMeH
1,8 MunmHap] afam Cy pecypcTapbIHBIH JKETICHEYIILUNTiH ce3iHeTiH eljepAe TyYpambl.
JKahaHJBIK XalBIK CAHBIHBIH ©CYIMeH HHIYCTPHAIAHIBIPYIBIH apKachmga 2030 KbUma
Kapai CyIbl TYTBIHY TYINBI CYABIH JKeTiCIIEYIITiriHe aKele i Jen KyTimyge. MemGpana-
IBIK aifilay apKBLTBl TY3CBI3AAHIBIPY JNAacTAaHFaH Ke3JepAeH TYIIbI CYTapibl, COHBIH
imIiHge TeHi3 CybIH, CapKbIHIBI CyIap/bl XKoHe PaJHOakTHBTI cy. Cy pecypCcTapBIHBIH He-
TI3M1 JTaCTAFBIITAPEl — MyHaH eHiM/epi, (peHOoIIap, NeCTHIHATED, OHAH TOTHIKKAH Opra-
HHKaJIBIK 3aTTap JKeHE aybIpMeTanjap HoHmapsl Kasipri yaksITTa cyabl Ta3apTy cama-
CBHIHA JKYPTI3LTil JKaTKaH 3epTTeyiepiiH GachkiM Gemiri MeMOpaHATBIK Geily mpolec-
TepiHeH eri3JelreH KONOTHATBIK Ta3a, JHEPTHAHBl YHEMICHTIH jKoHe THIMII JKyHenepai
JaMBITyFa OarbITTaiaFaH. Byn 3epTrey yunH MeMOpaHAHBIH jKaHa Typiepi TeKcepimi.
TuapocdodTe TpekTik Membpananapasl (TM) mommstuneHtepedTamat (II3TD) Heris-
JlenTeH KpeMHHil MOHOMep AuxinopogauMeriichtaH (JIX/IMC) cHAKTBI KOBalIeHTTI Gaiina-
HBICTBIPY apKbLIB! albIHABL. [HApodoOH3ANHAHBIH THIMIIIT CyTeri aCKBIHBIHBIH epiTiH-
ZiciHIe TOTHIKTHIPYMeH aliblH-ana keGeiini. PET TM-HiH TOTHIFYBI alIblH-ala KOHTAKTI
sUTFAABUTBIK Gypermbi (KbIB) 102°-re gefiin apTTeIpagbl. PeakiIHATBIK KOMIOHEHT-
TepAiH KOHIIEHTPaIHACHHEIH acepi, KbIB-1bIH e3repyiHe peakIlHA YaKBITHI 3MeKTPOH/IBIK
CKaHepJeH OTeTIH >TeKTPOHIBIK MHKpockon (C3M), WK-CeKTpOCKOmHA KeMeTiMeH
seprrenai. TypreHaipitreH MemOpaHamapsiH eHIMIIIN MemGpanamsk cysy (MC) ap-
KbUTBI OafanaHibl. EH jKoFaprel HoTKenep cy eHiMaimri 151/1 NaCl koHIeHTpaIHiACH
ke3infe 98,36% feifin Ta3anay THIMLTiriMeH 6 carat Goiisl 17 KI/M>-caF [efiH jxKeTe .

Tyiiin ce3gep: II9T®, TpekTik MeMOpaHatap, IHXIOPAHMETHICHIAH, MeMOpaHa-
TBIK CY3Y, THAPO(GOOTH TYPISHAIPY, Cy OBl Ta3apTy, GeTTik ruapodotH3alms, KoBaleHHTI
GalTaHbICTHIPY.

Pesiome

A. B. Ecocarioe, H. B. Koponvkos, E. I'. I'opun,
O. I'oger, M. B. 30oposey, C. C. Jocmazambemosa

TUIPODOBM3AINA IT3T® TPEKOBBIX MEMBPAH
JXJIOPTMMETHJICHJIAHOM
JUII MEMBPAHHON JUCTUJLIAIIIL

B HacToAmee BpeMi, o JaHHBIM Opraxuzaiun O6beHHeHHbIX Harlrwi, IpHMepHO
1.8 MEITHAapIa 9eN0BEK KHBYT B CTPaHAX, HCIIBITHIBAIOIIHX aGCONIOTHYIO HEXBAaTKy BOJ-
HBIX pecypcoB. I3-3a rmobambHOTO pocTa HaceleHHA H HHIyCTPHATH3AalHH OXHIAeTCA,
gro Kk 2030 rogy motpeGieHHe Boabl MpHBe/IeT K 40% medHuTy npecHoi Boasl. Onpec-
HeHHe IyTeM MeMOpaHHOH JHCTHIUIAIHE MOKeT IIOMOYb YMEHBIIHTh HEXBaTKy BOJEBI 3a
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CUeT H3BJICUCHHA NIPECHO BOBI H3 3aT PA3HEHHBIX HCTOUHHKOB, BKIIOYaA MOPCKYIO BOAY,
CTOYHBIE BOJBI H PaJHOAKTHBHAA BoJa. [ 3Toif nenn B paboTe GBLIH MPOTECTHPOBAHBI
HOBBIe THIIBI MeMOpaH. ['HapogobHble TpekoBsle MeMOpaHbl (TM) Ha OCHOBE IOTHITH-
nenTepedranata (II9T®) GbUH MONTydYeHBl METOIOM KOBAJIEHTHOTO CBS3BIBAHHA KpPEM-
HHEBOTO MOHOMepa, TAKOro Kak JuxiopauMeTHicHIal (IXJIMC). SdbdexTHBHOCTD THI-
podoSH3aHH TOBHIIATACh ITyTEM IIPEIBAPHTEIBHOTO OKHCIICHHA B PAcTBOPE MEPEKHCH
Bojopona. [IpensapurensHoe okHeneHHe [19T® TM IpHBOIHT K YBEIHYEHHIO KOHTAKT-
Horo yria cmauuBarui (KVC) go 102°. BruAHHe KOHIEHTPAITHH PEaTrHPYIOIIHX KOMIIO-
HEHTOB, BPEMEHH peaklMH Ha H3MeHeHHe KVC H3ydJanH ¢ IOMOIIBIO CKaHHDYIOLIETO
3NEeKTPOHHOTO MHKpockoma (C3M), MK-cmektpockomuu ¢ @ypbe-ipeoGpa3oBaHHEM.
TIpOH3BOHTENPHOCT MOJH(MHIIHPOBAHHBIX MeMOpaH OLEHHBAIH C HCIONb30BAHHEM
nponecca MeMOpaHHOH AHCTHLLANHE (M]T). Pe3yabTaTel HOKa3bIBAIOT, YTO MAKCHMAlb-
Has NPOH3BOJHTEIBHOCTE BOABI JOCTHTaeT 17 Kr/M*4 B TedeHHe 6 1 TIPH KOHIEHTPAlTHH
15 r/n NaCl ¢ adppextuBHOCTBIO OIHCTKH 10 98,36%.

Kmouesnie ciaoBa: [I9T®, TpekoBele MeMOpaHBI, JHXJIOPIHMETHICHIAH, MEM-
GpaHHAsA THCTHIULALEA, THApohoGHAs MOJHOGHKAIIHA, OUHCTKA BOJEI, THApodoGH3aImsa
TIOBEPXHOCTH, KOBACHTHOE CBA3BIBAHHE.

Patoma bwina eeinonnena e paviax npoexma AP05132110 «Ilonyuenue mpexoseix
MeMOpan ¢ 3adannsimu CeOUCmeam O MEMOPANION OUCIIULISIUL Ut HPAMO20 OCMOCa»,
Gunancupyenozo Munucmepemson Obpasosanus u Hayku Pecnyonuxu Kasaxcman.
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Application of track-etched membranes in membrane distillation of saline, phenolic and
radioactive low-level solutions

AB.Yeszhanov'?, LV Korolkov'?, Y.G.Gorin'?, M.V.Zdorovets'?, O.Guven®, S.S.Dosmagambetova?,
K.K.Kadyrzhanov®

'The Institute of Nuclear Physics, Almaty, Kazakhstan
*The L.N.Gumilyov Eurasian National University, Nur-Sultan, Kazakhstan
*Hacettepe University, Ankara, Turkey
E-mail: arman_e7@mail.ru

Wastewater treatment and desalination is important task of worldwide, especially considering
the problem of shortage of drinking water in the world is expected to increase in subsequent 20 years
[1]. Therefore the search for effective water purification method is an urgent task. Among water
pollutants, the most major are oil products, surfactants, pesticides, phenols, heavy metals and etc. At
the same time, due to rapid growth of nuclear power plants [2], the problems of the former nuclear
test sites, treatment and concentration of liquid low-level radioactive wastes (LLLRW) has received
attention over the world. Among the methods of water purification and LLLRW concentration a
special place is occupied by membrane processes include membrane distillation (MD). Over the last
decade, the interests to development of MD has increased due to its high rates of rejection for non-
volatile components, high separation and decontamination factors, low working pressure, less
sensitivity to fouling and feed salinity and low feed temperature requirements [3].

In this study, we use simple and effective method of hydrophobization of PET TeMs with styrene
(at optimal conditions of 40% styrene during 60 min of grafting). Modification of the surface of PET
TeMs with pore sizes from 135 to 268 nm and thickness of 12 um led to increasing of contact angle
up to 104°. Hydrophobic PET TeMs were investigated by X-ray photoelectron spectroscopy (XPS),
Fourier-transform infrared spectroscopy (FTIR), scanning electron microscope (SEM), goniometric
analysis, liquid entry presser (LEP) analysis and gas permeability test. Prepared membranes have
been tested in DCMD of saline, phenolic solutions and concentration of liquid low-level radioactive
wastes. The effect of temperature, membrane pore diameter and concentration on water flux and salt
rejection was studied. Salt rejection was evaluated by conductometry and atomic emission method
(for Cs, Mo, Sr, Sb, Al, Ca, Fe, K, Mg and Na). Decontamination factors of radioisotopes were
cvaluated by gamma-ray spectroscopy. Salt rejection and decontamination factors depend on pore
diameter and conditions of DCMD. In most cases degree of rejection were more than 90% and are
close to 100%. Decontamination factors of '*’Cs, which is hardly removable from the processed
waste by most of the known methods, reached to 1727.3.

This study was funded by the Ministry of Education and Science of the Republic of Kazakhstan
(grant No AP05132110 “Preparation of track-etched membranes with specified properties for
membrane distillation and forward osmosis™).

(1] Geneva: World Health Organization (WHO) and the United Nations Children’s Fund (UNICEF), Progress on
drinking water, sanitation and hygiene: 2017 update and SDG baselines, (2017).

[2] F.Jiaetal, Removal of cobalt ions from simul radioactive by vacuum ranc dis ttion, Prog.
Nucl. Energy. 103 (2018) 20-27.
[3] F. Jia et al, Removal of strontium ions from sii radioactive r by vacuum distillation,

Ann. Nucl. Energy. 103 (2017) 363-368.




image118.jpeg
Yoshino M.

YoshiokaS.
Vincenti M.A. YLD
Vlasov V.A. Yussupbekova B.N.
Yusupjanova M.B. ..210

135 Yuvchenko V.
177
17

8 , 47, 86,99, 100, 111,
112, 132, 145, 157, 183, 184, 198
.66, 107, 114
66, 107, 114

Waucher A. ...

Xil.

XuC.
XuL.
XuL.
Xue H.

Zhuravlev M. ...
YagerT. ... Zhydachevskyy Ya.
Yakhnevych U. 146 Zlotski S.V. .
Yakovlev V.Yu. 159 ZukJ. .

Zvonarev S.

230




image119.jpeg
KA3AKCTAH PECIIYBJIUKACBHI BLJIIM KOHE FBLIBIM MUHHUCTPJIIITT
JLH. TYMIWIEB ATBIHJIATBI EYPA3HUA YJITTBIK YHUBEPCHUTETI

KA3AKCTAH PECIIYBJIMKACBI T¥HF BIII ITPE3UJIEHTI — EJIBACBIHBIH
KOPBI

CTydeHTTep MeH Kac FAIbIMIAPAbIH
«GYLYM JANE BILIM - 2019»
XIV XaasIKapajabIK FRLILIMH KOH(epeHIHsIChIHBIH
BASHIAMAJIAP )KIHAT BI

CBOPHHK MATEPHAJIOB
XIV Me:xayHapoaHOi HayqHOH KoH$epeHIHH
CTYA€HTOB H MOJIOJBIX YYeHBIX

«GYLYM JANE BILIM - 2019»

PROCEEDINGS
of the XTIV International Scientific Conference
for students and young scholars

«GYLYM JANE BILIM - 2019»

12 cayip 2019, Hyp-Cyiatan




image120.jpeg
V]IK 378 (063)
BBK 74.58
G99

G99 «GYLYM JANE BILIM - 2019» CTyZeHTTep MeH Kac FAIbIMAaPIbIH
XIV XansIKapaablK FeLIBIMH KoHpepernusacel = XIV MexayHapoaHas
HayuHast KOHMEPEHIUs CTYIeHTOB H MOIobIX yuenbix «GYLYM JANE
BILIM - 2019» = The XIV International Scientific Conference for
students and young scholars «GYLYM JANE BILIM — 2019». — Hyp-
Cyarran: — 6017 cTp. - Ka3aKia, opbICIIa, aFbLTNILIHIIA.

ISBN 978-601-337-170-2

JKuHakKa CTyIeHTTepAiH, MarlCTPaHTTapABIH, JOKTOPAHTTAP/BIH XKOHE JKac
FaIBIMAp/bIH KapaTEUIBICTAHY-TeXHUKANBIK JKOHE T'YMaHITAPIIbIK FEUTBIMAAPABIH
©3eKTI Macenerepl GoiibIHIIa OassHAaManaphl eHI131IreH.

The proceedings are the papers of students, undergraduates, doctoral
students and young researchers on topical issues of natural and technical sciences
and humanities.

B COOpHHK BOLLIN [JOKIAaibl CTYJCHIOB, MArlCTPaHTOB, JOKTOPAHTOB U
MOIOJBIX VYeHBIX IO aKTYalbHBIM BOIPOCAM ECTECTBEHHO-TEXHIYECKUX U
T'YMaHNTAapHBIX HAYK.

V]IK 378 (063)
BBK 74.58

ISBN978-601-337-170-2 ©JL.H. Tymuses arbmnarsl Eypazus
YITTBIK yHHBepcuTerti, 2019




image121.jpeg
VIK 678.6/7;544.23.057;544.25.057

OUYHNCTKA XKHJIKHX PAITMAITMOHHBIX OTXOJOB METOJIOM
MEMBPAHHOU JUCTHLIANNHN C IPUMEHEHUEM MOJJU®HUITNPOBAHHBIX
TPEKOBBLIX MEMBPAH

EcxkanoB ApmaH BaxbIT:KaHOBHY
arman_e7@mail.ru

JloktopaHT 1-ro Kadexpst xumun EHY mv. JL.H.I'ymmtesa, Acrana, Kasaxcran
Hayunsrit pykoBomutens — C.C.JlocmarambeToBa

O4NCTKa H ONMPECHEeHIe CTOIHBIX BOJ SBISETCS BaKHOI 3anadeil BO BceM MHpe, 0COOEHHO
YUHTBIBAs, 9TO IpoOIeMa HeXBaTKU ITHThEBOI BOIBI B MHpe, KaK OKHIaeTcs, B IocIeyronte 20
net Bo3pacteT [1]. ITosToMy momck 3)(eKTHBHOTO MeTola OYHCTKH BOJIBI SBISETCS aKTyalbHOI
sagadeil. Cpemn 3arpssHHTeNell BOAbl HamOolee BaXKHBIMH SBISIOTCS He(TENPOIXYKTHI,
MIOBEpPXHOCTHO-aKTHBHBIE BEIECTBA, IIeCTHIIHIbI, (EeHOIBI, TSKeIble MeTalThl i T.1. B mocineHee
BpeMs 0CTPO CTOHT IIpo0JeMa B OYHCTKE H KOHIEHTPHPOBAHMS PaJHOHYKINIOB B KHIKOCTAX KakK
TPHPOJIHOTO, TaK H aHTPOIIOTEHHOTO XapakTepa. CpeIn MeTOIO0B OYHCTKH BOIBI H KOHIIEHTPAIIHH
JKHJIKHX PaJHOAKTHBHEIX 0TXooB (JKPO) ocoboe MecTo 3aHHMAIOT MeMOpaHHBIE IPOILECCHI,
XapaKTepH3yIOIIIecs BBICOKOIT CeIeKTHBHOCTBIO, 3¢ eKTHBHOCTBIO u HH3KHM
sHepronoTpeOIeHneM. CyIIeCTBYIOT pa3THYHble THIIBI MeMOpaH, HPHMEHSIOIMecs IS 3THX
nenefl: M30TPONHBIE, AHH3OTPONIHBIE, KOMIIO3UTHBIE; IUIOCKHE, TpyOdYaTble, BOJIOKOHHBIE;
IUIeTeHHBIe, CIIeUeHHBIe MMM (opMoBaHHBIe. OCHOBHBIMH MAaTepHANAMH JUIL H3TOTOBICHHS
IUTOCKHX TOMTHMEPHBIX MeMOpaH SBISIOTCS: alleTaThl IeJUIFON03BI, apOMATHIeCKHe MOTHAMHUIIBI,
TIOJHCYTBHOHAMILL, o GupcybdoH, ¢droporutacTsl, TOMMBUHITHAHTOPHTT,
nommsTHIeHTepedTanar (II9TP), MOTHAKPIIOHHTPIUI, IOTHAMIBI, IOMMHMHUIBI, MOJTHITHICH,
TOTHIIPONIIIEH M MHOTHe JIpyrHe IoauMepsl. ONHH M3 BapHAHTOB IONydeHHS MeMOpaH, 3To
o0JlydeHHe IIOTHMMEpHOH ILIeHKH, MAaKpOCTPYKTypa KOTOPBIX 00pasoBaHa IIyTeM OOJydeHHS
YCKOPEHHBIMH HOHAMH C IIOCHedyromeil (H3HKo-XuMIdecKoii oGpaboTkoii (ympTpaduoneToBoe
(Y®)-obmydenne M CeleKTHBHOe XHMIUecKoe TpaBlIeHHe). B pesymsraTe, IONyJarT Tak
HasbpIBaeMble TpekoBble (TM) Ui syiepHble MeMOpaHbIL.

XapaKTepHOii 0COOEHHOCTBIO 1 IMpenMymecTBoM TM SBISeTCS peryIipHas TeOMeTPHs I10p
C BO3MOKHOCTBIO KOHTPOIIS MX KOJIMYECTBA Ha eIHHHILY IUIOIaIH M PEKOPIHOTO paclpelereHHs
Y3KHX pasMepoB Iop. DTo, B CBOKO 0depesib, 0becIeunBaeT 3a1aHHyI0 CEIeKTUBHOCTD U YIEIBHYIO
TIPOHM3BOJIMTEIBHOCT MeMOpaH. B HacTosmee BpeMd HamOolxee IMMPOKO B KaueCTBE OCHOBBI
TPeKOoBOI MeMOpaHbI HCIOIB3yIOT IeHKH IIDT®. CBoiicTBa TakuX MeMOpaH JOCTaTOIHO XOPOIIO
m3ydeHsl. K 4ncIy OCHOBHEIX XapaKTepHCTHK INIEHOYHBIX MaTepHaloB Ha ocHoBe IIDTO ciexyer
OTHECTH BBICOKHE IIPOYHOCTHBIE M ONTHYECKHE XapaKTepHCTHKH, Majble HaOyXaHHe H ycajka,
TePMOCTaOIIBHOCTD, XUMIYECKYI0 HHAH(()EPEHTHOCTD 10 OTHOIIEHHIO K CONPSKEHHBIM CPeaM.

HanGomee dacTo mCHONB3yeMble MeMOpaHHBIE TEXHOJIOTMH JUIS OWHCTKH BONBI H
koHmeHTparmu JKPO - 5To 0OpaTHEI H IPSIMOIT 0cMOC, HAHO-, YIBTPa- H MHKPOQIIBTPAIUS I
MeMbpanHas juctwunimist (M/I). 3a mocnexHee necsSTuieTie HHTepec K paspabotke MJI Bo3poc
13-3a €r0 BBICOKOI CTeNEeHH OYHCTKH HEIeTy4HX KOMIIOHEHTOB, BBICOKOI CTEIIeHH pasJeleHHs I
JIe3aKTHBALNH, HH3KOro pafodero JaBleHHS, Takke K HH3KHM TPeOOBAaHHAM K TeMIepaTrype.
DddextuHoe npumenenne TM B MeMbpanHoit quctwnimun (M) 1 nponeccax IpSIMOTo ocMoca
¢uasTpanmm TpebyeT CyIIECTBEHHOTO pACIIMPEHHS MHANla30HA HX XapaKTepPHCTHK (IIOpOBOI
CTPYKTYpBI, TIHAPO()OGHOCTI/THAPOGIUIBHOCTH, —CO3MaHHS Ha IIOBEPXHOCTH  CIIeIHAJbHBIX
XHMHYECKHX TPYII).

C nenpr0 MONHGUKAIMH TOBEPXHOCTH MATEpPHATOB, IPHMEHSIOTCS Pa3IHIHBIE METOIBI,
TakHe, HaIpHMep, KaK HaHeCEeHHe IOKPHITHII, IIa3MeHHas, JasepHas, paIHaIloHHas o0paboTka,
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MeTONbl NPHBHBOYHOH mommMepmsammu. J[ns mnpuMenenus II9T® TM B MeMOpaHHOI
JUCTHIUIIMH HEOOXOIMMO CO31aTh THIPOQOOHBIH IOBEPXHOCTHBIA CJIOH, KOTOPBII 0OeCcHedHT
HecMadnBaeMocTh KaHanoB IIDT® TM B mpomecce skcrutyatarmu B MJI. Takme MeMOpaHbI
JO/KHBl ~ 007ajaTh  BBICOKOH  CEIEKTHBHOCTBIO,  IIPOM3BOIMTEIBHOCTBIO,  XHMHYECKOI,
MeXaHIYeCKoil, TepMUIECKOIT IPOIHOCTHIO [2].

Jlna yBenmdenus ruapooOHbIX cBoiictB II9T® TM, Oblia NpeANpHHSTA IOIBITKA
TIPHBHUBOYHON  CONOMIMEpH3allMH  CTHpoda ¢ TpmdTokcuBiHWIcwIaHoM (TOBC). VO-
HMHHIIHHPOBAHHAS CONPUBHBKA cTHpona 1 TOBC OblIa BEIIONHEHA CIIEAYIOIMM 00pa3oM: 00pasIbl
II5T® TM pasmepamu 10x15 cM OGbITH IPOMBITHI B BOJe B YIBTPa3ByKoBOil Gaxe B TedeHne 10
MHH. B KadecTBe HHHIHATOpa HCIOIb30BaxH b®. 3areM 00pasubl OBUIM BBICYLIEHEI, OBICTPO
TIPOMBITHI B 3TaHONeE H IOMEIIEHBI B pacTBop MoHOMepoB TOBC u cTHpoIa B YeTBIPEXXIOPHCTOM
yraepoxe. PeakionHast cMech ObLIa IIPOXyTa aproHOM JUIS YIaJleHHS pacTBOPEHHOTO KHCIOpPOAa,
IUTOTHO 3aKphITa IOMHATHIIEHOBOI! IIeHKoil. O6Iydenne Bemu nox YO-cBeToM B TedeHHe 1 Jaca ¢
Kaxoil cTopoHsI. ITocae dero oOpasibl IPOMBIBAIH CHadala B YeTBIPEXXJIOPHCTOM YIIepole, a
3aTeM B Tropsdeif Boje U yHaleHHS ¢ IOBEPXHOCTH roMmomonuMepa. BeicymmBam npu 50°C u
B3BEIIHIBAIHN JUIS OIPEIeIeHIS CTEIIeHH IPUBHBKIL
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Pucynok 1 - Crenens npuBuBkl ctupoaa 1 TOBC Ha nmosepxaocTs [IDT® TM npu pa3aHuHBIX
KOHITEHTpPAIMSIX (a) U COOTHOIIEHIsIX (6)

Ha prcynke 1, moka3aHoO, 9TO CyIIECTBYeT TEHICHII IIOBBIMICHIS CTENCHH IPHBHBKH C
yBeTIUeHHeM KOHIeHTpaumu crtupoma u TOBC. CTHPOT HMeeT BBICOKYI0 CIOCOOHOCTh K
TOTIMEPH3AIHH 110 CPaBHEHHIO ¢ KPEMHHIOPTaHIMYeCKHMH MOHOMEPAaMH, T.e CTHpPOJI CO3JaeT
«UIeHTPBI» Ha IIOBEPXHOCTH IS JalbHeilimeii noamvepu3anui. CilexyeT OTMETHTb, 9TO PeaKIHs He
TPUBOIHT K IpHBHUBKe Oe3 HoOaBieHMA cTupona. JIIA OIpeleleHHs ONTHMAIBHBIX YCIOBHIl
peaKIMH JpyrHe IapaMeTphl, TaKHe KaK, pacCTOSHHE 1O 00pasma, BpeMs IIPHBHBKH
TIOIePKHBAIIICH IIOCTOSHHBIMI. CTelleHb MPHBHBKH MOHOMEPHOIT CMECH B Pa3HBIX COOTHONIEHIIX
H3MEHseTCS He3HAYHTEIBHO.

UK-crieKTpsl MOXHQUINPOBAHHBIX I HCXOIXHBIX MeMOpaH (puc.2) ObuIM CHATH Ha HK-
@ypbe crektpomerpe Cary 600 Series Agilent Technologies (CIIIA) ¢ HCoIb30BaHNEM IIPUCTABKH
OIHOKPATHOTro OTpakeHHs Ha anmMase Gladiatr npomsBozactBa Pike (CIIIA). ITon0CH XapaKTePHCTIK
IIDT® cocrasmsmor 3432 cm! (O-H), 2972 cm' (C-H-GemsompHoe Koibro), 2910 cm
(amuarmaeckuit CH), 1715 em! (C=0 rtpymma) 1615, 1470, 1430, 1409 cm (apomatiueckue
KonmeGaHms yrIepomHoro ckenmera), 1238 cm! (C(0)-0), 980 cm-1 (O-CH»). Hammame momoc
XapaKTepHCTHK mommctupona 1580-1600, 1450, 690, 530cm (CH-6eHzombHOE KombIo), 1480 cm
(C=C-6ensombHoe Komblo). Hamrane npuButeix TOBC ycTaHOBIEHO HammaneM KonebaHmil Si-O-
Si u Si-CHs mpu 1180-1110, 761 cm™ coorsercTBenHo. Huskas MHTEHCHBHOCTb YKashIBaeT Ha
HH3KYH0 KOHIIEHTPAIHIO T06aBOK B IIPHBHTOM IOJIHMepe.
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PucyHok 2 - UK criekTpsl nexonHoit IIIT® TM (1), IIST® TM MoauduIpoBaHHbIH
comonumMepoM ctupoia u TOBC (2), TOBC (3), momictuporn (4)

JU1g XapaKTepHCTUKH JHAMeTpoB mop M Mopdomorun mocie Momudukammu II3TO TM
HCIIONB30BAICS CKAHUPYIOIIMII 3IeKTpoHHBIH Mukpockon JEOL JSM-7500F. Bmsyammsarmus
MoudrmupoBaHHbx II9T® TM moKasama, 9TO IOCTe IPHBHBOYHON  IOTIMEPH3AIIIT
HabJrolaeTcsl He3HaUMTeIbHOE CyKeHHe pasMepa Iop. IIpH pasHBIX COOTHOIIEHHSX MOHOMEPOB
HabmomaeTcss 00pa3oBaHHe IIPHBHTOrO IOJHMepHOro caos. Mopdomorns o6pasmoB pesko
HM3MEHNIACh B 3aBHCHMOCTH OT CTENeHH IPHBHBKH. IIpHMecH pasIH4HBIX pa3MepoB H (opM Ha
moBepxHOCTH II9T® TM HpOHCXOMIUIH H3-3a CIOCOOHOCTH K obpasoBaHmo TOBC HaHO- U
MIKPOpa3MepHbIX JacTuir [3].

KpaeBoit yrom cmauuBanust (KYC) o00pasumoB mH3Mepsli C IIOMOLIBIO  IH(POBOTO
MHKpOCKolla ¢ YyBemudeHHeM B 1000X npu KoMHaTHOH Temmeparype. KYC oreHuBamn c
HCIIOTB30BAaHHEM MeTOJNa CTAaTHdecKoil Karvrm. CpeIHHii o0beM KAl XeHOHH3MPOBAHHOI BOMBI
cocTaBisLI 15 MK, a cpexHee 3HadeHne KYC 6bU10 MOMydeHHe [yTeM H3MepeHHs obpasua B ISTH
Pa3HBIX MOTOXKEHIIX.

TlomydeHHble MOIH(HIMPOBAaHHBIE MeMOpaHBI OBUIN IIPOTECTHPOBAaHBI B mpomecce MJI.
IIpuHnumageHas cXeMa JabOpaTOpPHOII yCTAaHOBKH MeMOpaHOIl MHCTIULLINHM IIOKa3aHa Ha

pHCYHKe 3.

Tepucrams et

K cncrene
‘arpesanus

‘Mexbpasmbtit wozyTn

epucrammmecuii

U

(&)
PucyHok 3 - [IpuHIHIHaIbHAS cXeMa TabopaTOPHOil yCTAHOBKH MeMOpPaHHOI AHCTHIUISIIN
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JKPO OblmH IOTYdeHBl H3 OXIAJHTENbHOH CHCTeMBI IICCIIenoBaTeIbCKOro SIepHOTO
peakropa BBP-K (Anmarsl, KasaxcTan) u cojepskain pasIndHble HOHBL, Takue Kak Na, Mg, K, Fe,
Ca, Al, Sb, Sr, Mo, Cs, m3MepeHHble METOJOM aTOMHOil smuccnu (Tabmmma 1), a Takxke
paymonsorons Co, Co, ¥7Cs, 2°Sb, 12#Sb, ™Se ¢ pasmIIHOil aKTHBHOCTBIO, M3MEpPEHHOI C
HIOMOIIIBIO TAMMa-CIIEKTPOMETPa.

Tunpodobusre II3T® TM ¢ pasmHYHBIME JHaMeTpaMH IOp OBUIM ICIOJIB30BaHBI UL
OIIEHKH IPOH3BOJUTENPHOCTH NepMeaTa, M (akropa pesaktuBamun (D) B 3aBHCHMOCTH OT
JmaMeTpa nop. Qakrop fe3akTHBaruu (D) pacCUHTHIBAII II0 YPaBHEHHIIO:

Tae Afu Ap - yAenbHasl aKTHBHOCTb HCXO/JHOI'0 KOHIIEHTpaTa U IlepMeaTa COOTBETCTBEHHO.
PeByJIbTaTbI mo q)G.KTOPGM JIe3aKTHBALlMH  palHOM30TOIIOB, AKTHBHOCTH HCXOIHOIO
KOHIIEHTPHPOBAHHOTO PaIHOAKTHBHOIO pacTBOpa M I€pMeara IIpe/ICTaBICHbI B Ta61mue 1.

TaOmima 1 — AKTHBHOCTE M ()aKTOp Je3aKTHBAIIMH KOHIIEHTPHPOBAHHOTO pacTBOpa M IepMeara
nocie npornecca MJ{

Pazmomsoton AKTIEHOCTE AKTIIBHOCTS TlepMeata DaKTOp Je3aKTHBAIII D
KOHIIEHTPIIPOBAHHOTO PACTBOP (IT3T® TM, d=220 nm)
(BK/xT) (BK/xT)
®Co 85.416.1 <10 854
B7cs 1900+27 229 82,96
MAm <22 <0.32 49

Tabmima 1 IOKa3hIBaeT, 4TO IIPH HCIONB30BaHHU MomubuiupoBanHoro IIDTO TM
HabIIroaeTcsl CyIecTBeHHOE IOHIDKEHHe aKTHBHOCTH PaJIOH30TOIOB B IIepMeaTe.

TakuM o0pa3oM, B JaHHOM HCCIENOBAHHH OBLT PaccMOTpeH IPocToil M 3ddeKTHBHBIL
Merton ruapodobmarmu [IDTO® TM  myrem YO-IPHBHBOYHON COIMOMHMEPAsHIMI CTHPOIA U
TPHATOKCHBHHIICIIAHA (IPU COOTHOMIHIAX 50:50 koHumeHTpamnn 20% B TedeHne 60 MHH).
Pesynerarer HIK-CIIeKTpoB, IOATBEpAKNAIOT HAIM4He NPUBHTHIX MOHOMEPOB Ha IIOBEPXHOCTH
MeMOpansl. IomydeHHBIe 00pasIbl OBLIH HCIONB30BAHBI JUI OYHCTKH CONEBBIX PAcTBOPOB H
JKHIKHX HH3KOAKTHBHBIX paJHOAKTHBHBIX OTXOHOB. B mpomecce MeMOpaHHOM IHCTHIUISIII
MOIH(HIIPOBaHHBE MeMOpaHBI IOKa3axH Ooiplmme (aKTopsl Ne3aKTHBALMH. YBeIHMdeHHe
JauaMeTpa 1mop ¢ 135 o 268 HM IpuBelo K yBeIUYEHHIO IPOU3BOAUTEIBHOCTH IIepMeara, OJIHAKO
BMECTe C 5THM IIPOHCXOIUIIO OHIDKEHHE CTENIeHH OYICTKI COIEBOTO PAacTBOPa.

JlaHHBIA THII MeToma TuapodoOH3amHH MOXKHO 3((EKTHBHO HCIIONB30BaTh B IIpolecce
MeMOPaHHOIT IMCTHIVISIIH [T OIHCTKH XKUIKHX PaJIOAKTHBHBIX OTXOMOB.

CIHHCOK HCIO0/Ib30BAHHBIX HCTOYHHKOB

1. Geneva: World Health Organization (WHO) and the United Nations Children’s Fund
(UNICEF), Progress on drinking water, sanitation and hygiene: 2017 update and SDG baselines,
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2. LKorolkov, A.Yeszhanov, Y.Gorin, M.Zdorovets Hydrophobization of PET track-etched
membranes for direct contact membrane distillation, Mater. Res. Express. 5 (2018) 1-7.

3. Eykens L., De Sitter K., Dotremont C., Pinoy L., Van der Bruggen B. Membrane
synthesis for membrane distillation: A review // Separation and Purification Technology. - 2017. -
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